
Radio Astrometry of Red Supergiant VY CMa 
using VLBA and VLA

Bo Zhang (MPIfR)

in collaboration with
Mark J. Reid (CfA), Karl M. Menten (MPIfR) & X. W. Zheng (NJU)

March 7, 2011    Madrid, Spain



Friedrich Wilhem Bessel 
1784 –l846

On the parallax of 61 Cygni (1838MNRAS...4..152B)



We are inside the Milky Way......

Find tracers of the arm structure and measure their distances 
to map the Milky Way.

Young stars 
HI, HII, CO

Luminosity distance: Extinction at optical wavelength
Kinematic distance: Uncertain Galactic parameters, peculiar 
motion

Structure and kinematics of the Milky Way?

 



Strong Astronomical Masers:
First 
found

# known 
YSOs

# known 
AGB* 

OH Hydroxyl
(1.7 GHz)

1965 many many

H2O Water vapor
(22.2 GHz)

1969 very many many

SiO Silicon monoxide
(43 GHz)

1974 3 very many

CH3OH Methanol
(12.2/6.7 GHz)

1971/ 
1986

very many 0



 The Very Long Baseline Array (VLBA)

• Radio waves “see” through 
 galaxy

• Can “synthesize” telescope 
 the size of the Earth

Angular resolution: 

  θf~λ/D ~ 1 cm / 8000 km = 250 µas

Centroid Precision:  

   0.5 θf / SNR ~  10 µas

Systematics: 

   path length errors ~ 2 cm (~2 λ)

   shift position by ~ 2θf  ~ 500 µas

Relative positions (to QSOs): 

   ΔΘ ~ 1 deg (0.02 rad)

  cancel systematics: ΔΘ∗2θf ~ 10 µas



VLBI (phase referencing) Trigonometric Parallaxes

http://veraserver.mtk.nao.ac.jp/outline/vera2-e.html

QSOs



The Distance to the Perseus Arm: W3OH

• Dphoto ~ Dparallax

• Dk way off

• In Perseus Arm, not in   
 Outer Arm

• Large peculiar V

•

*

•
••

Sun

Kinematic

Photometric
Parallax

Distance estimates:
  Kinematic    = 4.3 kpc

  Photometric = 2.2 kpc

     (R. Humphreys 1970’s)

Maser parallaxes: (2%)
CH3OH 1.95±0.04 kpc
                          Xu et al. 2006
H2O      2.04±0.07 kpc               
          Hachisuka et al. 2006

Artist conception: Robert Hurt (NASA:SSC)



Mapping the Milky Way (18 MSFRs)

Artist conception: Robert Hurt (NASA:SSC)

Our proposed revision:
• Distance to Galactic Center
       R0 = 8.4 ± 0.6 kpc

• LSR rotation speed:
      Θ0 = 254 ± 16 km/s

       15% faster than IAU value

       
       
       
           

Reid et al. 2009



~400 sources
~5280 hour VLBA 

5 years



Mapping the Milky Way (the latest)

Artist conception: Robert Hurt (NASA:SSC)

• Preliminary results for 62                
  parallaxes from VERA, EVN & 
  VLBA:
      blue    (σd < 0.5 kpc) 
      green (σd > 0.5 kpc)

• Tracing outer spiral arms, W49  
suggests Outer arm bends in 
more than in artist’s model.

• Inner, bar-region is messy

       
           

W49

Sgr B2

Sun

Reid et al. 2012



Radio Astrometry of  VY CMa

the largest known star, one of the most luminous

wikipedia



Fundamental parameters of a star

• Distance

• Absolute position and proper motion

• Size

• Temperature

• Luminosity

• Mass



Hubble Faint Object Camera (FOC), removed in early 2002.
Kastner & Weintraub 1998

Hubble WFPC2, Wide Field and Planetary Camera 2
Smith et al. 2001

2 arcsec

Optical observations
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(M. J. Reid & K. M. Menten1997)

From photosphere to circumstellar envelope
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Credit: google sky

NGC2362: 1.5 kpc (30%)

Sky position of  VY CMa
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Hipparcos astrometic result 

(a) Perryman et al. (1997). 
(b) van Leeuwen (2007).

(a)    1.78 +/- 9.84 mas
(b)  -4.35 +/- 4.99 mas

Proper motion:

Parallax:
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Observation I
Parallax and proper motion measurement:

VLBI phase-referencing observation (43 GHz SiO maser)

Very Long Baseline Array (VLBA)
/NRAO

Credit:  VERA website/NAOJ
17



Observation II
Register SiO masers to radio photosphre:

VLA 43 GHz continuum and line observation

Very Large Array (VLA)/NRAO

(M. J. Reid & K. M. Menten 2007)
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Observation epochs 
Array Code Obs. date Antennae used

VLBA BR106A 2005OCT20 10

VLBA BR106B 2006APR16 9

VLA AR595 2006APR17 27

VLBA BR106C 2006NOV29 10

VLBA BR106D 2007APR27 10
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SiO maser observation with VLBA Observation with VLBA

Target and background sources

Table: Positions and Brightnesses

Source R.A. (J2000) Dec. (J2000) Tb θsep P.A. VLSR Beam
(h m s) (◦ ′ ′′) (Jy/b) (◦) (◦) (km s−1) (mas mas ◦)

VY CMa....... 07 22 58.3283 −25 46 03.075 18 − 27 ... ... 22 0.5 × 0.2 @ −12
J0725−2640... 07 25 24.4130 −26 40 32.680 0.03 1.1 + 34 ... 2.8 × 0.6 @ −11
J0731−2341... 07 31 06.6680 −23 41 47.869 0.06 2.8 +136 ... 0.8 × 0.3 @ +6

Bo Zhang (MPIfR) 2010 Nov. 2 7 / 23
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Spatial distribution of maser spots at all epochs (VLBA)
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Parallax and proper motion



SiO maser observation with VLBA Parallax and proper motion determination

Final parallax and proper motion

Parallax:

Π = 0.83 ± 0.08 mas (1.20+0.13
−0.10 kpc)

Proper motion:
µx = −2.21 ± 0.06 mas y−1

µy = +2.29 ± 0.30 mas y−1

Compared with VERA results based on H2O maser (Choi et al. 2008)

Parallax:
Π = 0.88 ± 0.08 mas (1.14+0.11

−0.09 kpc)

Proper motion:
µx = −2.09 ± 0.16 mas y−1

µy = +1.02 ± 0.61 mas y−1

Bo Zhang (MPIfR) 2010 Nov. 2 15 / 23
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Distance determined from color-magnitude diagram of NGC2362
1.5 +/- 0.5 kpc

 (Lada & Reid 1978)

43 GHz SiO maser, 4 epochs

22 GHz H2O maser, 10 epochs
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Spatial distribution of maser spots at the second epoch
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SiO maser spots and radio photosphere (VLA) 
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SiO maser distributions and derived star postions





Comparison of absolute position from different telescopes

Absolute position of VY CMa from different telescope
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~ 70 mas



The Astrophysical Journal, 744:23 (14pp), 2012 January 1 Zhang (!!) et al.

Figure 15. Hα emission (gray scale) superposed on the radio continuum emission at 870 µm with the Large Apex BOlometer CAmera (LABOCA; green contours),
and the CO(3–2) emission line is integrated over 15–21 km s−1 (red contours) and over 21–27 km s−1 (blue contours). VY CMa is located at the bright rim of the
V-shaped structure of the cloud complex and also a point source in the continuum emission contours. The arrow originating at VY CMa represents a motion over
0.5 Myr adopting the absolute proper motion derived in this paper. The motion uncertainty is indicated as an error ellipse with a confidential level of 95% centered on
the head of the arrow; the dashed error ellipse denotes the probable original position of VY CMa 0.5 Myr ago. Three candidates for the sources of ionization in this
region: Tau CMa, UW CMa, and NN CMa from Lada & Reid (1978) are labeled. The apparent size of ∼8′ of the nearby O-star cluster NGC 2362 centered on Tau
CMa is indicated as a circle.
(A color version of this figure is available in the online journal.)

which is either external to VY CMa (i.e., interstellar material)
or comes from VY CMa (stellar mass loss), suggests relative
motion of gas and the star. Taking our VLBA absolute proper
motion, one explanation could be that VY CMa is drifting out
of the molecular cloud to the east of it.

Assuming that VY CMa was formed in the region where
current signs of star formation are found (i.e., to the southeast
of the molecular cloud as indicated by the color contours in
Figure 15) and that the absolute proper motion of the molecular
cloud is small, then the travel time of VY CMa to its current
location is about 0.5 Myr. This might be reasonable since VY
CMa is a very massive, and hence short-lived, star. However,
adopting a luminosity of 3×105 L% from Choi et al. (2008a) and
an effective temperature of 3650 K from Massey et al. (2006),
the location of VY CMa on an H-R diagram is consistent with an
age of 8.2 Myr, based on an evolutionary track of a 25 M% star of
solar metallicity with an initial rotational velocity of 300 km s−1

at its equator (Meynet & Maeder 2003). This age discrepancy
between the motion time and age of VY CMa may imply that
the relative proper motion between the molecular cloud and VY
CMa is much smaller than its absolute proper motion or that the
stellar evolution model is not appropriate for VY CMa.

8. CONCLUSIONS

We have measured the trigonometric parallax and proper
motion of VY CMa from VLBA observations of the varia-
tions of relative positions between 43 GHz SiO masers and the

background source J0725−2640. The parallax of 0.83 ±
0.08 mas provides a distance of 1.20+0.13

−0.10 kpc, which is con-
sistent with that measured with the 22 GHz H2O maser using
VERA by Choi et al. (2008a). There can be little doubt that VY
CMa is nearer than the value of 1.5 kpc generally used in the
literature.

Using the VLA detection of the radio photosphere and the SiO
masers as a phase reference, we determined the position of the
central star relative to the SiO masers. This position is consistent
with that estimated from the distribution of maser spots with
an uncertainty better than 10 mas. We found there are several
spoke-like maser features; most of these could be modeled by
ballistic orbits, suggesting that most spoke-like maser features
are on the far side of the star, and are decelerating, pointing back
to the central star.

The kinematics of SiO maser spots show a slow expansion.
After removing the effects of expansion, we derived an absolute
proper motion of the central star. A large discrepancy of tens of
mas between the positions of VY CMa determined by optical
and radio measurements is found, and we suggest that optical
position determinations are affected by the scattering from
circumstellar dust and cannot be used to locate the star or its
motion.

We wish to thank the anonymous referee for very detailed and
helpful comments. B. Zhang is supported by the National Sci-
ence Foundation of China under grant 10703010, 11073046, and
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 Summary

We have measured accurate absolute position, parallax 
and proper motion of  VY CMa at radio wavelength, and 
found that the optical astrometric measurement of this 
star was problematic.

For details:  Zhang et al. 2012, ApJ, 744, 23



Thank you for your attention!


