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BAaDE

•Bulge Asymmetries and Dynamic Evolution  
•Aims to measure the bar by detecting SiO masers in AGB stars 

•Complementary to Gaia for probing obscured inner Galaxy 
•But overlap important for characterisation of overlap 

•Large collaboration started 2 years ago 
•VLA targeted survey at 7mm 

•ALMA survey proposed at 3mm 

•VLBA astrometry at 7mm 

•Builds on previous work 
•AGB stars and Galactic structure in Leiden 

•Involvement in BeSSel project 
•Using methanol masers associated with HMYSOs 

•To measure spiral arms and galactic rotation
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124 M. Messineo et al.: 86 GHz SiO maser survey in the Inner Galaxy. I.

Fig. 9. Lower panel: [15] versus ([7]−[15]) colour-magnitude dia-
gram; where ISOGAL magnitudes, or the A and D MSX magni-
tudes if no ISOGAL magnitude is available, are used. Upper panel:
[15]o versus (Ko−[15]o) ISOGAL-DENIS extinction corrected colour-
magnitude diagram. Detections are shown as filled circles; non detec-
tions as open circles. The LPVs from Glass et al. (2001) are marked
with a larger open circle, whereas the sources from Schultheis et al.
(2000) are marked with crosses. Note that two points fall outside the
figure.

SiO (v = 1) maser peak intensity and the 12 µm IRAS flux den-
sity is 0.1, though with a large scatter (Bujarrabal et al. 1996).

The dotted line in Fig. 10 is the best fit found by Jiang
(2002) between the 43 GHz SiO maser intensity and the MSX
band A flux density. Our results do not constrain the linear
relation between the SiO maser and the mIR flux densities.
Unfortunately, our data are not suitable to study this relation be-
cause the SiO intensity distribution is limited by sensitivity and
the data span less than one order of magnitude of the mIR flux
density, which is narrower than the data of previous work. The
scatter is caused partly by the intrinsic source variability and
the non-simultaneity of the mIR and SiO maser observations,
and partly by a wide range of source distances. We looked at
the distance effects considering the magnitudes log(FSIO/FD)
and log(FA/FD), which are independent of the distance, and
we obtained a similar scattered diagram.

4.4. Longitude-velocity diagram

In Fig. 11 we compare the longitude-velocity (l − v) distribu-
tion of our SiO maser stars with that of the 12CO line emis-
sion (Dame et al. 2001). The gas kinematics is a good tracer of
the dynamical mass in the Galaxy. Main features of the distri-
bution of the CO in the Inner Galaxy are labelled in Fig. 11,
following Fig. 1 of Fux (1999). The line-of-sight velocities of
our SiO maser sources range from −274 to 300 km s−1, con-
sistent with previous stellar maser measurements and with the
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Fig. 10. 86 GHz SiO peak intensity as a function of MSX A band
or ISOGAL 7 µm flux density. The dashed horizontal line shows the
average 3σ detection limit. The dotted line shows the relation obtained
by Jiang (2002) from 43 GHz data.

Fig. 11. Stellar longitude-velocity diagram overlayed on the grayscale
CO (l − v) diagram from Dame et al. (2001). The SiO 86 GHz masers
are shown as dots.

CO velocities. An appreciable number of SiO sources are away
from the CO emission contours, in a region forbidden for pure
circular rotation, at negative velocities between 20◦ > l > 0◦.
Around longitude 0◦ the stellar distribution follows the high ve-
locity gas component of the nuclear disk. Similar results were
found by Sevenster et al. (2001). We defer a more detailed anal-
ysis of the kinematic properties of the new SiO maser sample
to a future paper.

In Fig. 12 we have marked, as open circles, the location
of the H13CN lines we detected at velocities smaller than
−30 km s−1 with widths wider than 7.5 km s−1. Their distri-
bution mostly follows the central gas distribution, confirming
their interstellar origin and the validity of the adopted classifi-
cation criteria based on the line width.

Messineo et al., 2002
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Circumstellar Masers

•Asymptotic Giant Branch 
•Last phase low mass star 

•Evolving into Planetary Nebulae 

•Highly variable 

•Huge mass loss 

•“Onion model” 
•Dust at few AU 

•Molecular gradients 

•Excitation varies 
•SiO at few AU 

•Water at  up to few 100 AU 

•OH at 500 – 2000 AU 

•Bright masers 
•Targets for VLBI 

•Allowing sub-mas relative astrometry 
•The OH in U Her 

•Done for 12 years: π= 3.76± 0.26
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VLA survey under way

•Bulge Asymmetries and Dynamic Evolution 
•IR selected targets 

•Very fast observing technique with JVLA 

•Observed > 7000 targets 

•50-70% detection rate 
•Multiple SiO lineS
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Starting with VLBA

•Pilot data taken 

•Various challenges 
•VLBI astrometry at 7mm 

•Must track stellar position 
•Structure extended 

•And variable 

•Resolution 200μas 
•Theoretical accuracy 20μas 

•Systematics 50μas? 
•Proper motions bulge 

•Paralaxes for brightest/nearest
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SiO maser OH44.8 
at 1.13 kpc (phase lag) 
SiO masers extend 5mas (=6AU) 
Stellar position < 1 mas

Amiri et al., 2012
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Gaia link

•Gaia will observe the same population 
•Red, but not (completely) obscured LPV’s 
•Like Mira 

•With unprecedented statistics 

•Gaia will observe some of the same stars 
•At higher latitudes or the nearer ones 

•Will provide distances, luminosities, periods 

•Important to characterise population 
•Main sequence masses,  
•from luminosity and periods 

•And ages 

•Origin of these stars 
•Merger/starburst events in galactic past 
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Galactic parameters

•BeSSel project 
•Mostly VLBA water and methanol masers 

•400 massive star forming regions in the Milky Way 

•Parallaxes and proper motions 
•Mapping out 6D phase space 

•Accurate measurements 
•Ro=8.34 ± 0.16 kpc (vs 8.5 kpc) 

•ΘO=240 ±8  km/s (vs. 220 km/s) 

•Spiral structure 

•Zooming in on central parts 
•With Southern instruments
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Reid et al., 2014
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Fig. 1.— Plan view of the Milky Way showing the locations of high-mass star forming regions

(HMSFRs) with trigonometric parallaxes measured by the VLBA, VERA, and the EVN. The

Galactic center (red asterisk) is at (0,0) and the Sun (red Sun symbol) is at (0,8.34). HMSFRs

were assigned to spiral arms based primarily on association with structure seen in ` � V plots of

CO and H I emission (and not based on the measured parallaxes): Inner Galaxy sources, yellow

dots; Scutum arm, cyan octagons; Sagittarius arm, magenta hexagons; Local arm, blue pentagons;

Perseus arm, black squares; Outer arm, red triangles. Open circles indicate sources for which arm

assignment was unclear. Distance error bars are indicated, but many are smaller than the symbols.

The background grey disks provide scale, with radii corresponding in round numbers to the Galactic

bar region (⇡ 4 kpc), the solar circle (⇡ 8 kpc), co-rotation of the spiral pattern and Galactic orbits

(⇡ 12 kpc), and the end of major star formation (⇡ 16 kpc). The short COBE “boxy-bar” and

the “long” bar (Blitz & Spergel 1991; Hammersley et al. 2000; Benjamin 2008) are indicated with

shaded ellipses. The solid curved lines trace the centers (and dotted lines the 1� widths) of the

spiral arms from the log-periodic spiral fitting (see §3 and Table 2). For this view of the Milky Way

from the north Galactic pole, Galactic rotation is clockwise.

The Astrophysical Journal, 733:27 (17pp), 2011 May 20 Green et al.

Figure 1. Longitude–velocity “crayon” plot showing the distribution of 6.7 GHz methanol masers within ±28◦ overlaid with example spiral arm loci (the spatial
pattern of Taylor & Cordes (1993), transferred to the l, v domain by the Brand & Blitz (1993) rotation curve). Colored loci are the spiral arms defined by the model,
and gray shading incorporates an arm thickness of 1 kpc and a velocity tolerance of 7 km s−1. Yellow loci represent the Perseus spiral arm; purple, Carina–Sagittarius;
orange, Crux–Scutum; and green, Norma. The blue lines delineate the region identified in CO emission as the 3 kpc arms by Dame & Thaddeus (2008). Crosses show
6.7 GHz methanol masers of the MMB survey. Circles are masers associated with the 3 kpc arms (see Green et al. 2009a, 2010; Caswell et al. 2010, for details).
Diamonds are masers which are interior to the 3 kpc arms, primarily candidates for belonging to the Galactic center zone (Caswell et al. 2010). Triangles are masers
associated with the Sagittarius B2 complex. Stars are masers associated with the Galactic bar. Crosses enclosed in squares are masers with high latitudes (and therefore
likely to be closer to us than 4.5 kpc, see Section 2). The starting points of the spiral arms have been adjusted from Taylor & Cordes (1993) to match the discussion of
Section 3.3. The red brackets highlight the longitude range of the dense ridge of sources discussed in the text.
(A color version of this figure is available in the online journal.)

not entirely random, but contains clumps of sources on the sub-
degree scale over a few kilometers per second, together with
structures on the scale of several degrees over tens of kilometers
per second. The former is due to multiple sources within molec-
ular cloud complexes, while the latter is a signature of Galactic
scale structures. A structure function of the l, v distribution for-
mally demonstrates the presence of this structure, quantifying
the velocity correlation for given angular separations. We define
the second-order structure function of velocity as a function of
angular separation:

SFvel(r) = ⟨[vel(x) − vel(x + r)]2⟩, (1)

where x is the angular position of a maser site and r is
the angular separation between a pair of maser sites. We
take the ensemble average of measurements with the same
range of angular separation (denoted by the angular brackets).
The resulting structure function is shown in Figure 2 for both the
masers and a Monte Carlo simulation together with statistical
errors. The Monte Carlo simulation is a random distribution
of masers in the plane of the Galaxy with longitudes between
±28◦ and Galactocentric distances between 3 and 13.5 kpc.
The masers were assigned velocities based on a Galactocentric
solar distance of 8.4 kpc (Ghez et al. 2008; Gillessen et al.
2009) and flat rotation curve with a circular rotation of the

Sun of 246 km s−1 (Reid et al. 2009b; Bovy et al. 2009). We
generated 482 sources by this method, to match the observed
quantity for the l, v domain, i.e., not including the 63 masers
mentioned in the introduction associated with the 3 kpc arms
(45), Galactic bar (7), and Sagittarius B2 (11). A power-law fit
to the structure function gives a gradient in the log–log plane of
+ 0.09 ± 0.01 for the masers and −0.02 ± 0.01 for the Monte
Carlo simulation (with the errors the formal errors in the fit).
The consistent positive gradient of the structure function of the
data is indicative of a clumpiness of structure on large scales
(both angular and in velocity) and a correlation on small scales.
In comparison, the approximately flat structure function of the
Monte Carlo simulation demonstrates the same level of velocity
correlation at all scales, i.e., no scale-specific structure. The
measured structure function departs from the simulation, within
the errors (both formal and statistical), at scales less than 0.◦03
(with correlated velocities up to 30 km s−1) and at scales greater
than 3◦ (with correlated velocities up to 50 km s−1). Smoothing
the distribution of sources on the small scales (by counting all
sources within 0.◦03 and 30 km s−1 singularly) and binning the
data on the large scales, we produce the l, v density distribution
seen in Figure 3. The non-zero mean of the bins is 3.7 sources,
giving a Poisson noise of 1.9 sources. At a 5σ confidence level,
statistically significant density fluctuations are therefore those
with 9.7 or more sources, and these are highlighted in Figure 3.
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Green et al., 2011



The End  
(the start of the JIVE the movie....)


