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Stellar Masers:  evolved stars (mainly
AGB stars and Red Super Giants)

• O-rich:  OH 1612, 1665, 1667 MHz, + other excited lines

• H2O  22.235 GHz + many other lines

• SiO 43.122, 42.821, 86.234 GHz + others + 29SiO, 30SiO 

• C-Rich:  HCN  86.1,  181....               All very weak

• SiS 18.1 GHz +other in IRC+10216 (Fonfria 2007)

• CS   Highberger et al. 2008 in IRC+10216

• Never detected in stars :  CH3OH/H2CO/NH3/HCO+ masers
(Hakobian+Crutcher 2012) 

Boboltz 2005



Physical conditions Decin2012

SiO H2O

NH2~104 cm-1

NH2~109 cm-1

OH

HCN for C/O>1



Extreme cases 

• Merged star (red nova):  V838 Mon   (SiO)
• Classical Nova with Gamma ray : V407 Cyg (SiO)
• Post-AGB:  Water fountains (W43A, IRAS18286)

and Planetary Neb:  K 3-35 (Miranda et al. 2011) : 3PN  



V838 Mon monitoring 2008-
2011
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Cluster Environment

• Massive young star clusters : RSGC 1  (14), 
RSGC2 (20) ;           age ~10—15 Myr

D. Figer+ 2006, Nakashima+2006,   
Verheren 2012

• SiO obs. give rad. velocity + vel. dispersion                    
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TABLE 1
Observational Results by SiO Maser Line

ID 2MASS Name

J p 1–0, p 1v J p 1–0, p 2v

Ta
(K)

Vlsr
(km s!1)

Integ. Intens.
(K km s!1)

rms
(K)

Ta
(K)

Vlsr
(km s!1)

Integ. Intens.
(K km s!1)

rms
(K)

F01 . . . . . . J18375629!0652322 0.316 115.0 2.110 0.076 … … … 0.074
F02 . . . . . . J18375528!0652484 0.394 120.0 2.518 0.070 … … … 0.070
F03 . . . . . . J18375973!0653494 … … … 0.058 … … … 0.059
F04 . . . . . . J18375090!0653382 0.336 121.5 1.387 0.057 … … … 0.061
F05 . . . . . . J18375550!0652122 (0.260, 117.5, 1.230)a 0.057 … … … 0.062
F06 . . . . . . J18375745!0653253 … … … 0.055 … … … 0.058
F07 . . . . . . J18375430!0652347 (0.299, 120.0, 1.769)a 0.068 … … … 0.070
F09 . . . . . . J18375777!0652222 (0.379, 116.5, 2.399)b 0.060 (0.326, 116.5, 0.950)b 0.059
F10 . . . . . . J18375952!0653319 … … … 0.057 … … … 0.059
F11 . . . . . . J18375172!0651499 … … … 0.071 … … … 0.070
F12 . . . . . . J18380330!0652451 … … … 0.069 … … … 0.069
F13 . . . . . . J18375890!0652321 0.493 116.5 3.242 0.061 0.486 116.4 2.082 0.056
F14 . . . . . . J18374764!0653023 … … … 0.058 … … … 0.058
F16 . . . . . . J18380129!0652519 … … … 0.062 … … … 0.061
X18 . . . . . . J18380162!0655235 0.554 74.3 3.405 0.078 0.771 74.3 3.765 0.080

a This is likely a contamination from F01 and F02.
b This is likely a contamination from F13.

Fig. 1.—Observed positions and telescope beam areas (HPBWp 40!) over-
laid on the 2MASS image toward the Scutum star cluster (6"#6"). The num-
bers 1–16 indicate the objects F01–F16, and 18 is for X18.

Fig. 2.—Spectra of the SiO J p 1–0, p 1 and p 2 transitions, exceptv v
for the bottom right panel, which shows the H2O 616–523 transition. The object
ID and date of observation (in yymmdd.d format) are shown at upper left in
each panel. The H2O maser emission detected in the pointing toward F09 is
likely to have come from object F13 (see text).

22!) and for stars F09 and F13 (separation 19!), so we reob-
served these objects on a day without wind. We found that F01
and F02 had similar intensities in the p1 transition, with nov

p 2 emission, so we concluded that they were separate SiOv
sources.1 F05 and F07 were also detected in p1 only, atv
about half the intensity of F01 and F02, consistent with emis-
sion contaminated by the Gaussian tails of the F01 and F02
masers. The intensities of both the p1 and p 2 transitionsv v
at the position of F09 were about half the intensities at the
position of F13, so we concluded that the latter was responsible

1 In addition, we detected the SiO J p 2–1, p 1 maser line at 86.243 GHzv
at the pair of positions F01 and F02 with nearly equal intensities with the
same telescope (HPBWp 19!) on 2006 April 14. This assures us that both
stars F01 and F02 are SiO maser sources.

for all the SiO emission detected at both positions. We could
not resolve F05 and F08 (separation 4!).
In summary, we detected SiO maser emission from five ob-

jects: stars F01, F02, F04, F13, and X18. The line profiles of
these sources are given in Figure 2. The radial velocity of object
X18, at 74.3 km s!1, is much lower than the average velocity
of the stars in the M supergiant cluster, indicating that this is
not a member of the cluster. The average velocity and standard
deviation for the four cluster members (F01, F02, F04, and
F13) are 118.1 and 2.8 km s!1, respectively.
Water maser emission was detected in a pointing toward the

star F09 (Fig. 2, bottom right). Similar but weak H2O emission



Red Supergiants in Westerlund 1

• Fok et al. 2012, ApJ (in press)
• Super star cluster
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Difference from typical red supergiants
• VY CMa H2O masers at 22 GHz (Choi et al. 2008)
• Proper motion measurement with VERA

1012 Y. K. Choi et al.

Table 1. Adopted parameters for VY CMa.

Parameter Value Note

Parallax 0.88˙0.08 mas
Distance 1.14+0:11

!0:09 kpc
Luminosity (3˙0.5) " 105 Lˇ
Mass 25Mˇ Meynet and Maeder (2003)
Temperature 3650˙25 K Massey et al. (2006)

3000 K Smith et al. (2001)

[however, Levesque et al. (2005) re-calibrated the effective
temperature to be 3450–3535 K based on the spectral type of
M4.5–M5]. Table 1 summarized our adopted parameters for
VY CMa.

Accurate distance measurements of red supergiants, which
provide true luminosities, will greatly contribute to our under-
standing of massive star evolution, though there is still uncer-
tainty in the temperature on the stellar surface.

5. Conclusion

We observed H2O masers around the red supergiant

VY CMa with VERA during 10 epochs spread over 13 months.
Simultaneous observations for both H2O masers around
VY CMa and the position reference source J0725!2640
were carried out. We measured a trigonometric parallax of
0.88˙ 0.08 mas, corresponding to a distance of 1.14+0:11

!0:09 kpc
from the Sun. It is the first result that the distance of VY CMa
is determined with an annual parallax measurement. There had
been an overestimation of the luminosities in previous studies
due to the previously accepted distance. Using the most accu-
rate distance based on trigonometric parallax measurements
and the bolometric flux from the observed SED, we estimated
the luminosity of VY CMa to be (3˙0.5) " 105 Lˇ. Accurate
distance measurements provided improved luminosity. The
location of VY CMa on the HR diagram became much closer
to the theoretically allowable region, though there is still uncer-
tainty in the effective temperature.

We are grateful to the referee, Dr. Philip Massey, for helpful
comments on the manuscript. We would like to thank Prof.
Dr. Karl M. Menten for his invaluable comments and for his
help to improve the manuscript. The authors would also like to
thank all of the supporting staff members at Mizusawa VERA
observatory for their assistance in observations.
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Fig. 3. Results of the measured positions of the H2O maser spot at a LSR velocity of 0.55 km s!1 in VY CMa using J0725!2640 as a position reference
source. The position offsets are with respect to ˛ (J2000.0) = 07h22m58:s32906, ı (J2000.0) = !25ı46003:001410. The left panel shows the movements
of the maser spot in right ascension as a function of time (day of year). The right panel is the same as the left panel in declination. Solid lines
represent the best-fit model with an annual parallax and a linear proper motion for the maser spot. Dotted lines represent the linear proper motion
(!2.09˙ 0.16 mas yr!1 in right ascension and 1.02˙ 0.61 mas yr!1 in declination) and points represent the observed positions of a maser spot with error
bars indicating the positional uncertainties in systematic errors (0.17 mas in right ascension and 0.68 mas in declination).

J0725!2640 affect those of the target source. The position
of J0725!2640 was determined with an accuracy of 0.34 mas
in right ascension and 0.94 mas in declination, respectively
(Kovalev et al. 2007). Because these offsets are constant at
all epochs, it dose not affect the parallax measurements. Also,
when the reference source is not a point source, the positional
errors of the target source could occur due to the structure and
its variation of the reference source. However, since the refer-
ence source for our measurements is point-like, and shows no
structural variations between epochs, this is not likely to be the
main source of the positional errors.

Secondly, we consider the baseline errors that originated
from the positional errors of each VLBI station. The positions
of the VERA stations are determined with an accuracy of 3 mm
by geodetic observations at 2 and 8 GHz every 2 weeks. The
positional errors derived from the baseline errors are 11!as at
a baseline of 1000 km with a baseline error of 3 mm. This error
is much smaller than our astrometric errors.

Thirdly, a variation of the structure of the maser feature
could be one of the error sources. Hirota et al. (2007), Imai
et al. (2007), and Hirota et al. (2008) proposed the maser
structure effect as being the main sources in their trigono-
metric parallax measurements for nearby star-forming regions
Orion KL, IRAS 16293!2422 in " Oph East, and SVS 13
in NGC 1333, correspondingly. However, this effect does not
seem to be dominating in our case, because: (1) the 0.55 km s!1

maser feature showed a stable structure in the closure phase,
spectrum, and map at all epochs of our observation, (2) this
effect is inversely proportional to the distance of the target
source, and hence should be more than twice less significant
for VY CMa as those in the above cases for a given size of
the structure variation, (3) it is difficult to explain the large
difference between astrometric errors in right ascension and
declination by this effect.

Finally, we have to consider the errors by the zenith delay

residual due to tropospheric water vapor. These errors originate
from the difference in the path length through the atmosphere
between the target and the reference sources, and are generally
larger in declination than in right ascension. According to the
result of a simulation in Honma, Tamura, and Reid (2008a), the
positional error by the tropospheric delay is 678!as in declina-
tion when the atmospheric zenith residual is 3 cm, the declina-
tion is !30ı, the separation angle (SA) is 1ı, and the position
angle (PA) is 0ı. This is consistent with our measurements.
Therefore, the atmospheric zenith delay residual is likely to be
the major source of astrometric errors.

4. The Location on the HR Diagram

We successfully detected a trigonometric parallax of
0.88˙ 0.08 mas, corresponding to a distance of 1.14+0:11

!0:09 kpc
to VY CMa. Compared with the previously accepted distance,
1.5 kpc (Lada & Reid 1978), the distance to VY CMa became
76%. Since the luminosity depends on the square of the
distance, the luminosity should become 58% of previous esti-
mates. Hence, here we re-estimate the luminosity of VY CMa
with the most accurate distance. The luminosity can be esti-
mated as

L = 4#d 2Fbol; (1)

where L is luminosity, d is distance, and Fbol is the bolo-
metric flux. To obtain Fbol, we used the SED of VY CMa.
The data are based on HST optical images and near-IR ground-
based images in Smith et al. (2001) and IRAS fluxes from
25 to 100!m. Fbol was obtained by integrating the observed
fluxes. The estimated luminosity of VY CMa with our distance
is (3˙ 0.5) " 105 Lˇ .

We re-estimated the luminosities of VY CMa in previous
studies using our distance. Le Sidaner and Le Bertre (1996)
obtained the luminosity of VY CMa to be 9 " 105 Lˇ from the

Choi et al. 2008

p(RA)= -2.09�-.16 mas/yr
p(dec)= 1.02�0.61 mas/yr

Ori KL, W51N, SgrB2IRs5,
LMC SiO source = merged  star?



V407 Cyg Nova outburst 2010/03/11 
with concurrent c-ray emission

• Shock 
V~3000km/s

• Munari 2011

The 2010 outburst of V407 Cyg 5

Figure 5. Evolution of the Hα profile of V407 Cyg during the 2010 outburst. Older profiles are given for reference purposes, and pertain
to the brightness peak during the 1997-2006 active phase (1999), and to quiescence at the time of a Mira minimum (2008) and maximum
(2009). The three spectra marked with ∗ are courtesy of Christian Buil and fluxed by us against our low-resolution spectra.
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Observations 
by SiO J=1-0 v=1,2
• Only v=2, but no v=1
• First 2 weaks Vlsr>-26 km/s
• Then Vlsr<-26 km/s
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Interpretation



Water fountains 
(Ve>100 km/s)

• W43A

• IRAS 16342-3814
• high 13CO/12CO
• J=2-1 & 3-2
• Hot-Bottom Burning

• IRAS 18286-0959  

L116 WATER-FOUNTAIN NEBULA Vol. 514

Fig. 1.—(a) Color image of the protoplanetary nebula IRAS 16342!3814, made of exposures taken with HST/WFPC2 through the F814W (in red) and F555W
(in green) filters and displayed on a logarithmic stretch. A faint reddish halo surrounds the bright yellow lobes. The linear protrusions emerging from the bright
west lobe at 45! to the horizontal axis are diffraction artifacts caused by telescope optics. (b) VLA OH 1612, 1665, and 1667 MHz maser line features, overlaid
on the F814W image (in gray scale). The positions of the features were obtained by Gaussian fitting, yielding positions to better than 20% of the 2! beam size.
The OH features have been grouped into six color-coded velocity bins. The symbol sizes are proportional to the square root of the integrated flux. The highest
flux features have strengths of 8.83, 0.53, and 1.17 Jy for the 1612, 1665, and 1667 MHz lines, respectively.

Fig. 2.—Average intensity in the F814W image along an annulus centered
at the nebular center in the F814W image, for three different annuli (inner/
outer radii of the annuli are labelled). The maximum average intensity in each
annulus has been normalized to unity.

for the whole nebula and (18.6) andm " 13.15 m " 15.8I V

(15.5) for the western (eastern) lobes. Thus, them " 13.3I

eastern lobe is significantly redder than the western one. Al-
though the nebula looks roughly axisymmetric, the individual
symmetry axes of each lobe do not coincide. The orientation
of the teardrop-shaped lobes and their location vis-à-vis the
dark waist are centrally point-symmetric in detail. We have
verified this by scaling the west-lobe intensity to match that of

the east lobe, rotating it by 180! around the nebular center
(defined as the average of the peak intensity locations in each
lobe) and subtracting it from the east lobe; the residual is very
small.
The OH 1612, 1665, and 1667 MHz data are shown overlaid

on the HST F814W image (gray scale) in Figure 1b. The kin-
ematic center of symmetry of each OH data set was assumed
to coincide with the center of the optical nebula. Taking the
systemic velocity to be km s!1, the extreme redshifted42" 2
and blueshifted 1612 MHz emission features are found to occur
in two clusters spatially separated along an axis roughly co-
aligned with the optical axis of the nebula. The blueshifted
(redshifted) maser spots are associated with the brighter
(fainter) visible lobe, implying that the nebular axis is tilted
such that the brighter western lobe is nearer to us.
The emission blueward of the systemic velocity is signifi-

cantly stronger than the redshifted emission, suggesting that
the former includes a contribution from amplified continuum
emission, presumably due to shock-ionized gas in the lobes.
Faint halos can be discerned around the lobes, suggesting

that these are regions illuminated by scattered light from the
bright lobes. Azimuthal cuts in the F814W image taken around
the nebular center (Fig. 2) show that the nebular intensity first
falls very steeply from the center to the edge of the lobes and
then more slowly in the halo. The color of the halos is sig-
nificantly redder than that of the bright lobes—e.g., the ratios
of the counts per second in the F814W to F555W images is
2.9 (5.6) for the brightest (i.e., with 75%–100% of the peak
lobe intensity) region of the west (east) lobe compared to 5.6
(7.3) for the west (east) halo (region surrounding lobe with

16342-3814 : Sahai et al. 1999 



Water fountain jet 
IRAS 18286-0959  Yung et al. 2011, ApJ, 741, 94  

• Binary geometry ? 
• double helix model– 31 –
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Fig. 2.— (a): H2O maser spectrum of I18286 taken by the NRO 45 m telescope on

2006 April 20, the observation details can be found in Deguchi et al. (2007). (b) and (c):
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Water fountain jet created 
in accretion disk

R Aqr (symbiotic star)
• Pmira=387 d, Porbit=44 yr

• D=214+45
-32 pc (VERA: Kamohara et al. 2010)

• Proper motion 45 mas y-1 à V=~150 km s-1

• dM/dt~9x10-6 M¤ y-1 (Bujarrabal et al. 2010)
• Jet mass (Hollis)= 3 10-5 M¤ (episod. or contin.)

A&A 510, A69 (2010)
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Fig. 8. Distribution of SiO masers around R Aqr on 30 August 2006.
Same symbols and representation of the fitting results as in Fig. 2.

the sign of the orbital motions should have changed precisely
around 2001, in a sense depending on the rest of the orbital ele-
ments. The difference found between the measurements of µdec
from Hipparcos data and ours could be related to this effect.
However, we note that the difference between both measure-
ments is scarcely significant; obviously, more observations are
needed to draw conclusions on the orbital motion from VERA
SiO maps.

Finally, we also estimated the variation with time of the cir-
cle radius fitted to the spot distribution, see results in Fig. 13.
As we can see, there is a dominant infall kinematics in the whole
emitting region. We discuss this result more in detail in Sect. 5.

4. Relative positions of the v = 1
and v = 2 J = 1–0 maser spots

Figures 2 to 9 show the spatial distribution of the SiO maser
spots, as well as their LSR velocities (see also Appendix B), de-
rived from our maps from December 2004 to October 2006, for
both observed transitions (v = 1 J = 1−0 and v = 2 J = 1−0).
Our observations of R Aqr follow the general trends of standard
AGB stars, mentioned in Sect. 1.

4.1. v = 1 and v = 2 J = 1–0 masers: relative spatial
and kinematical distributions

Thanks to the very high astrometric accuracy of VERA, the ab-
solute coordinates of the v = 1 and v = 2 spots in our maps have
been very accurately measured. In particular, we have properly
estimated the percentage of coincidences between spots of both
transitions. We considered two spots of the two transitions to be
coincident when they are separated by less than 1/3 of the beam
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Fig. 9. Distribution of SiO masers around R Aqr on 13 October 2006.
Same symbols and representation of the fitting results as in Fig. 2.

size (typically 0.8 × 0.5 mas) and are emitting in the same veloc-
ity within the spectral resolution of the observation (between 0.1
and 0.2 km s−1). The results are very similar if we take as condi-
tion being closer than 1/2 or 2/3 of the beam size. The numbers
of spots identified for each transition and of coincidences are
given in Table 1, for all epochs for which the comparison was
possible (i.e. with good absolute astrometry), together with other
results from our observations. We recall that the high quality of
the VERA astrometric measurements allows this accurate com-
parison and insures that these coincidence statistics are reliable.

As we see in Table 1, December 2005 is the epoch showing
the largest number of coincidences: ∼15% of the spots appear
simultaneously emitting in v = 1 and v = 2 J = 1−0 lines. In the
other epochs, the coincidences are still rarer. In about one half
of the observed epochs, there is no coincidence at all; the case
of the observations performed in February and March 2006 is
remarkable, because of the many spots identified in our maps.

Therefore, we accurately and quantitatively confirm the con-
clusion by Desmurs et al. (2000): both maser lines come from
similar circumstellar regions, but their spots are only coin-
cident in a small fraction of the cases. Sometimes (see e.g.
epoch Dec. 2005, LSR intervals −22:−21, −23:−22, and
−24:−23 km s−1), the spots of both lines are very close but not
coincident, separated by 1−2 mas, forming spot clusters and giv-
ing the impression of being grouped within a gas condensation.
Rioja et al. (2008 ) show maps of R LMi in both transition with
accurate relative astrometry. In one of their observation epochs
(April 2007), the only one with distributions that are complex
enough to allow an analysis of this kind, the v = 1 and v = 2 J =
1−0 spots were also grouped in clusters but separated by a small
angular distance.

Page 6 of 16

AAT   scale 3’

Kamohara et a. 2010

Hollis et al. 1997   scale: 400 mas

Assuming P 1 44 yr, the semimajor axis, a, can be esti-
mated by Kepler’s third law with some reasonable assumptions
concerning the total systemic mass. The LPV primary is a Mira
variable, while the secondary is generally regarded to be a
white dwarf whose average mass MS 1 1 MJ (Allen 1973).
Regarding the LPV mass, Mira variables are the endpoints in
asymptotic giant branch evolution just prior to planetary
nebula formation, and, hence, the initial mass for such stars is
just a few solar masses (see Whitelock 1990). Moreover, the
space distribution of symbiotics is concentrated toward the
Galactic plane, similar to distributions seen in planetary
nebulae, suggesting that these objects belong to an old disk
population. Thus, the space distribution for symbiotic stars
favors a total binary mass of $2–3 MJ (Kenyon 1986).

Therefore, we adopt a mass range of 11.5–2.0 MJ for the
LPV, giving a total binary mass range of 2.5–3.0 MJ, which
corresponds to a 12.54 3 1014–2.69 3 1014 cm.

Mass transfer from the LPV to the secondary is necessary
for the formation of an accretion disk and jet and is facilitated
if the orbital eccentricity, e, is large enough to cause Roche
lobe overflow. The criterion in such a binary system is
a(1 2 e) 1 2 RLPV (Haynes, Lerche, & Wright 1980). Assum-
ing that a radius for an LPV is 1300 RJ, then e $ 0.8 ensures
Roche lobe mass transfer occurs at periastron (see also
Kafatos et al. 1986; and Hinkle et al. 1989).

Bulk changes in the pulsational cycle of the Mira occur
periodically (Mattei & Allen 1979). Such changes probably
occur at periastron, when the mass transfer influences the
atmosphere of the Mira (Hinkle et al. 1989). Such light-cycle
events occurred in 1928–1934 and 1974–1980 (Mattei & Allen
1979). Hence, following Hinkle et al. (1989), we arbitrarily fix
the last time of periastron passage, T, at 1974 February 21 (JD
2,442,100.0), and it may be in error by 1–2 yr (Fekel 1997).

The morphology of two large ejected shells of material
surrounding the R Aqr system indicate a basic plane of
symmetry that has been suggested to be identical with the
orbital plane of the binary system (Solf & Ulrich 1985). This
observed projected plane has an axial ratio of 3 (approximately
east-west) to 1 (approximately north-south), and if the mate-
rial in this plane has circular symmetry, then this suggests that
the orbital plane is inclined by 1208 with respect to the line of
sight (LOS) along the approximate north-south direction.
Therefore, the angle between the orbit plane and the plane at
right angles to the LOS is the inclination angle, i 5 708,
implying that the system is seen nearly edge-on.

In comparing our VLA observational epoch in Table 1 with
our adopted T (time of periastron passage), the VLA obser-
vations occurred when the system is almost exactly at apastron.
Figure 3 and Table 1 VLA data show that the secondary is
observed approximately north of the LPV at apastron, and the
separation between the two stars represents the foreshortened
apastron distance. Moreover, orbital symmetry would have
placed the secondary in close proximity but approximately due
south of the LPV at time T. Thus, with a value of i 5 708, the
foreshortened major axis of the orbit lies in the approximate
north-south direction. Since i 5 908 for an edge-on orbit, this
suggests that our LOS is approximately along the major axis of
the orbit. Recalling the projected orbital plane axial ratio of 3
(east-west) to 1 (north-south) and that the foreshorten major
axis lies north-south, then the latus rectum of the orbit lies
east-west and is not foreshortened. Consequently, the position
angle of the line of nodes, V, is 1908. Therefore, the angle in
the plane of the orbit between the line of nodes and the major
axis, v is 1H908; here the sign ambiguity arises due to the fact
that we do not yet know whether the secondary moves
counterclockwise or clockwise in the sky. Thus, our VLA
observations provide the missing piece of geometrical infor-
mation that relates the orbit of the double star system to the
observational LOS.

Our preliminary orbital elements, which are summarized in
Table 2, can be used with the current observations to deter-
mine the distance to R Aqr. The foreshortened apastron
distance a(1 1 e) * cos i is 11.56 3 1014–1.65 3 1014 cm, and
Table 1 data show we have observed this distance to be155 mas,
implying that the distance is 1195–206 pc. A review of the
literature on R Aqr suggests that the distance as determined by a
variety of methods falls within the range 180–260 pc (180 pc by

FIG. 3.—Simultaneous continuum observations of the v 5 1, J 5 1– 0, SiO
maser and adjacent lineless continuum toward R Aqr on 1996 November 20.
The SiO emission in a 3.125 MHz bandwidth is pointlike, representative of the
emission centroid of maser spots in Fig. 2, and is shown as four thin black
contour levels that are 50%, 70%, 90%, and 98% of the SiO peak flux value of
11.1 Jy beam21. The lineless continuum emission in a 50 MHz bandwidth is
extended and shown as eight thick gray contour levels in multiples (2, 3, 4, 6, 8,
12, 18, and 23.7) of 2.7 3 1024 Jy beam21, which represents the rms map noise;
the peak flux is 6.5 mJy beam21. Assuming the SiO emission emanates from the
LPV and the adjacent lineless continuum emission emanates from the H II
region surrounding the hot companion/accretion disk, the offset in peak
positions suggests the binary system is unambiguously resolved.

TABLE 1
SUMMARY OF ATTEMPTS TO OBSERVE THE APPARENT ORBIT OF R AQR

RELATIVE TO THE LPV

Interferometry
Technique

Julian
Date

r
(arcsec)

u
(deg) Reference

Specklea,b . . . . . . . . 2,445,623.5 0.124 H 0.002 46.4 H 0.3 1
VLAc . . . . . . . . . . . . 2,450,407.5 0.055 H 0.002 17.9 H 2.0 2

a Speckle results are not reconcilable with orbital parameters in Table 2 (see
§ 2).

b Hege et al. (1991) least-squares analysis of Ha imagery with 1 s errors on
the fit.

c Results from fitting elliptical gaussians to Fig. 3 VLA imagery with 1 s
errors on the fit.

REFERENCES.—(1) Hege et al. 1991; (2) this work.
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Summary

• Evolved star masers are useful tools to explore the 
circumstellar envelopes of stars as well as star 
clusters and the Milkyway Galaxy.

• Binary/multiple-star nature produces interesting 
distortion to stellar evolution of these stars.

• Maser observations can offer a bridge of 
understanding  between binary and merger 
phenomena.



Future prospects

• ALMA  --- submillimeter wave masers
maser star positions—Astrometry  

+CALMA & SMA (VLBI)
• SKA ?      OH/H2O    CH3OH(not in stars) 

electron-cyclotron masers?
• Atomic line masers ? (or lasers in shock?)
• nova & merged stars (+water fountains)
• embedded star clusters
• RSG + Blackhole



Binary stars and masers
• V407 Cyg (symbiotic star)
• M6III (P=745d) +WD    (orbital P~43yr ?)
• SiO Masers found 2005 by Deguchi
• 2010 Feb. I-band maximum
• 2011  May near minimum
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Ṁloss ∼ 10−7 M⊙yr−1

∼ 5 km s−1

2− 8 km s−1

Mohamed & Podsiad. 2007

and the first indication of a signal was a marginal
detection in the 12- to 18-hour bin (2.8s). This was
followed by a highly significant detection (at 5.7s)
in the last 6-hours bin (18 to 24 hours), which had
a peak flux that was a factor of≳3 larger than that
of the marginal detection and the limits from
earlier in the day (see SOM). The initial detec-
tion of the g-ray source by the Fermi-LAT in the
latter 12 hours of 10 March is consistent with the
time of the optical nova discovery.

The peak flux in g-rays (defined in 1-day seg-
ments) was observed between 13 to 14 March, 3
to 4 days after the initial g-ray detection, and with
a flux (9 × 10−7 photons cm−2 s−1) that was
greater than that observed on 10 March by a
factor of 2. The data was analyzed up to mid-
April, and the last day with a significant detection
(>3s) of the variable g-ray source was 25 March,
amounting to a total lifetime of activity of 2
weeks. Defining an “active” period (14) from 10
March 18:00 to 29 March 00:00, we obtained a
g-ray position (Fig. 2) from the cumulative ex-
posure that is 0.040° offset from the optical po-
sition of V407 Cyg, which is within the LAT 95%
confidence circle (radius = 0.062°). The average
spectral energy distribution (SED) of the Fermi-
LAT g-ray source during the defined active pe-
riod can be described with an exponentially
cut-off power-law model (see SOM) with a flux
(>100MeV) of (4.4 T 0.4) × 10−7 photons cm−2 s−1

(and an overall source significance of 18.1s). A
likelihood-ratio test indicates that the addition of
the exponential cut-off improves the fit at the 4.9s
level compared with a simpler single–power-law
model. We find no evidence for spectral varia-
bility over the duration of the active g-ray period
(see SOM). Our analysis of the data from the 2
weeks after the active period (29 March to 12
April) collectively gives a significance of only
1.6s (and a flux upper limit of 0.8 × 10−7 photons
cm−2 s−1), indicating that the flux has declined
below the level of detectability. Overall, the g-ray
source is brightest at earlier times, consistent with
the optical behavior of V407 Cyg. The coincident
localization and the observed correlated variability
imply that the optical nova is the source of the
variable g-ray flux.

Nuclear g-ray lines and continuum emission
from novae at ≲1-MeVenergies have been con-
sidered (15), but the Fermi-LAT detection of
V407 Cyg shows unequivocally that novae can
generate high-energy (>100 MeV) g-rays. The
>100-MeV g-ray luminosity, its spectrum, and its
light curve can be understood broadly as conse-
quences of shock acceleration taking place in a
nova shell. Such a nova shell is produced by ther-
monuclear energy release on the WD and initially
expands freely into a very dense medium con-
sisting of the RG wind and atmosphere present
in the binary system prior to the nova. The radio
source detected from V407 Cyg over 22 to 28
March (16, 17) and subsequent imaging, which
revealed the emission to be predominantly ex-
tended at a fewmilli–arc seconds resolution (18),
is consistent with a picture of an extended shell,

as was found in the 2006 RS Ophiuchi nova out-
burst (19, 20).

An initially spherical shell can sweep up mass
from the companion RG wind asymmetrically
and will reach a deceleration phase during which
it expands adiabatically (21) with different tem-
poral behavior in different directions from theWD
center. Fermi acceleration of protons and electrons
takes place in the outgoing nova shock during
both the free-expansion and deceleration phases,
and we show that the measured g-ray spectrum
can be explained by p0 decay g-rays from proton-
proton (pp) collisions or inverse Compton (IC)
scattering of infrared photons from the RG by
electrons. In both of these scenarios, the g-ray light
curve, in conjunction with the delayed rise of the
x-ray flux, can be explained qualitatively as a
geometrical effect of the nova-shell evolution.

The measured optical peak magnitude of 7 of
V407 Cyg (9) over 1 day implies an energy re-
lease of ≥3 × 1042 ergs at visible frequencies

(after extinction correction). The kinetic energy of
the ejecta in the nova shell, ek ~ 1044 ergs, can be
estimated assuming a nova-shellmassMej ~ 10

−6M⊙
[which is a plausible value for a massive WD >
1.25M⊙ (22, 23), whereM⊙ is themass of the Sun]
and the velocity vej = 3200 T 345 km s−1, inferred
from an Ha atomic emission line-width measure-
ment on 14 March (see SOM). The velocity of the
outgoing shock wave is initially vsh ~ vej. The onset
of the deceleration phase and subsequent evolu-
tion of the shock wave are determined by the
density of the RG stellar wind and atmosphere
surrounding the nova shell, which depend on two
poorly constrained parameters: (i) the WD-RG
separation (a) and (ii) the RGmass-loss rate in the
wind (ṀW). As we will discuss shortly, the de-
tection of the g-ray flux within 1 day of the op-
tical detection of the nova, a peak duration of 3 to
4 days, and subsequent decay within 15 days
after the optical nova can be modeled as emission
from the nova shell in a dense environment and

Fig. 1. Light curves of V407 Cyg
in g-rays from the Fermi-LAT (top),
optical (middle), and x-rays from
Swift (bottom). Vertical bars indi-
cate 1s statistics errors for all data
(the errors are smaller than the
points in the optical section). For
the g-ray data, gray arrows indi-
cate 2s upper limits, and horizontal
bars indicate the 1-day binning. In
the optical section, unfiltered (black),
RC (red), and V (green) band magni-
tudes are shown (see SOM). The
vertical dashed blue line indicates
the epoch of the optical nova detec-
tion; the g-ray peak occurred 3 to
4 days later. Fg, g-ray flux; XRT,
Swift X-ray Telescope.
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Fig. 2. Fermi-LAT g-ray counts (200 MeV
to 100 GeV) map from 10 March 18:00
to 29 March 00:00 2010 in the region
around the position of the g-ray nova
source V407 Cyg (marked by the black
cross) at Galactic longitude l = 86.958°,
Galactic latitude b = −0.513° (right ascen-
sion = 315.551°, declination = +45.737°,
J2000.0). The map was adaptively smoothed
by imposing a minimum signal-to-noise ra-
tio of 7. The closest known g-ray source is
contained in the first-year LAT catalog (1FGL
J2111.3+4607; marked by the black circle)
(29), ~1.5° away from the star’s optical posi-
tion. The bright source at l=78.2°,b=+2.1°
is LAT PSR J2021+4026. deg, degrees.
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2010/05
-2011/05

• v=2 became 
very strong

• But not v=1

• v=1 emission 
outside
need time

Stable -28 km/s
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Galactic dynamics

• Radial velocities
• Proper motions (VLBI)
• How about optical proper motion data ?
• Hipparcos ~ 1 mas/yr

optically faint,  light variation 
• PPMXL      ~  5 mas/yr


