
Evolved stars at the focal point of the new 
generation of high angular resolution instruments
L2 Puppis & Betelgeuse

Pierre Kervella
CNRS/U. de Chile UMI FCA 3386 & LESIA, Paris Observatory
M. Montargès, W. Homan, A. Richards, E. Lagadec, L. Decin, K. Ohnaka,…

photos: Y. Beletsky



Angular resolution
An

gu
la

r r
es

ol
ut

io
n 

(m
as

)

0.1

1

10

100

1000

 

V (0
.5µ

m)

I (0
.8µ

m)

J (
1.2

µm
)

K (2
.2µ

m)

N (1
0µ

m)

B9 (
0.5

mm)

B7 (
0.9

mm)  

1

4
8

14

16 19
30

60

270

Single dish Interferometry

ZIMPOL

IRDIS
NACO

VISIR

VLTI + CHARA

MATISSE ALMA



L2 Puppis

• M5III, SRa (Mira-like) star with P=141d

• Mass : 0.65 Msun (Kervella et al. 2016)

• Second nearest AGB star (64 ± 4 pc, mV~5) 
after R Doradus (55 pc)

• Long term, slow dimming event ongoing 
since 15 years (Bedding et al. 2002)



1.09 µm (NACO)0.65 µm (SPHERE/ZIMPOL)
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Kervella et al. 2015, A&A, 578, A77
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ALMA

• Cycle 3, special extended configuration (16 km)

• Band 7, CO J=3-2 emission + others (346 GHz)

• Maximum angular resolution 0.015”

photo: Y. Beletsky
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12CO (v=0, J=3-2)



Moment map



Moment map



Continuum subtracted line intensity map

Kervella et al. (2017, A&A, 596, A92)



• Stellar mass = 0.653 ± 0.011 ± 0.041 M⊙

• Sub-Keplerian rotation beyond 6 au 

W. Homan et al.: ALMA observations of the nearby AGB star L2 Puppis. II.

Fig. 8. Schematic representation of the inner disk velocity and tem-
perature structure, as deduced from the radiative transfer modelling.
The global and internal features are not to scale. In the velocity dia-
gram, the numerical values correspond to the multiplication factor with
which the equatorial speeds are multiplied to obtain the lowest mea-
sured velocities in the regions with high vertical o↵sets. The colour
coding makes the distinction between the inner disk (r < 6 AU) and
the outer disk (r > 6 AU). The radial density structure is not repre-
sented here, it is simply characterised by a power law with slope �3.1.

discussion on the PVDs, which are shown in Figs. 9–11. Figure 9
nicely illustrates the quality of the 12CO model along zero spa-
tial o↵set, which corresponds to the disk midplane. All major
and minor features present in the data have been reproduced. We
succeeded in replicating the edges of the emission signal in ve-
locity space, the absolute velocity magnitude of the o↵set peaks,
the width(in velocity space) of the emission gap around the cen-
tral velocity and the internal emission distribution of the PVD.
The curvature of the signal, which characterises how the outer
edge of the disk emission varies as a function of velocity has
also been modelled properly. Also the absolute emission values
have been accurately reproduced. The major di↵erence is found
when comparing the signal near the velocities closest to vsys. The
outer regions of the disk are probably quite turbulent on di↵er-
ent length scales, causing the o↵set of the lowest velocity regions
to decline in a more irregular fashion compared to the analytical
model.

The limitations of the model become fully apparent in the
full disk-width slit PVDs, shown in Fig. 10, where important
discrepancies between the data and the model appear. The ab-
solute level of emission around zero spatial o↵set is slightly
overestimated by the model. This is probably caused by the in-
troduction of a vertical temperature dependence to model the
temperature di↵erence between the walls of the disk and its
equatorial regions. The model most probably overestimates the
size of the hottest regions, contributing to the overestimated
average emission around zero o↵set. There is also an emission

distribution asymmetry between the east and west wings of
the data, which is of unknown origin, but can perhaps be at-
tributed to the presence of a binary companion, as suggested
by Kervella et al. (2016). Close to the central velocities one can
clearly identify emission in the data that is not present in the
model. We believe this emission originates completely from the
poorly reconstructed large-scale emission from the CSE outside
the disk, observed by the (poorly covered) shortest baselines of
the configuration.

The final PVD comparison we consider is the full disk-width
slit PVD of the 13CO data, shown in Fig. 11. We do not focus
on the narrow-slit PVD of the 13CO emission as it is virtually
identical to the discussion on the 12CO narrow-slit diagram. The
emission distribution of the wide-slit PVD has been well repro-
duced by the model, and so has the absolute level of the emis-
sion. However, a clear di↵erence is seen in the extent and lo-
cation of the maximum spatial o↵set peaks. The peaks of the
model are very pointy and long, and are not as widely separated
in velocity space as the o↵set peaks in the data. We believe this
di↵erence can be attributed to photodissociation e↵ects, which
could a↵ect the outermost regions of the 13CO disk. Accounting
for this e↵ect could thus seriously reduce the maximal spatial
extent of the o↵set peaks in the model PVD. In addition, the
location of the peaks in velocity space would then also shift to
higher projected velocities.

6. Discussion

6.1. Parameter sensitivity

Because we cannot perform an extensive and in-depth explo-
ration of the parameter space available to us (see Sect. 3.3), we
cannot quantify the quality of the model in terms of statistically
significant errors. Hence, we dedicate this section to a discussion
of the uncertainties in the estimated parameter values.

The kinematical properties of the disk can be directly mea-
sured from the data. We are thus confident that both the equato-
rial and vertical velocity profile are accurately constrained and
the parameter values that have been deduced directly from the
velocity field can be trusted. Furthermore, the geometrical prop-
erties of the system can also be directly extracted from the data.
We do not expect major uncertainties here either.

Carbon monoxide has a very low electric dipole moment
causing the density, temperature, and molecular fractional abun-
dance (DTA) parameters to be completely degenerate. Fortu-
nately, the modelled data consisted of both optically thick and
thin emission. In case of the optically thin 13CO lines, one can-
not pin down the exact combination of temperature and density
properties of the disk and the abundance of this molecule. In case
of the optically thick 12 lines the degeneracy of temperature and
density profile is mostly lifted, and the temperature profile can
be determined. However, the assumed value for the 12CO molec-
ular abundance remains an uncertainty. The adopted value, from
reasonable and justifiable arguments, directly and linearly a↵ects
the disk density. For example, an increase in the molecular abun-
dance by a factor 2 should result in a decrease in density by the
same factor. Hence, the largest uncetainty relates to the deter-
mined value for ⇢0. But, as argued in Sect. 4.4, we do not expect
the true abundance fraction to deviate substantially from the as-
sumed one. The radial density power law should not be a↵ected
by the abundance estimate, as it is mostly dependent on the as-
sumed temperature profile.

The optical thickness of the 12CO emission, and the high
spectral resolution of the data, has permitted us to very
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Position-velocity diagram (PVD)

Homan et al. (2017, A&A, 601, A5)



Evolutionary state

• Present mass = 0.653 M⊙

• Pulsation period = 138 d

• Radius = 123 R⊙

• log g [cgs] = 0.078

• Luminosity = 2000 L⊙

• Teff = 3500 K

Kervella et al. (2017, A&A, 596, A92)

• Initial mass = 1.0 M⊙

• Age = 10 Gyr

PARSEC+COLIBRI models (Marigo et al. 2008, 2013)





Betelgeuse

• M2Iab, 3700 K

• 220 ± 40 pc (Harper et al. 2017, AJ, 154, 11)

• ~15 Msun

• 150.000 Lsun

• 5 AU radius (IR)

• Density ~20 mg/m3 = 10-8 x Sun



ZIMPOL (0.5-0.7 µm) epoch 2015

ZIMPOL (0.5-0.7µm) 2015

ZIMPOL H𝛼 2015

NACO (1.0-2.2 µm) epoch 2009

NACO (1.0-2.2µm) 2009

Kervella et al. 2009,  A&A, 504, 115

ZIMPOL pL NR 2015

Kervella et al. 2016,  A&A, 585, A28



ALMA band 7

• Reconstructing beam 15 x 13 mas

• RMS noise level 80 µJy/beam, peak flux 70 mJy/beam

O’Gorman, Kervella et al. (2017, A&A, 602, L10)
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