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ABSTRACT

We observed Betelgeuse using ALMA’s extended configuration in band 7 (f = 340 GHz, 2 ~ 0.88 mm), resulting in a very high
angular resolution of 18 mas. Using a solid body rotation model of the 2SiO(v=2, J=8-7) line emission, we show that the supergiant
is rotating with a projected equatorial velocity of veq sini = 5.47 £ 0.25 kms™! at the equivalent continuum angular radius Ry, =
29.50 + 0.14 mas. This corresponds to an angular rotation velocity of w sini = (5.6 + 1.3) x 10~ rads™!. The position angle of its
north pole is PA = 48.0 + 3.5°. The rotation period of Betelgeuse is estimated to P/sini = 36 + 8 years. The combination of our
velocity measurement with previous observations in the ultraviolet shows that the chromosphere is co-rotating with the star up to a
radius of = 10 au (45 mas or 1.5x the ALMA continuum radius). The coincidence of the position angle of the polar axis of Betelgeuse
with that of the major ALMA continuum hot spot, a molecular plume, and a partial dust shell (from previous observations) suggests
that focused mass loss is currently taking place in the polar region of the star. We propose that this hot spot corresponds to the location
of a particularly strong “rogue” convection cell, which emits a focused molecular plume that subsequently condenses into dust at a few
stellar radii. Rogue convection cells therefore appear to be an important factor shaping the anisotropic mass loss of red supergiants.

Key words. Stars: individual: Betelgeuse; Stars: supergiants; Stars: rotation; Stars: circumstellar matter; Techniques: high angular

resolution; Stars: imaging;

1. Introduction

7983v2 [astro-ph.SR] 28 Nov 2017

The final stages of the evolution of massive stars are complex and
» still poorly understood, in particular with respect to the physical
mechanism of their mass loss. The modeling efforts reported by
N Meynet et al. (2013), Dolan et al. (2016), and Wheeler et al.
—] (2017) conclude that the nearby red supergiant Betelgeuse will
= = explode as a Type II-P or II-L supernova, but diverge signifi-

cantly on its mass and evolutionary state. A major source of un-

'>2 certainty of the evolutionary modeling of Betelgeuse is its ro-
tation velocity. The rotation of red supergiants is expected to

be slow, due to the considerable inflation of their radius com-
pared to the main sequence. However, as shown by Ekstrom et al.
(2012), this parameter plays a fundamental role in the internal
mixing of the stellar material, and therefore in the lifetime of
different stages of the star’s evolution. The measurement of the
rotation velocity of supergiants is unfortunately difficult, due to
their slow rotation compared to the convective broadening of the
spectral lines (the macroturbulence is expected at ~ 10kms™!
from Chiavassa et al. 2011), their pulsation, and the perturba-
tions from the inhomogeneous flux distribution at their surfaces
(see, e.g., Haubois et al. 2009; Ohnaka et al. 2011 or Ohnaka
et al. 2017 for Antares). We present here new spatially resolved

11.0

observations of the close-in molecular envelope of Betelgeuse in
the submillimeter domain using the most extended configuration
of the ALMA array (Sect. 2), which we interpret using a solid
body rotation model (Sect. 3). We discuss in Sect. 4 the rotation
velocity profile of Betelgeuse, the geometrical configuration of
its rotation axis, and the possible relations between rotation, con-
vection, and mass loss.

2. Observations

We observed Betelgeuse with the Atacama Large Millime-
ter/submillimeter Array (ALMA) during cycle 3 in band 7 (275—
373 GHz) (project code: 2015.1.00206.S, PI: P. Kervella). Ob-
servations were made in the extended configuration (hereafter
TE, baseline lengths of 0.056 to 16 km) on 6, 7, and 9 Nov 2015,
using 47 good antennas, for a total of 112 minutes on target.
We also collected observations on a more compact configuration
(hereafter TC, baseline lengths of 0.013 to 1.2km) on 16 Aug
2016, using 42 good antennas, for 38 min on target. The same
spectral configuration was used for the TE and TC configura-
tions (Table 1).

Standard ALMA procedures were used for instrumentally
derived calibration (system temperature measurements, water
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Fig. 1. Spectra of Betelgeuse for the spectral windows spw0 to spw3 (see Table 1) with the identified spectral lines. The absorption on the stellar
disk (red curve, averaged up to 20 mas from the star center) and the circumstellar emission (black curve, averaged between 30 and 40 mas in

radius) are represented separately.

vapor radiometry, etc.), bandpass, flux scale, and phase refer-
ence calibration. The phase reference source used for the first
two TE epochs, J0605+0939, was found to be rather faint and
solutions from the broader spectral window (hereafter spw) were
applied to the narrower. The brighter J0552+0313 was used for
the remainder of observations (9 Nov 2015, 16 Aug 2016). After
applying these corrections Betelgeuse was split out and all data
were adjusted to constant velocity with respect to the local stan-
dard of rest (v_sr). The ALMA frequency scale and velocities are
expressed in the local standard of rest kinematic (LSRK), which
is the conventional local standard of rest based on the average
velocity of stars of the solar neighborhood. In this frame, the ve-
locity of the Sun is 20.0kms~! towards @ = 18h and § = +30°
at epoch 1900.0. We made a copy of the data with channels aver-
aged to 15.625 GHz for speed of continuum imaging. We iden-
tified the line-free channels and used these to make continuum
images for self-calibration, applying the solutions to all data in
the same configuration. For the TE data, the best astrometry was
obtained for 9 Nov 2015 and this was used as a starting model
for the other two TE epochs. The 9 Nov data only were the first
to be released and were used for detailed continuum analysis
(O’Gorman et al. 2017; also see that paper for more observa-
tional details) and astrometric analysis (Harper et al. 2017a).

Article number, page 2 of 18

We subtracted the line-free continuum from the full-spectral-
resolution, fully calibrated data and made image cubes of all
spectral windows for the TE, TC, and combined data, both be-
fore and after continuum subtraction. The precise image prop-
erties (synthesized beam, sensitivity, etc.) are a function of fre-
quency and atmospheric transmission; to within a few percent
the parameters are as follows. The TE-only cubes are sensitive to
emission on angular scales up to 2 arcseconds; the TC and com-
bined cubes up to 8arcseconds. The typical synthesized beam
sizes and standard deviation of the noise off-source were 18 mas
and 1.3 mJy, 190 mas and 1.7 mJy, 22 mas and 1 mlJy, for the TE,
TC, and TE+TC combined data, respectively. The primary beam
FWHM is approximately 16 arcseconds at these frequencies and
we made TC images of comparable size, applying the primary
beam correction. However, the results discussed in the present
paper use the highest resolution TE cubes and concentrate on
the inner hundreds of milliarcseconds where this is not relevant.

3. Analysis
3.1. Detected spectral lines

We detected ten lines of the CO and SiO molecules including
several isotopologues, either in absorption only or in both emis-
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Table 1. ALMA spectral window (spw) configuration. The listed spw
width is the extension of the frequency window. The channel width is
the step in frequency of one spectral element of the ALMA cube, trans-
lated into radial velocity.

# Center spw width Channel width
(GHz) (GHz) (km s71)

0 330.65 0.94 0.89

1 33255 1.88 0.88

2 343.19 1.88 0.85

3 345.15 0.94 0.85

4 34580 0.47 1.69

Table 2. Molecular emission lines detected in Betelgeuse, sorted by in-
creasing frequency and spectral window. The rest frequencies are taken
from the CDMS database (Miiller et al. 2005; Endres et al. 2016).

Quantum numbers  Rest freq. Lower state

Vibrat. Rotat. (GHz) energy (cm™")
8Si0 v="7 87 330.47753 8397.36
B3co v=0 3-2 330.58797 11.03
0Si0 v=3 8§-7 331.95548 3648.27
BSi"0 v=1 87 332.02199 1245.27
88i0 v==6 87 332.87874 7238.86
88i0 v=2 87 342.50438 2487.33
12co v=1 3-2 342.64764 2154.70
»Si0 v=0 8§-7 342.98085 40.05
8Si0 v=1 87 344.91633 1269.89
2co v=0  3-2 34579599 11.54

sion and absorption. The line properties are listed in Table 2,
and the continuum subtracted spectra are shown in Fig. 1. The
velocity structure of the circumstellar emission of Betelgeuse is
visible in the 2!SiO(v=2, J=8-7) line channel map represented in
Fig. 2. Tt is interesting to note that the circumstellar emission of
Betelgeuse exhibits a comparable structure to the ALMA long-
baseline observations of the close environment of Mira reported
by Wong et al. (2016). Images made at lower resolution and bet-
ter surface brightness sensitivity from the combined TE and TC
data also show extended emission in different molecular emis-
sion lines; this will be discussed in a forthcoming paper.

3.2. Shell model

The spectral signature of the molecular envelope of Betelgeuse
is observed in absorption over the continuum stellar disk, and
in emission beyond its limb (see also Sect. 3.3.2). Following
Perrin et al. (2004), Montarges et al. (2014), and Ohnaka et al.
(2009, 2011) we model our ALMA observations using a spheri-
cal thin molecular shell of angular radius Ry, located above the
spherical stellar photosphere of angular radius Rg,,. An impor-
tant difference with the near-infrared domain is that the consid-
ered molecular lines are likely to be excited by maser pumping
close to the star. In addition, we expect that a significant absorp-
tion from a cool molecular envelope is present in front of both
the star and the light-emitting shell. We therefore dissociate the
absorption and emission components in our parametrization of
the surface brightness I(r) of the star and its molecular shell ob-
served at an angular radius » from the center of the stellar disk.
This results in the following model:

Fig. 2. Channel map of the continuum subtracted emission from the
8Si0(v=2, J=8-7) line. The velocity offset from the LSR systemic ve-
locity of vys = +4.52kms™" is given in the upper right corner of each
panel. The field of view is 100 mas x 100 mas.

— over the stellar continuum disk (0 < ¥ < Rgy):

I(r) — [Istar e_Tshe]l/G(r) + IShBH (1 _ e_Tshe]l/G(r))] e_Tcool; (1)
with 7,401 the optical depth of the cooler material located in
front of the star and shell, 74,y the optical depth of the light-
emitting thin shell, and G(r) the geometrical projection fac-
tor:

G(r) = \’ 1- rZ/thc”; (2)
— between the stellar limb and the shell (Ry,r < 7 < Rghen):
I(r) = Ipen [1 _ e—ZTshcll/G(r)] g Teool - 3)

— outside of the shell (r > Rgen): I(r) = 0,

where I, and I, are the star’s continuum and molecular shell
surface brightnesses, respectively. An overview of the model ge-
ometry is presented in Fig. 3. We make the assumption here that
the light-emitting layer is optically thin (tg¢,; < 1), which en-
ables us to simplify Eq. 1 (valid between 0 < r < Rg,),

Lpen T _
1) = (Ism F e (;)*‘e“) e, @)
and Eq. 3 (Rytar < 7 < Rgpenn) becomes
2 Lhell Tohell | —
I = Tcool . 5
(r ( ) e (5

This static shell model is defined by five parameters: Rgr, Isar
Rshells (Ushell Tshell), and T¢oo1. We note that we consider the product
Lshent Tshen @s a single parameter, as the optical depth and surface
brightness of the emitting shell are degenerate quantities.

The absorption and emission is modulated by the profile

P(f) in frequency of the molecular emission line, assumed to be
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Fig. 3. Adopted model of Betelgeuse. The molecular shell is shown
approximately to scale with respect to the continuum. The right part of
the shell is omitted to show the continuum without line absorption. The
cool molecular layer located around the star and shell is not represented.
The position angle of the polar axis is represented according to the best
fit model. The (x,y) coordinates are the sky angular coordinates of the
reference frame; the z-axis is pointing toward the observer.

Gaussian (see Sect. 3.3) normalized with a unit amplitude. The
solid body rotation of the shell is introduced through a position-
dependent Doppler shift Af(6) of the molecular line profile

i\ s
Af(5)=f(—quml)(Rh"),

(6)

where f is the frequency, vy the equatorial rotation velocity, i
the inclination of the polar axis on the line of sight, and ¢ the
distance of the considered point to the polar axis. More com-
plex, non-solid body rotation can be introduced by changing the
Af law, for instance using latitude-dependent rotation velocity
(Domiciano de Souza et al. 2004).

3.3. Static shell model parameters

In this section, we analyze the 288i0(v=2, J=8-7) emission line.
We chose this line as its intensity profile is the best match to our
thin shell model (see Sect. 3.3.3) out of the four intense emis-
sion lines visible in Fig. 1. A possible reason for the behavior
is that this line has the highest upper state energy and therefore
traces the regions closest to the star. The lower excitation lines
are excited farther away, and this is the reason why the thin shell
model is less applicable.

In addition, the *8SiO(v=2, J=8-7) line is also probably ex-
cited through a maser process, which facilitates its observation.
The channel width of our data cubes is ~ 0.85kms~! so we can-
not look for maser spikes in the spectrum and the total line width
is greater than 10km s~!. The broad line width by itself does not
rule out saturated masers, but higher spectral and spatial resolu-
tion is needed to identify whether high brightness temperature
maser components are present or if the emission is mostly ther-
mal. However, the v = 2 (respectively v = 1) lines are of similar
intensity to the v = 0 line, which suggests that the brightness
of the excited states is enhanced by the maser process; other-
wise, they would be only about 1/6 (respectively 1/2) as bright,
although the spectral resolution is not fine enough to allow us to
confirm this. This supports the conclusion that masing is present,
but it is not definitive. The analyses of the other detected emis-
sion lines are presented in Appendices A to C.
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Fig. 4. Image of Betelgeuse in the continuum for the spectral win-
dow spw2 associated with the 22SiO(v=2, J=8-7) and *SiO(v=0, J=8-
7) emission lines. The white circle represents the equivalent uniform
disk size of the star (Ry, = 29.5 mas), and the red cross marks the cen-
troid of the intensity distribution taken as the center of the stellar disk.
The gray disk at the bottom left of the plot is the ALMA beam size, and
the contour levels are labeled in mJy beam™!.

3.3.1. Stellar radius Ry, and surface brightness I,

We determine the Ry, and Iy, parameters of the model from
the image of Betelgeuse in the continuum computed around the
considered molecular line. The continuum image for spw?2 is pre-
sented in Fig. 4. The surface brightness I, is measured at the
center of the stellar disk. We define Ry, as the equivalent uni-
form disk angular radius of the star in the ALMA continuum,
that is, at a wavelength of 1 ~ 0.9 mm. As the stellar disk is
resolved by ALMA, we estimate Ry, from the integrated con-
tinuum flux I(r,6) and the surface brightness measured at the
center of the disk Iy, through

1 I(r,0) rdrdo
Ryar = \/ = fsm— )

T Lstar

For spw2, we measure Iy, = 74.81 + 0.14mJy beam™' and we
obtain Ry, = 29.50 + 0.14 mas. The model parameters for the
four studied emission lines are summarized in Table 3.

3.3.2. Line profile P(f)

We determine the line profile P(f) from the continuum sub-
tracted data cubes using two observables: the absorption at the
center of the stellar disk and the emission in the circumstellar
shell ring (Fig. 5). For a homogeneous non-expanding molecular
envelope, the two profiles are identical. In the case of a global net
spherical outflow (or inflow) of molecular material, the absorp-
tion profile will be blueshifted (respectively redshifted) com-
pared to that of the emission ring. The reason is that the absorp-
tion component is essentially on the line of sight between us and
the photosphere, hence with a minimal radial velocity projection
effect. On the other hand, the emission ring is located, on aver-
age, in the plane of the sky (perpendicular to the line of sight)
for which the projection effect results, for a homogeneous shell,
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Table 3. Continuum and line emission parameters of the thin shell models for the four studied lines. The intensities Iy, and Iy are expressed
in mJybeam™', the angular radii Ry, and Ry, in milliarcseconds, and the velocities (expressed in the LSR) and line widths in kms™'. The

uncertainties are listed in the subscript of each value.

2

Line Lstar Ritar Lshen Tshelt Rshen Tcool Uemi O emi Uabs O abs Xred
$8i0(w=2,J=8-7) T4.804 29.500.4 273 37825  1.08003 4.52000 10.2000s 4.80014 10.26013 0.16
2CO@W=0,7=3-2) 76.604 29.9712 345 39529 112003 5.56015 8.800.13 493017 8.69.15 1.46
»8i0(v=1,J=8-7) 75.004 29.60013 Tl 39609 183000 474010 1137000 434011 1045050 0.36
PSi0w=0,/=8-7) 74.804 29.50014 315 39.5,9 1.28003 4.43000 1029908 5.78011 9.62p10 0.32
N BSiO(p=2, J=8—1T) vy 342. 5043830 GHz B8i0(v=2,.J=8 — 7) emission and absorption
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Fig. 5. Continuum subtracted emission intensity in the 2SiO(v = 2, J =
8—7) line, integrated along the frequency axis. The ring used to estimate
the average emission line profile presented in Fig. 6 is located between
the two white circles of angular radii 30 and 50 mas. The absorption
profile is measured within the 30 mas inner circle.

in a zero radial velocity. A comparison of the emission and ab-
sorption line profiles for the 28SiO(v=2, J=8-7) line is presented
in Fig. 6. Both profiles have very similar dynamical character-
istics, with velocities of vps = +4.80 + 0.14kms™" and vepi =
+4.52+0.09 km s~! and line widths of o, = 10.20+0.08 kms™!
and oemi = 10.26 +0.12 kms~!. The velocities of the absorption
and emission components are close but do not overlap, probably
because of the inhomogeneities that are present in the molecular
shell and visible in Fig. 5 (see also Fig. 2).

We note that we choose to define in this article the line width
o as the standard deviation of the adjusted Gaussian line pro-
file, which is related to the full width at half maximum (FWHM)
through FWHM = 2.355 . For the 28SiO(v=2, J=8-7) absorp-
tion and emission line profiles presented in Fig. 6, the FWHM is
therefore 24.0 £ 0.2km s™', and it is similar for the other ALMA
SiO lines. The FWHM of the ALMA '>CO emission line), which
extends to larger radii than the SiO emission, is 20.7+0.3 km s~
The detected ALMA molecular lines are therefore broader than
the FWHM = 18.3kms™! value determined by Gray (2000) in
the optical domain. Lobel & Dupree (2000) measured a macro-
turbulent and rotational broadening of FWHM = 20kms~! on
unblended metallic lines in the near-infrared. In the mid-infrared
domain, a narrower FWHM of ~ 14.5 km s~ was found by Ryde
et al. (2006) for water vapor lines. The ALMA molecular lines
thus appear significantly broader than the visible, near- and mid-
infrared lines.

I I
-10 0 10 20 30
LSR velocity - (+4.52 km/s)

Fig. 6. Absorption and emission normalized profiles P(f) of the
288i0(v=2, J=8-7) line. The sign of the absorption profile is inverted
and shifted by —0.2 to facilitate the visual comparison with the emission
profile. The absorption profile is estimated within a radius of 30 mas,
and the emission profile between 30 and 50 mas (Fig. 5).

We adopted the emission line velocity as the systemic ve-
locity vgys as it is in principle less sensitive to the presence of
a radially expanding velocity than the photospheric absorption
line. The difference between the two velocities Av = vaps — Uemi =
+0.28 + 0.17 kms~! is small, however, and does not affect the
rest of the analysis. We therefore model the line profile P(f) as
a Gaussian of mean LSR velocity vgys1.sr = +4.52 £ 0.09 km s
and width o = 10.20 + 0.08 kms~! (red curve in Fig. 6). For the
emission components of the three studied SiO emission lines, the
systemic LSR velocity of Betelgeuse is consistently estimated
between +4.43 and +4.74kms~! (Table 4). It is slightly higher
for the 2CO(v=0, J=3-2) line, at +5.56kms~!. The weighted
average of all emission and absorption component velocities
listed in Table 4 (including the CO line) is +4.79 kms™', close
to the adopted 8SiO(v=2, J=8-7) emission line value.

The adopted emission velocity in the LSR derived for Betel-
geuse corresponds to a heliocentric velocity of vpeio = 20.4 +
0.1kms~!, which is lower by 1.60 than the velocity of 20.9 +
0.3kms™! found by Harper et al. (2017b) from a weighted mean
of four different estimates. The latter were a 100-year average
of photospheric radial velocities, the centroid velocity of 4.6 um
scattered CO emission, the central velocity of CARMA CO mm-
radio emission, and the mean velocity of the co-rotating chro-
mospheric emission as measured by the HST. Given that each
velocity estimate is based on a different diagnostic, each with its
own systematic uncertainty, and the differences in the emission
velocities for the different ALMA lines, we regard the ALMA
value as consistent with Harper et al. (2017b).
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Fig. 7. Azimuthally averaged radial profile of the 2SiO(v=2, J=8-7)
line emission (green curve) and best fit model (red curve). It is computed
from the sum along the frequency axis of the continuum-subtracted data
cube, scaled to the flux level measured at the sky frequency of the line.
The shaded green area is the standard deviation of the shell over the
considered ring radius. The equivalent uniform disk radius of the star is
shown with a solid orange line, and the radius of the shell is represented
with a dashed blue line.

3.3.3. Shell radius Ry,e; and surface brightness Ignen Tshern

We determine the radius of the thin shell from the location of the
maximum flux in the azimuthally averaged radial profile (Fig. 7).
As shown in Fig. 7, we obtain a value of R = 37.8 = 2.5 mas
(equivalent to 1.28 + 0.08 Ry,). The uncertainty is estimated as
the standard deviation of the radius of the peak emission mea-
sured as a function of the position angle.

To determine the shell’s surface brightness Ighey Tshen We
compute the azimuthally averaged radial profile I(r) of the con-
tinuum subtracted surface brightness map. We adopt the model
described in Sect. 3.2, convolved with the instrumental beam,
to derive the model radial profile. The model profile is ad-
justed to the ALMA radial intensity profile /(r) (Fig. 7), using
as variables e Tshen and the optical depth of the cooler ab-
sorbing layer 7.y . For the y? minimization, we used a clas-
sical Levenberg—Marquardt algorithm based on the SciPy rou-
tine scipy.optimize.leastsq (Jones et al. 2001). The other
parameters Rgur, Istar, Rsnen, and P(f) were determined inde-
pendently as described previously. The resulting parameters are
listed in Table 3. The observed and best fit radial profiles are pre-
sented in Fig. 7. Despite the simplicity of our model (single thin
molecular layer over a spherical continuum), the quality of the fit
is good up to the angular radius of the shell Ry,.;;. We note, how-
ever, that our thin shell model does not reproduce well the tail of
the 'CO line emission at larger radii (Fig. A.1), indicating that
the light-emitting envelope of this molecular species is extended
in radius. We attempted to fit a thick shell model, adding one
parameter in the model (the shell thickness), but the results are
unstable as the ALMA beam insufficiently resolves the thickness
of the shell. In the three panels of Fig. 8 we show the azimuthally
averaged ALMA radial profiles as a function of wavelength, the
best fit model, and the residuals of the subtraction.

3.4. Molecular emission velocity map

The principle of our approach for the measurement of the ro-
tational velocity of Betelgeuse is to map the Doppler shift of
the emission line from the light-emitting shell, and fit a rotation
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model to the resulting velocity map. To isolate the shell’s emis-
sion over the stellar disk, we must compensate for the absorption
component, that is, the first term in Eq. 4. In Sect. 3.3, we deter-
mined all the relevant parameters, that is, the continuum surface
brightness of the star I, and the optical depth of the cool ab-
sorbing molecular shell 7., . The resulting subtracted data cube
shows only the Doppler shifted emission from the shell. At each
position of the absorption compensated data cube, we fit a Gaus-
sian profile on the emission line with three parameters: the emis-
sion amplitude Acpi, the line velocity width oepi, and the mean
velocity vemi- The amplitude of the line emission (Fig. 9, left
panel) is inhomogeneous and exhibits stronger emission at the
limb along three preferential sectors, to the northeast, south, and
northwest of the star. A strong unresolved emission peak is lo-
cated close to the northern limb of the star, with a surface bright-
ness of Aemi = 30 mJy beam™". The width of the line is relatively
homogeneous over the full map (Fig. 9, center panel), with a
broader velocity dispersion close to the limb. The line velocity
map (Fig. 9, right panel) exhibits a redshifted component to the
southeast of the star, and a blueshifted component to the north-
west. This is the classical signature of rotation, and we use this
map in Sect. 3.5 to derive the rotation velocity of Betelgeuse.
The presence of low order, non-radial pulsations (see, e.g., Lo-
bel & Dupree 2001) could in principle mimic the velocity sig-
nature of rotation. As is discussed in Sect. 4.4, we determine a
position angle of the symmetry axis of the velocity map that is
closely consistent with the value reported by Uitenbroek et al.
(1998). This stability is well explained by rotation, but the tem-
poral coherence of non-radial oscillations over a period of 20
years appears more unlikely. In addition, we obtain a projected
rotational velocity amplitude (veq sini = 5.5km s7!, Sect. 4.2)
that is comparable to previous measurements. Another indica-
tion in favor of a rotational origin for the Doppler shift is that
we also observe co-rotating material outside of the stellar photo-
sphere, as shown in Fig. 9. This behavior is difficult to explain by
large-scale non-radial pulsations of the photosphere. For this rea-
son, we interpret the present ALMA observations in terms of the
rotation of Betelgeuse. We foresee additional epochs of ALMA
observations in the coming years to test the persistence of the
velocity distribution in the close environment of the star. As the
time scale of the velocity variations observed in the UV domain
with the HST is relatively short (a few months; Lobel & Dupree
2001), a stability of the velocity map over several years would
confirm the rotational origin of the observed Doppler wavelength
shifts.

3.5. Rotation velocity

We adopt the classical solid body rotation model, that we define
in the (x, y, z) cartesian coordinate system represented in Fig. 3.
This simple model assumes that the angular rotation velocity is
independent of latitude. In this framework, the projected velocity
varies linearly as a function of the distance y to the polar rotation
axis:

®)

-y ..
Usolid (X, y) = R_ (Ueq sini) + Usys-
star

The three model parameters are the systemic velocity vgy in
the local standard of rest (LSR), the projected rotation velocity
Veq Sini, and the position angle of the polar axis PA. The incli-
nation 7 of the polar axis on the line of sight is degenerate with
the linear equatorial velocity veq and thus cannot be estimated
separately from the radial velocity alone.
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In addition, we test for the presence of a spherical expansion
velocity component vey, resulting in the following supplemen-
tary radial velocity component vyyq:

)

Rstar (9)

Urad (X, y) = _Uexp[

The angular resolution of our ALMA observations provides
approximately four resolution elements over the stellar contin-
uum diameter of Betelgeuse. This is sufficient to adjust the solid
body rotation model as the correlation between the rotation ve-
locity and the position angle of the polar axis is low. The ad-
ditional parameter of the expansion velocity vex, is, however,
largely correlated with the systemic velocity vsy and its deter-
mination is therefore uncertain. The reason for this correlation
is that the average value of the spherical expansion velocity over
the stellar disk is equivalent to a change in the systemic veloc-
ity. The differentiation between the spherical expansion and sys-
temic velocities is only possible at the limb of the star where per-
turbations from random velocity fluctuations degrade the quality
of the fit.

The rotation models for the 28SiO(v=2, J=8-7) line and the
corresponding residuals are presented in Fig. 10. We set the sys-

temic LSR velocity of the model to the emission ring value vep;
listed in Table 3. The best fit rotation model parameters are
listed in Table 4 for the four analyzed molecular lines (treated
independently), with and without a spherical expansion veloc-
ity component. The adjustment of a spherical expansion param-
eter to the velocity map gives a radial expansion velocity of
Vexp = +0.69 + 0.08 km s~!, which is also very low compared to
the velocities observed by Ohnaka et al. (2011). The expansion
velocities of the other analyzed ALMA emission lines are less
than 1kms™! in absolute value, except for the 22SiO(v=1, J=8-
7) line that reaches +1.75 + 0.08 km s~!. The listed uncertainties
of the model parameters have been scaled by (y red)l/ 2 and are
therefore independent of the y? of the fit (that is, they take into
account the residual velocity dispersion after subtraction of the
model). The maps and figures related to the '>?CO(v=0, J=3-2),
8Si0(v=1, J=8-7) and ’SiO(v=0, J=8-7) lines are presented in
Appendices A to C.

The correction of the continuum absorption (using the opti-
cal depth parameter 7.,) induces a systematic uncertainty of
+0.10kms™! on the projected rotation velocity. We add this
systematic contribution quadratically to the error bars. In addi-
tion, the molecular shell surrounding Betelgeuse is an evolving
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Fig. 10. Velocity map of Betelgeuse in the 2SiO(v=2, J=8-7) emission line measured over the equivalent continuum disk of the star (top panel)
and best fit velocity models of Betelgeuse (center row). The corresponding model parameters are listed in Table 4. The residuals of the fit are

plotted in the bottom row, and the beam is shown in the lower left corner. The contour levels are separated by 1km s

~!intervals. The polar axis is

represented with an arrow pointing toward the direction of the angular momentum vector for a right-handed rotating coordinate system.

and dynamical environment. The simple rotation model that we
adopted does not include a provision for the presence of perturb-
ing bulk motions in the atmosphere, which vary both temporally
and spatially. To estimate the associated systematic uncertain-
ties on the adjusted model parameters, we chose the approach
to modulate the radius over which the fit is computed by +15%
around the continuum radius of the star Rg,,. This modulation
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amplitude of 30% corresponds approximately to the ratio of the
angular resolution of our ALMA observations (=~ 18 mas) to the
continuum diameter of the star (~ 60 mas). The standard devi-
ation of the model parameters that we obtain through this ap-
proach are o-(PA) = 3.3° for the position angle of the polar axis
and o (veq sini) = 0.20kms™! for the projected rotation velocity.
In the following discussion, we adopt these values as systematic
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uncertainties and add them quadratically to the statistical error
bars.

4. Discussion
4.1. Radial structure of the envelope and stellar wind

The continuum angular radius of Betelgeuse in the near-infrared
is ~ 21 mas (see Montarges et al. 2016 and references therein),
and the MOLsphere radius is 25 to 30 mas (Montarges et al.
2014; Ohnaka et al. 2011). The MOLsphere term, introduced
by Tsuji (2000), designates a non-photospheric molecular layer.
The stellar continuum radius that we measure with ALMA is
close to 30mas, and the radius of the molecular emission is
~ 40mas. The near-infrared MOLsphere thus closely corre-
sponds to the ALMA continuum radius Ry, while the ALMA
line emission reaches approximately twice the near-infrared con-
tinuum radius of the star. O’Gorman et al. (2015, 2017) es-
tablished that the apparent continuum radius of Betelgeuse de-
creases as a power law with wavelength between 6.1 and 0.7 cm,
and breaks down at 4 = 0.9 mm, the wavelength of the present
ALMA observations.

The fact that the radial velocities that we measure on the stel-
lar disk (v, in Table 3) and in the circumstellar emission ring
(vemi) are close to identical (Sect. 3.3.2) implies that there is no
significant global wind or large-scale inflow or outflow of ma-
terial through the molecular layer located at a radius of 40 mas,
at the angular resolution of our observations (= 18 mas). This
conclusion is in agreement with Harper & Brown (2006). This
overall static molecular layer therefore seems to act as a buffer
absorbing the kinetic energy of the regular underlying convec-
tion cells, but it cannot confine the outflows of the strongest con-
vective cells, hence the formation of focused molecular plumes
(Kervella et al. 2009). In this scenario, the MOLsphere within
~ 40 mas therefore includes a globally static spherical compo-
nent and localized emerging flows of material (see Sect. 4.8 for
a more detailed discussion). It should be noted that the deeper
molecular layer imaged by Ohnaka et al. (2011) is very turbu-
lent and clumpy (see also Ohnaka et al. 2017 for Antares). The
ALMA molecular shell is likely also strongly turbulent, consid-
ering the observed emission line widths.

4.2. Rotation velocity

From our analysis of the 2SiO(v=2, J=8-7) line, we measure
a projected rotation velocity of veq sini = 5.47 + 0.25km s7!
at an angular radius of 29.50 + 0.14 mas. As listed in Table 4,
the solid body projected rotation velocities from the three SiO
emission lines range from 5.47kms™' to 5.81kms~!. The ex-
treme values are therefore only 1.4 o apart from each other. The
12CO(v=0, J=3-2) line velocity appears slower at 4.82kms~'.
We note, however, that the CO emission radial profile deviates
significantly from our thin shell model as shown in Fig. A.1 (left
panel). The CO emission is more extended radially than the high
excitation SiO lines, in particular around the systemic velocity.
This is expected from previous observations by O’Gorman et al.
(2012) of the '2CO®w=0, J=2-1) molecular emission of Betel-
geuse (4 = 1.3mm). As the measured shell emission includes
material located at larger radii from the star, this results in an
underestimation of the stellar rotation velocity due to the de-
coupling of the chromosphere rotation from the stellar rotation
beyond 10 au (see Sect. 4.3). The vibrationally excited, high en-
ergy level SiO is confined to the inner regions, and although
SiO masing is possible, especially from vibrationally excited
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Fig. 11. Angular rotation velocity of the envelope of Betelgeuse as a
function of radius. The infrared continuum radius is the November 2014
epoch from Montarges et al. (2016).

states (Gray et al. 2009), this will not affect our kinematic anal-
ysis. For this reason, we adopt the velocity determined using the
288i0(v=2, J=8-7) line. It corresponds to a projected angular ro-
tation velocity of w sini = (5.6 + 1.3) x 10~ rad s7!.

4.3. Radial rotation velocity profile

To evaluate whether the MOLsphere is co-rotating with the star
or is in detached orbit around it, here we compare the measured
projected rotation velocity to the Keplerian velocity. The mass
of Betelgeuse is poorly known, and significantly different es-
timates can be found in the literature (see, e.g., Meynet et al.
2013, Neilson et al. 2011, Neilson et al. 2016 and Dolan et al.
2016) from approximately 10 to 20 M. Assuming a mass of
mper = 15 =5 My and a radius of Ry, = 1400 = 250 R, (from
our equivalent ALMA continuum angular radius and the parallax
7 =4.51 £ 0.80 mas by Harper et al. 2017a), the Keplerian rota-
tion velocity at the surface of Betelgeuse is vx = 45 +28kms™.
This is approximately a factor of 8 higher than the velocity that
we observe in the MOLsphere emission. This is an indication
that the molecular shell is corotating with the star, and that, al-
though measured at = 1.3 Ry, the shell’s rotation velocity is a
reliable proxy for the rotation velocity of the star itself. We note
that the Keplerian velocity vk at the surface of the star is also the
critical rotation velocity. We therefore conclude that the surface
rotation velocity of Betelgeuse is far from being critical, which
is consistent with its essentially spherical geometry measured by
O’Gorman et al. (2017). The evolution models including rotation
by Ekstrom et al. (2012) indicate that a 15 M, star starting on
the main sequence with a rotation velocity of 250 kms~! (close
to critical) reaches the red supergiant stage with an equatorial
velocity below 10 km s~!, which is consistent with our observa-
tions.

From spatially scanned HST/STIS spectra, Harper & Brown
(2006) measured a projected rotation velocity of veqsini =
7.0kms~! at a radius of 39.2mas (1.3 X Ry) in the UV do-
main (1 = 232.5nm). This measurement is consistent with a
co-rotation with the ALMA molecular shell as the scaled ve-
locity 7.0 x 29.5/39.2 = 5.3kms™! is identical to the value
we measure within its error bar. Uitenbroek et al. (1998) mea-
sured a velocity of veqsini = 5.0kms™ at an angular radius
or 62.5mas and at a wavelength of 4 = 280nm (Gilliland &
Dupree 1996). This corresponds to an angular rotation velocity
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Table 4. Rotation model parameters of Betelgeuse. The position angle of the polar axis PA is in degrees east of north. The listed error bars are
scaled by (Xfe d)” 2 to account for the residual dispersion of the fit. They do not comprise the systematic uncertainty that we estimate to +3.3° for

the position angle of the polar axis PA and £0.20 km s™' for the projected rotation velocity veq sini (see Sect. 3.5 for details).

2

Model PA Veq SIN i Vexp Xred O res
©) (kms™h) (kms™!) (kms™!)

2Si0(v=2, J=8-7)

Solid 480+1.1 547+0.10 - 20.7 1.44

Solid+Exp 47.6+1.1 556+0.10 +0.69+0.08 18.8 1.41
2CO(v=0, J=3-2)

Solid 495+1.0 4.82+0.08 - 12.5 1.13

Solid+Exp 479+10 4.76+0.08 +0.60+0.06 11.1 1.12
#8i0(v=1, J=8-7)

Solid 519+13 581+0.13 - 35.8 1.39

Solid+Exp 50.6+1.0 573+0.10 +1.75+0.08 20.6 1.34
28i0w=0, J=8-7)

Solid 455+1.0 5.68+0.09 - 18.9 1.34

Solid+Exp 458+1.0 5.68+0.09 -0.21+0.08 18.7 1.34

of wsini = 2.4 102 rads™!, less than half the value we mea-
sure with ALMA. It is interesting to note that this layer is actu-
ally rotating at a very similar linear velocity to that of the SiO
molecular shell we observed with ALMA. It is even closer to the
rotation velocity of the '>CO emission line (Appendix A) that
forms, on average, at larger angular radii from the star than the
SiO lines.

The distribution of the measured angular rotation velocities
as a function of radius is presented in Fig. 11. Following Harper
& Brown (2006), we propose that the chromospheric material
is co-rotating with the star up to a radius of ~ 40 to 50 mas
(1.5 X Rgar =~ 9 to 11 au) and for larger radii, it approximately
preserves its linear rotation velocity veq sini, thus decreasing its
angular velocity wsini. A possible explanation for this velocity
profile is that the chromosphere of Betelgeuse is magnetically
coupled to the star in rigid rotation up to a radius of 10au. At
larger distances from the star, the weaker magnetic coupling is
not efficient enough to drag the charged chromospheric material,
and it continues its rotation with the linear velocity acquired at
the de-coupling radius. Such an extended and rotationally co-
herent volume may be structured by the presence of a global,
possibly dipolar magnetic field.

4.4. Position angle of the polar axis

For the solid body rotation model that we adopt (Sect. 3.5), the
determination of the position angle of the axis of rotation of
Betelgeuse is robust as its determination relies on the spatial
symmetry of the velocity field. In agreement with the IAU rec-
ommendation, we define the north pole as “that pole of rotation
that lies on the north side of the invariable plane of the solar sys-
tem” (Archinal et al. 2011). The position angles for the four ana-
lyzed emission lines vary between 45.5° and 51.9° (Table 4). The
position angle from the 28SiO(v=2, J=8-7) line is close to the
middle of this range at PA = 48.0 + 3.5° and we adopt this value
as our reference. The rotation of Betelgeuse is therefore retro-
grade as its right-handed angular momentum vector is pointing
to the southwest quadrant.

From HST/GHRS spatially scanned spectroscopy of chro-
mospheric absorption lines obtained through a 200 x 200 mas
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aperture, Uitenbroek et al. (1998) estimated the position an-
gle of the rotation axis to be 55°, which was confirmed by
Harper & Brown 2006 using archival HST/STIS 25 x 100 mas
aperture scans of co-rotating low opacity chromospheric emis-
sion lines. This is in good agreement with our determination.
The near-infrared interferometric observation by Ohnaka et al.
(2011) was recorded using an essentially linear configuration of
the VLTI/AMBER interferometer, at a position angle of 73°. It
was therefore roughly aligned with the direction of the rotation
axis and the AMBER spectro-interferometry, thus does not show
the rotational Doppler line shift.

4.5. Inclination of the polar axis, rotation period

The inclination i of the rotation axis of Betelgeuse on the line
of sight is particularly difficult to determine from observations,
due to it slow rotation and the absence of persistent and traceable
surface features. Uitenbroek et al. (1998) proposed that i ~ 20°,
based on the hypothesis that the hot spot they observed in the
southwest quadrant of the UV chromosphere corresponds to the
position of the pole of the star, but this association between a
UV spot and the polar axis appears fragile. Dupree & Stefanik
(2013) reported several epochs of HST/FOC UV imaging ob-
servations, where the persistence of the UV hot spot over sev-
eral years in not demonstrated. In addition, we do not confirm
the presence of a hot spot in the southwest quadrant, but rather
at a nearly centrally symmetric position angle in the northeast
quadrant. The coincidence of the hot spot detected by O’ Gorman
et al. (2017) with the position angle of the rotation axis may in-
dicate that this spot is located at the pole. This hypothesis, al-
ready employed by Uitenbroek et al. (1998), is difficult to jus-
tify unambiguously. One difficulty is that we do not observe in
the ALMA data a symmetrical hot spot or molecular plume at
the south pole of Betelgeuse. This could be due, for instance,
to a random fluctuation of the polar hot spot activity over the
400-day oscillation period of the star. It could also be caused
by a latitudinal offset of the hot spots with respect to the polar
axis, which would modulate their position with rotation, or to a
very long-term cyclic modulation of the polar convective flow.
Under the assumption that the northeast spot is located at the
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pole, as it appears very close to the limb of the star, the incli-
nation of the rotation axis would be i > 60°. Considering the
measured veqsini = 5.47 £ 0.25km s~!, the linear equatorial
velocity would therefore be veq < 6.3km s~!, and the angular
rotation velocity w < 6.5 X 10~ rads~!. As a side note, from
purely geometrical considerations, the a priori probability that
a star’s rotation axis has an inclination greater than i, (between
0 and 90°) is equal to P = cosiy. As a consequence, and in
absence of direct constraints, it is equally probable that the in-
clination of the rotation axis of Betelgeuse is higher or lower
than 60°. The 68% probability interval of i can be represented

by i = 60*3) deg, which corresponds to a probable equatorial

velocity of veq = 6.5f3:é kms~!.

We attempted the adjustment of a latitudinal angular differ-
ential rotation model (see, e.g., Domiciano de Souza et al. 2004)
to the ALMA emission line velocity maps. In the presence of
differential rotation, the degeneracy between the latitude and the
radial velocity is removed, and it is possible to determine the in-
clination i of the polar axis on the line of sight. However, the ad-
justment of this model does not bring a significant improvement
of the y? or residuals of the fit compared to the simpler solid
body rotation model. This could be due either to the absence of
differential rotation or to the perturbation from the random fluc-
tuations of the velocity field (o ~ 1 kms™!) superimposed on the
rotation velocity field. A higher angular resolution would be re-
quired to efficiently constrain the differential rotation latitudinal
profile and the inclination of the polar axis i. For this reason, we
cannot conclude firmly on the inclination of the polar axis on the
line of sight.

Combining the newly determined parallax 7 = 4.51 +
0.80mas (Harper et al. 2017a), the ALMA continuum equiva-
lent angular radius (6 = 29.50 + 0.14 mas) and the measured
Veq Sini = 5.47 £ 0.25kms™" velocity of the 288i0 molecular
shell , we obtain a rotation period of P/ sini = 36+ 8 years. Con-
sidering an inclination of i = 60°, the rotation period would be
P = 31 years, within the uncertainty range of our P/ sini esti-
mate.

4.6. Residual velocity dispersion

Once the global rotation velocity pattern is subtracted from the
velocity map, the residuals have a low amplitude with a typ-
ical standard deviation of only o ~ 1 to 1.5kms™! (Fig. 9,
bottom row; see also Figs. A.2, B.2. and C.2). These small ve-
locity residuals strongly contrast with the large velocity ampli-
tudes of up to 25-30km s~! observed by Ohnaka et al. (2011) in
the near-infrared for the carbon monoxide MOLsphere of Betel-
geuse, and in the comparable red supergiant Antares (Ohnaka
et al. 2013, 2017). These interferometric observations were ob-
tained in the K band (4 = 2.2 um) and sample the near-infrared,
second overtone (Av = 2) emission of the carbon monoxide
molecule. This CO layer is located at approximately 0.94% the
radius of the continuum layer of our ALMA observations. The
angular radius of the 2CO(v=0, J=3-2) emission line layer is
Rgnen = 39.5 £ 2.9 mas (Table 3), that is, 1.3 the radius of the
ALMA continuum. This is a lower excitation line than the CO
lines observed using near-infrared interferometry. The residual
velocity map of the solid body rotation model of this line pre-
sented in Fig. A.2 shows a dispersion of only o = 1.1kms~!.
For the 2SiO(v=2, J=8-7) emission line, we observe resid-
ual velocity offsets of +3 kms~! peak-to-peak in amplitude over
the disk of the star (Fig. 10, bottom panels). However, the ve-
locity width map (Fig. 9, center panel) shows Gaussian velocity

dispersions of up to o ~ 13kms~!'. Such high values cannot
be solely due to thermal motions, and indicate the presence of
turbulence. We do not see a comparable amplitude in the radial
velocity map (Fig. 9, right panel), which indicates that the small-
scale rapid motions are (at least partially) smeared out by the
limited ALMA angular resolution. The molecular shell observed
with ALMA is therefore likely to be highly turbulent, as is the
underlying near-infrared carbon monoxide layer.

A positive velocity residual is visible in Fig. 10 (bottom pan-
els) in the northeast quadrant (also in the other studied emission
lines), close to the limb of the star, at a position angle compati-
ble with the continuum hot spot. Its position on the stellar disk
implies that geometrical projection effects probably reduce sig-
nificantly the radial component of the velocity (in addition to the
spatial smearing effect). Other velocity spots are present in the
northwest (positive velocity offset) and south (negative offset)
regions of the star, and close to the center of the star (positive
offset). They correspond to regions where the width of the emis-
sion line is larger (Fig. 9, center panel), which suggests that the
local turbulence is stronger. The possible relation between these
active regions and mass loss is discussed in Sect. 4.7 and 4.8.

4.7. Nature of the continuum hot spot

From the analysis of the continuum of the present ALMA obser-
vations, O’Gorman et al. (2017) detected a large hot spot (major
axis = 20mas, AT ~ 1000 K) that is visible in the spw2 contin-
uum image presented in Fig. 4. This spot appears to be closely
aligned with the direction of the polar axis (see also Sect. 4.8
and Fig. 13). The combination of its enormous extension on the
stellar disk (comparable to the continuum radius of the star) and
strong temperature contrast (AT ~ 1000 K) appear too large to
be explained by regular convection cells (Chiavassa et al. 2010).
The stellar limb even appears to be physically distorted due to
its presence.

Several authors have reported the observation of bright spots
on the disk of Betelgeuse (Young et al. 2000; Haubois et al.
2006; Ravi et al. 2011; Auriere et al. 2016), although their pres-
ence is not systematic (Burns et al. 1997). Interferometric obser-
vations in the near-infrared domain by Montarges et al. (2016)
and Haubois et al. (2009) have shown the presence of tempera-
ture inhomogeneities on the infrared photosphere of Betelgeuse.
The continuum radius of the star in this wavelength range is
approximately 0.7x the continuum equivalent radius measured
with ALMA (Rg, in Table 3). The optical interferometric ob-
servations therefore correspond to a significantly deeper layer of
the atmosphere. The observed surface structures in this wave-
length range are generally consistent with the results from radia-
tive hydrodynamics simulations of convection (Chiavassa et al.
2010; Montarges et al. 2014). Auriere et al. (2016) demonstrated
that spectropolarimetry at visible wavelengths makes it possible
to detect the presence of hot spots through their depolarization
of the continuum spectrum of the star. Using this technique, hot
spots have been reported by Tessore et al. (2017b) on Betelgeuse
at the epoch of the ALMA observations. The main spot detected
by these authors matches the position of the ALMA hot spot
(northeast quadrant of the stellar disk) and has a comparable
spatial extension (their Fig. 4). In the UV domain, Gilliland &
Dupree (1996) detected a hot spot at a position angle PA = 235°
(southwest quadrant). The position of this spot is only 7° away
from the direction of the polar axis we obtain from ALMA,
but it is located in the southwest quadrant, symmetrically to the
ALMA hot spot with respect to the disk center.
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Fig. 12. Light curves of Betelgeuse in the V, J, and H bands from the
AAVSO. The epoch of our ALMA observations is marked with a verti-
cal dashed line (MJD = 57333). The J and H light curves are translated
respectively by +3.1 and +3.5 mag for clarity. The black triangles indi-
cate the start of the calendar years 2014, 2015, 2016, and 2017.

We propose that the ALMA hot spot is caused by the pres-
ence of an exceptionally strong convection cell. We adopt here
the term rogue cell to designate such a statistical outlier, by anal-
ogy with the abnormally large rogue waves occasionally present
in Earth’s oceans (Benetazzo et al. 2015). Although the exis-
tence of such rogue cells is putative, the detection of a faint but
significant magnetic field on Betelgeuse by Auriere et al. (2010)
indicates the presence of strong convection cells able to gener-
ate a local magnetic field through a dynamo effect (Dorch 2004;
Tessore et al. 2017a). The hot spot could correspond to a rogue
cell sufficiently powerful to eject the hot gaseous material up to
several times the radius of the star (see also the discussion in
Sect. 4.8). The observed trefoil structure of the molecular shell
(see also Kervella et al. 2009) suggests that of the order of three
rogue cells are currently present on Betelgeuse. This means that
they must be a relatively rare phenomenon, with a few cells (or
compact groups of cells) present at the surface of the star at a
given time.

Wasatonic & Guinan (2016) reported that Betelgeuse has in-
creased its effective temperature over the last 20 years. Accord-
ing to the AAVSO light curve presented in Fig. 12, the star was
close to its minimum flux phase in the visible at the time of
our ALMA observations; however, it brightened considerably in
2017, reaching its brightest magnitude in the V band in several
decades (rmy < 0.2). This evolution may be due to the develop-
ment of the ALMA hot spot or to the transit of another rogue
convection cell on the stellar disk. The photometric measure-
ments of Betelgeuse late in its observing season are affected by
high airmass, however, which could bias the photometry.

4.8. Focused mass loss scenario

The principal observed components of the close environment of
Betelgeuse are represented in Fig. 13. The different observations
represented in this figure were all obtained between March and
November 2015. Considering the typical linear scales (~ 10 au)
and velocities (r 5kms™') of the environment, the evolution
time scale for the close-in envelope of Betelgeuse is of the or-
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der of 10years. The morphology of the star’s environment is
therefore not expected to have evolved significantly between the
different observation epochs in 2015.

Several noticeable features are present in the northeast quad-
rant of the star. There is a remarkable coincidence of the position
angles of the rotation axis of the star, the main hot spot reported
by Tessore et al. (2017b) from spectropolarimetry, the ALMA
hot spot observed by O’Gorman et al. (2017), and the dust arc
detected by Kervella et al. (2016). Additionally, the molecular
emission map exhibits a strong intensity peak close to the posi-
tion of the main hot spot. We represent in Fig. 13 the emission
from the 28SiO(v=2, J=8-7) line, and this pattern is observed in
the amplitude maps of all four emission lines (Figs. 9, A.2, B.2,
and C.2). The scenario that we propose to interpret these con-
verging observations is the ejection of gaseous material from the
northeast hot spot. The hot spot temperature (Tspoq = 3700K;
O’Gorman et al. 2017) is identical to the effective temperature of
the near-infrared photosphere (Perrin et al. 2004) located much
deeper. This may indicate that the gas in the hot spot is moving
upward rapidly from deeper layers, and does not have time to
cool down. Alternatively, the spot could be a shock interface be-
tween the expanding convective cell and surrounding extended
atmosphere, or even a local low density gap in the circumstellar
gas density allowing to see deeper and hotter layers. Above the
hot spot, the gas can be followed in the northeast quadrant in the
ALMA molecular emission maps. The emission extends along
three main directions: in the northeast, south, and northwest
quadrants. This trefoil distribution matches remarkably well the
directions of the plumes detected by Kervella et al. (2009) using
VLT/NACO adaptive optics observations in the near-infrared at
epoch 2009.0. The persistence of these extended plumes over a
period of at least 6 years is an indication that they may corre-
spond to long-lived mass loss ejection spots. Farther out, at a
radius of 60 — 70 mas, the ALMA molecular plume unfolds in
a partial, light-scattering dust shell detected in visible imaging
polarimetry by Kervella et al. (2016). The position angle align-
ment of the ALMA molecular plume and the dust shell, as well
as their comparable opening angle, point to an outward mov-
ing, radial flow of gas that condenses into dust at a radius of
3 Rir. The continuum hot spot has an elongated elliptical geom-
etry, and is located at the limb of the stellar disk. Under the as-
sumption of a radial mass loss flow, this implies that the velocity
vector of the ejected material is mostly orthogonal to the line
of sight (i.e., within the plane of the sky) and thus has a mini-
mal measurable Doppler component. This is consistent with the
absence of a specific signature of the region of the continuum
hot spot in the radial velocity map (Fig. 9), but the confirmation
of our focused mass loss scenario will require the simultaneous
observation of a continuum hot spot and a clearly coincident ra-
dial velocity signature. From geometrical considerations, such
a combination would be more easily observable for a hot spot
located near the center of the stellar disk.

The alignment in the northeast quadrant of the dust-forming
molecular plume with the direction of the pole of Betelgeuse
is particularly intriguing. The maps presented by Tessore et al.
(2017b) show that a hot spot persisted for almost three years in
the northeast quadrant of the disk of Betelgeuse between 2013
and 2016. The polar region of Betelgeuse therefore appears as
a specially active region from which a more intense and con-
tinuous mass loss than elsewhere on the stellar disk may occur.
The hypothesis of an enhanced mass loss at the pole through in-
teractions between the pulsation and rotation was mentioned by
Uitenbroek et al. (1998). We note that several other regions of
the star also host hot spots and molecular mass ejection plumes.
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In our ALMA high angular resolution observations, we are
sensitive to the hottest and densest gas, and the molecular emis-
sion is detected from the surface of the star up to =~ 50 mas (2.5x
the near-infrared photospheric radius). In a future work, we will
investigate the relationship of this inner envelope to larger scale,
fainter surface brightness structures using the data obtained on
the compact ALMA TC configuration (Sect. 2). Radio observa-
tions of Betelgeuse at centimeter wavelengths with e-MERLIN
(Harper et al. 2017a) showed the presence of spots at larger an-
gular scales than the ALMA structures.

As a side note, the structure of the close-in molecular and
dust envelope of Betelgeuse (see also Kervella et al. 2011) may
be relevant for the ongoing research on the environment of su-
pernovae explosions (see, e.g., Vlasis et al. 2016; Dessart et al.
2013, 2017). Finally, we note the coincidence of the position an-
gle of the rotation axis of Betelgeuse with the symmetry axis of
its large bow shock and with its velocity vector with respect to
the ISM (Noriega-Crespo et al. 1997; Ueta et al. 2008; Decin
et al. 2012), which is likely a chance alignment.

5. Conclusion

Our ALMA observations show that Betelgeuse is rotating with a
projected velocity of veq sini = 5.47 + 0.25 kms™! at the equiv-
alent continuum angular radius Ry, = 29.50 + 0.14 mas, corre-
sponding to an angular rotation velocity of w sini = (5.6+1.3)x
107° rad s~'. Observations in the UV domain (Uitenbroek et al.
1998) showed that the rotation of the chromosphere at a radius
of ~ 60 mas occurs at a similar projected velocity to the value
we measure at 30 mas, and thus at a reduced angular velocity.
This suggests a rotational coupling of the star and its chromo-
sphere up to = 10au or = 1.5x the ALMA continuum radius
(Rgtar = 1400 £ 250 R), possibly of magnetic origin.

As expected for such a very large star, the rotation is slow,
but its influence on the mass loss appears significant. The po-
sition angle of the rotation axis coincides with a large hot spot
located in the northeast quadrant of the stellar disk detected by
O’Gorman et al. (2017). We propose that the principal ALMA

1°° Fig. 13. Overview of the structure of the close

environment of Betelgeuse. The central star image
is the ALMA continuum reconstructed image from
148 O’Gorman et al. (2017) taken in November 2015; the
associated color scale is on the right. The red contour
level encircles the position of the main continuum hot
spot of Betelgeuse (flux level 55 mJy beam™"). The el-
lipse in the lower left corner of the image shows the
ALMA beam size. The solid yellow circle marks the
32 size of the infrared photosphere as measured by Mon-
targes et al. (2016) in November 2014, and the two
yellow segments represent the direction of the rotation
axis. The dashed circle is located at 3 times the infrared
radius of the star. The magenta star symbols show the
positions of the two spots of magnetic activity identi-
16 fied in spectropolarimetry by Tessore et al. (2017b) at
epoch 16 October 2015. The size of the star symbol
approximates the brightness of each spot. The white-
8 orange contours represent the emission amplitude of the
8Si0(v=2, J=8-7) line (labels in mJy beam™!) as deter-
mined in Sect. 3.4 (see also Fig. 9). The white-blue con-
0 tours represent the degree of linear polarization mea-
sured by Kervella et al. (2016) at epoch 30 March 2015
in the CntHu filter, as a proxy for the presence of dust.
The contour labels indicate the degree of linear polar-
ization in percentage from 5 to 12%.
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continuum hot spot corresponds to a rogue convection cell lo-
cated close to the pole of Betelgeuse. It is at the origin of an
ongoing focused mass ejection. The coincidence of the position
angle of the hot spot with the polar axis may be a chance align-
ment. However, the possible presence of a global magnetic field
on Betelgeuse, consistent with the hypothesis of a magnetic ro-
tational coupling of the star and its chromosphere, could have
an impact on the local convection efficiency along the magnetic
polar axis. A slight misalignment of the magnetic and rotation
axes could periodically hide the north and south magnetic polar
caps with a period of half the rotation period, that is, of = 15 to
20 years. Such a scenario could explain the presence of a hot spot
in the symmetrical quadrant to the ALMA hot spot in the ob-
servations recorded by Uitenbroek et al. (1998) in 1995, twenty
years before the present ALMA data.

The combination of the ALMA continuum and line emission
maps with the polarimetric imaging in the visible reported by
Kervella et al. (2016) allows us to trace the ejection of stellar
material up to the condensation of dust. The ALMA line emis-
sion, however, does not show any global, spherically symmet-
ric outflow of molecular gas at the radius of the molecular shell
(= 9au). This suggests that rogue cells are an important ingre-
dient to explain the mass loss of red supergiants. They seem to
be at the origin of focused mass loss plumes, powerful enough
to eject material at a sufficiently large distance from the star to
allow for the condensation of dust. The considerable radiation
pressure on the formed dust grains can then carry them out of
the star’s deep gravitational well. In order to test this scenario,
we suggest that the statistical occurrence of rogue cells in rotat-
ing, radiative 3D magneto-hydrodynamical simulations should
be studied, possibly including internal differential rotation.
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Fig. A.1. Left panel: Radial average profile of the ALMA continuum subtracted observation of the 2CO(v=0, J=3-2) line (green curve) and best
fit model (red curve). The shaded green area is the standard deviation of the shell over the considered ring radius. The equivalent uniform disk
radius of the star is shown with a solid orange line, and the radius of the shell is represented with a dashed blue line. Right panels: Radial average
profile as a function of the velocity offset (left panel), best fit model (center panel), and residuals of their subtraction (right panel).

2CO(v=0, J=3-2) line width

14
13
12
11
10
9
8
7
80 60 40 20 0 -20 -40 -60 -80

2CO(v=0, J=3-2) amplitude

32
28
24
20
16
12
8
4
0

80 2CO(v=0, J=3—2) velocity - 5.56 km/s
|

2 e 7 B
E 3 E ¢ E 0 2
2 ) -
g ] £ 3 N H
a g o a |
a B a
-20 -2
-40 -4
-60 -6
-80 -8
80 60 40 20 0 -20 -40 -60 -80
ARA (mas) ARA (mas) ARA (mas)
T T T T T T T T T T
40F 2CO(v=0, J=3—2) velocity map 1 40 - Solid residuals 1 Solid + expansion residuals b 8
6
20 | — 20 | : 4
_ R 2
) m
£ £
v oor 1 ¢ °f 11°
3 3
: :
-2
-20 |- R 20| R -4
-6
—ao | . J _a0l X2a=12.5, 0=1.13km/s L x2q=11.1, o=1.12km/s | -
| | | | | kIIl/S
40 20 0 =20 -40 40 20 0 -20 —-40 40 20 0 =20 -40
ARA (mas) ARA (mas) ARA (mas)

Fig. A.2. Top row: Emission line profile maps of Betelgeuse for the ?CO(v = 0, J=3-2) line, computed from the absorption corrected data cube
(see Sect. 3.2). The top left panel is the map of the amplitude of the best fit Gaussian, the top middle panel the width of the emission line, and
the top right panel the velocity. The systemic velocity determined from the line profile fitting is subtracted from the velocity map. The equivalent
uniform disk size of the continuum emission is represented with a green circle, and the beam is shown in the lower left corner. Bottom row:
Velocity map represented over the equivalent continuum disk of the star (left panel). The residuals of the fit are plotted in the center and right
panels. The ALMA beam is shown in the lower left corner of the bottom center panel, and the contour levels are separated by 1kms™! intervals.
The polar axis is represented with an arrow pointing toward the angular momentum vector for a right-handed rotating coordinate system.
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Fig. C.2. Same maps as in Fig. A.2, but for the ??SiO(v=0, J=8-7) line.

Article number, page 18 of 18



	1 Introduction
	2 Observations 
	3 Analysis
	3.1 Detected spectral lines
	3.2 Shell model
	3.3 Static shell model parameters 
	3.3.1 Stellar radius Rstar and surface brightness Istar
	3.3.2 Line profile P(f)
	3.3.3 Shell radius Rshell and surface brightness Ishellshell 

	3.4 Molecular emission velocity map
	3.5 Rotation velocity

	4 Discussion
	4.1 Radial structure of the envelope and stellar wind
	4.2 Rotation velocity
	4.3 Radial rotation velocity profile
	4.4 Position angle of the polar axis 
	4.5 Inclination of the polar axis, rotation period
	4.6 Residual velocity dispersion 
	4.7 Nature of the continuum hot spot
	4.8 Focused mass loss scenario

	5 Conclusion
	A 12CO(=0,J=3-2) 
	B 28SiO(=1,J=8-7) 
	C 29SiO(=0,J=8-7) 

