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• Driving mechanism? 
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• size 
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V Y  C A N I S  M A J O R I S

• 25 Msun 

• 300,000 Lsun 

• 1420 Rsun 

• Mass-loss rate ~ 2 x 10-4 Msun/yr 

• Outflows, arcs, knots … VERY complex!
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V Y  C A N I S  M A J O R I S

• ALMA = Atacama Large Millimetre/sub-millimetre Array 

!
!

• CSV observations 

• 20 antennas 

• 14m … 2.7 km baselines 

• Angular resolution ~0.13” at 320 GHz, ~0.06” at 658 GHz                                           (0.13” ~ 25 stellar radii) 

!
• Primary goal: H2O masers 

• Other results:  

• continuum structure 

• > 80 emission features: H2O, TiO2, NaCl, SO2, MgCl,        SiS, SiO, … ( + vibrational states & isotopologues)
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Before ALMA 
offset between continuum and molecular emission  

e.g. Muller et al. (2007), Kaminski et al. (2013)
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Fig. 13.— The position of molecular emission with respect to continuum. The red ellipse represents the
size of the continuum source (the same as in Fig. 12). Left: Points show central positions of emission of
SiO and H2O at excited vibrational states. The color of each symbol corresponds to the value of Eu of the
given transition at the scale indicated in the color bar. Right: Central positions of emission of species that
have single spatial component at our angular resolution. The color of the symbols is chosen arbitrarily. On
both panels, the dashed grey lines cross at the average position of the vibrationally excited emission of SiO
and H2O, which, as we argue, is the stellar position. The errorbars correspond to 3σ uncertainties. See the
electronic edition of the Journal for a color version of this figure.

center of molecular emission is typically offset by 0.′′15 from the continuum peak, and is most likely coincident
with the location of the star. The maps reveal the kinematic structure and the apparent correlation of the
molecular distribution with some arcs and knots/clumps of the circumstellar nebula present in the HST
images.

The observed distributions and derived molecular abundances in the circumstellar nebula of VYCMa,
provide a road map for future interferometric spectral line studies. Measurements of the electronic spectra
of small metal-bearing molecules by optical astronomers (e.g., TiO, VO, AlO, ScO) has helped elucidate
the properties of the inner expansion zone of this complex source. Now that the rotational spectra of TiO
and TiO2 have been observed in the cooler portion of the inner expansion zone, astronomers may begin to
be develop a more comprehensive description of the chemical and physical properties of this source. Our
observation of TiO and TiO2 implies that other transition metal-bearing molecules such as VO, ScO, CrO,
NiO, and FO might also be observed with interferometers. The rotational spectra for many of these have
been measured to high precision in the laboratory. What is needed are observations of TiO, TiO2, and other
transition metal oxides at higher angular resolution and sensitivity with ALMA when it reaches full design
specifications.
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center of molecular emission is typically offset by 0.′′15 from the continuum peak, and is most likely coincident
with the location of the star. The maps reveal the kinematic structure and the apparent correlation of the
molecular distribution with some arcs and knots/clumps of the circumstellar nebula present in the HST
images.

The observed distributions and derived molecular abundances in the circumstellar nebula of VYCMa,
provide a road map for future interferometric spectral line studies. Measurements of the electronic spectra
of small metal-bearing molecules by optical astronomers (e.g., TiO, VO, AlO, ScO) has helped elucidate
the properties of the inner expansion zone of this complex source. Now that the rotational spectra of TiO
and TiO2 have been observed in the cooler portion of the inner expansion zone, astronomers may begin to
be develop a more comprehensive description of the chemical and physical properties of this source. Our
observation of TiO and TiO2 implies that other transition metal-bearing molecules such as VO, ScO, CrO,
NiO, and FO might also be observed with interferometers. The rotational spectra for many of these have
been measured to high precision in the laboratory. What is needed are observations of TiO, TiO2, and other
transition metal oxides at higher angular resolution and sensitivity with ALMA when it reaches full design
specifications.
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ABSTRACT

Aims. Cool, evolved stars have copious, enriched winds. The structure of these winds and the way they are accelerated is not well
known. We need to improve our understanding by studying the dynamics from the pulsating stellar surface to ∼10 stellar radii, where
radiation pressure on dust is fully effective. Some red supergiants have highly asymmetric nebulae, implicating additional forces.
Methods. We retrieved ALMA Science Verification data providing images of sub-mm line and continuum emission from VY CMa.
This enables us to locate water masers with milli-arcsec precision and resolve the dusty continuum.
Results. The 658-, 321- and 325-GHz masers lie in irregular, thick shells at increasing distances from the centre of expansion. For the
first time this is confirmed as the stellar position, coinciding with a compact peak offset to the NW of the brightest continuum emission.
The maser shells (and dust formation zone) overlap but avoid each other on tens-au scales. Their distribution is broadly consistent
with excitation models but the conditions and kinematics appear to be complicated by wind collisions, clumping and asymmetries.

Key words. Stars: supergiants – Stars: individual: VY CMa – Stars: mass-loss – Masers: stars

1. Introduction

Massive stars have a profound impact on their surroundings via
their material and energy output. Cool evolved star atmospheres
are levitated by stellar pulsations, but it is not clear how material
reaches as 5–10 stellar radii (R⋆), where radiation pressure on
dust can drive material from the star effectively (although dust
has been detected at a few R⋆ from some lower-mass stars, Nor-
ris et al. 2012). This is especially true for red supergiants (RSG)
with irregular, often shallow periods (http://cdsarc.u-strasbg.fr/cgi-
bin/afoevList?cma/vy). VY CMa is one of the largest RSG, pro-
genitor mass ∼25 M⊙, R⋆) 5.7 mas at 2µm (Wittkowski et al.
2012), at 1.2±0.1 kpc, Choi et al. 2008; Zhang et al. 2012). It has
a high and variable mass loss rate, 0.5–1×10−4 M⊙ yr−1 in its re-
cent past (Decin et al. 2006), up to 3×10−3 M⊙ yr−1 (Humphreys
et al. 2007). This provides the richest-known O-rich circum-
stellar envelope (CSE) chemistry, e.g. as seen at sub-mm wave-
lengths by Herschel (Alcolea et al. 2013) and imaged at ∼1”
resolution using the SMA (Kamiński et al. 2013).

VY CMa has a highly asymmetric few-arcsec nebula shaped
like a lopsided heart, irregular and clumpy on all scales
(Humphreys et al. 2007). VLA and SMA observations at 8.4–
355 GHz show an unresolved central ellipse, dominated by emis-
sion from dust, (e.g. Lipscy et al. 2005; Kamiński et al. 2013)
Strong OH, SiO and 22-GHz H2O masers have been imaged by
many authors but, hitherto, there has been no astrometric comfir-
mation that the star lies at the centre of expansion. The 22-GHz
H2Omasers are located in a thick shell of radii 75–440mas, with
Doppler and proper motions dominated by accelerating outflow
(Richards et al. 1998). Their maximum expansion velocity is

⋆ e-mail: amsr@jb.man.ac.uk
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Fig. 1. 321-GHz continuum emission (colour scale) overlaid with
658-GHz continuum contours at (–1, 1, 2, 4...)× 10 mJy beam−1. Beams
shown at lower left for 321 GHz (white), 658 GHz (blue). (0, 0) at R.A.
07 22 58.33454 Dec. –25 46 03.3275 (J2000). C marks the continuum
peak. VY is identified as the star, at the centre of maser expansion.

35.5 km s−1 relative to the stellar velocity V⋆ of 22 km s−1 (all
velocities are with respect to the local standard of rest, LSR).

Models (Gray 2012 and references therein; Daniel & Cer-
nicharo 2013) predict that the 321-GHz, and possibly the 325-
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Fig. 13.— The position of molecular emission with respect to continuum. The red ellipse represents the
size of the continuum source (the same as in Fig. 12). Left: Points show central positions of emission of
SiO and H2O at excited vibrational states. The color of each symbol corresponds to the value of Eu of the
given transition at the scale indicated in the color bar. Right: Central positions of emission of species that
have single spatial component at our angular resolution. The color of the symbols is chosen arbitrarily. On
both panels, the dashed grey lines cross at the average position of the vibrationally excited emission of SiO
and H2O, which, as we argue, is the stellar position. The errorbars correspond to 3σ uncertainties. See the
electronic edition of the Journal for a color version of this figure.

center of molecular emission is typically offset by 0.′′15 from the continuum peak, and is most likely coincident
with the location of the star. The maps reveal the kinematic structure and the apparent correlation of the
molecular distribution with some arcs and knots/clumps of the circumstellar nebula present in the HST
images.

The observed distributions and derived molecular abundances in the circumstellar nebula of VYCMa,
provide a road map for future interferometric spectral line studies. Measurements of the electronic spectra
of small metal-bearing molecules by optical astronomers (e.g., TiO, VO, AlO, ScO) has helped elucidate
the properties of the inner expansion zone of this complex source. Now that the rotational spectra of TiO
and TiO2 have been observed in the cooler portion of the inner expansion zone, astronomers may begin to
be develop a more comprehensive description of the chemical and physical properties of this source. Our
observation of TiO and TiO2 implies that other transition metal-bearing molecules such as VO, ScO, CrO,
NiO, and FO might also be observed with interferometers. The rotational spectra for many of these have
been measured to high precision in the laboratory. What is needed are observations of TiO, TiO2, and other
transition metal oxides at higher angular resolution and sensitivity with ALMA when it reaches full design
specifications.
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Aims. Cool, evolved stars have copious, enriched winds. The structure of these winds and the way they are accelerated is not well
known. We need to improve our understanding by studying the dynamics from the pulsating stellar surface to ∼10 stellar radii, where
radiation pressure on dust is fully effective. Some red supergiants have highly asymmetric nebulae, implicating additional forces.
Methods. We retrieved ALMA Science Verification data providing images of sub-mm line and continuum emission from VY CMa.
This enables us to locate water masers with milli-arcsec precision and resolve the dusty continuum.
Results. The 658-, 321- and 325-GHz masers lie in irregular, thick shells at increasing distances from the centre of expansion. For the
first time this is confirmed as the stellar position, coinciding with a compact peak offset to the NW of the brightest continuum emission.
The maser shells (and dust formation zone) overlap but avoid each other on tens-au scales. Their distribution is broadly consistent
with excitation models but the conditions and kinematics appear to be complicated by wind collisions, clumping and asymmetries.
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1. Introduction

Massive stars have a profound impact on their surroundings via
their material and energy output. Cool evolved star atmospheres
are levitated by stellar pulsations, but it is not clear how material
reaches as 5–10 stellar radii (R⋆), where radiation pressure on
dust can drive material from the star effectively (although dust
has been detected at a few R⋆ from some lower-mass stars, Nor-
ris et al. 2012). This is especially true for red supergiants (RSG)
with irregular, often shallow periods (http://cdsarc.u-strasbg.fr/cgi-
bin/afoevList?cma/vy). VY CMa is one of the largest RSG, pro-
genitor mass ∼25 M⊙, R⋆) 5.7 mas at 2µm (Wittkowski et al.
2012), at 1.2±0.1 kpc, Choi et al. 2008; Zhang et al. 2012). It has
a high and variable mass loss rate, 0.5–1×10−4 M⊙ yr−1 in its re-
cent past (Decin et al. 2006), up to 3×10−3 M⊙ yr−1 (Humphreys
et al. 2007). This provides the richest-known O-rich circum-
stellar envelope (CSE) chemistry, e.g. as seen at sub-mm wave-
lengths by Herschel (Alcolea et al. 2013) and imaged at ∼1”
resolution using the SMA (Kamiński et al. 2013).

VY CMa has a highly asymmetric few-arcsec nebula shaped
like a lopsided heart, irregular and clumpy on all scales
(Humphreys et al. 2007). VLA and SMA observations at 8.4–
355 GHz show an unresolved central ellipse, dominated by emis-
sion from dust, (e.g. Lipscy et al. 2005; Kamiński et al. 2013)
Strong OH, SiO and 22-GHz H2O masers have been imaged by
many authors but, hitherto, there has been no astrometric comfir-
mation that the star lies at the centre of expansion. The 22-GHz
H2Omasers are located in a thick shell of radii 75–440mas, with
Doppler and proper motions dominated by accelerating outflow
(Richards et al. 1998). Their maximum expansion velocity is
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Fig. 1. 321-GHz continuum emission (colour scale) overlaid with
658-GHz continuum contours at (–1, 1, 2, 4...)× 10 mJy beam−1. Beams
shown at lower left for 321 GHz (white), 658 GHz (blue). (0, 0) at R.A.
07 22 58.33454 Dec. –25 46 03.3275 (J2000). C marks the continuum
peak. VY is identified as the star, at the centre of maser expansion.

35.5 km s−1 relative to the stellar velocity V⋆ of 22 km s−1 (all
velocities are with respect to the local standard of rest, LSR).

Models (Gray 2012 and references therein; Daniel & Cer-
nicharo 2013) predict that the 321-GHz, and possibly the 325-
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C O L O U R  M A P  =  3 2 1  G H Z  
C O N T O U R S  =  6 5 8  G H Z

• H2O masers at 321, 325, 658 GHz 

• centre of expansion = star (VY) 

• Peak of continuum = “blob” C 

• 2.5 x 10
-4

 Msun (= 1/2 MJupiter) 

• < 100 K 

• no molecular emission



V Y  C A N I S  M A J O R I S
T H E  M O L E C U L A R  G A S :  T I O 2

• Dust composition ⟹ molecular gas content: TiO2 

• refractory species: efficient condensation? 

• 15 emission lines 

• E ~ 50 K - 675K
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De Beck et al. (2015)

• spatially 
resolved for 
the first 
time 

• complex 
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V Y  C A N I S  M A J O R I S
T H E  M O L E C U L A R  G A S :  T I O 2

De Beck et al. (2015)

Wind runs into C, 
breaks up.

Peak around 
the star. 

South-west tail 
and clump.

Peak around 
the star. 

Extension west 
of star.

Doubly peaked, 
highly variable 
with v: clumpy? 

Mainly west of star. 

North-west 
curvature?

~0.9” emission 
region 



V Y  C A N I S  M A J O R I S

• Radiative excitation of TiO2 

• very high dipole moment 

• collisional versus radiative transition rates 

• correspondence with scattered light observations:         stellar radiation field less attenuated 

!

• Derived abundance TiO2/H2~ 4 x 10-8 

• small role in dust formation 

• freed up from dust, e.g. through shocks? 

• inefficient depletion of TiO2                     supported by Gobrecht et al. (2015) 

• implications for dust around AGB stars?

T H E  M O L E C U L A R  G A S :  T I O 2

De Beck et al. (2015)



V Y  C A N I S  M A J O R I S

• 15 emission lines of TiO2 in ALMA observations 

• spatially resolved for the first time       
• clumpy, anisotropic outflow 

• accelerating bipolar-like structure, runs into “blob” C 

• south-west  

• tail towards observer 

• clump in TiO2, NaCl                      & previously H2S, CS, SiS, NS  

• radiative excitation       
• significant amount of TiO2 beyond dust-formation zone 

• inefficiently depleted from gas phase                                ⟹ minor role in dust formation

C O N C L U S I O N S


