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Outline	

•  The	connec*on	maser-VLBI	

•  The	maser	as	a	probe	
–  Environment/kinema*cs	in	star	forming	regions,	evolved	stars	

–  Magne*c	fields	

•  The	maser	as	a	distance	tool	
–  Within		the	Galaxy	

–  Extragalac*c	megamasers	

	



•  Moran,	Rogers	et	al.	(1967),	Davies	et	al.	(1967),	Rogers	et	al.	(1966):	
Resolving	1665	MHz	OH	features	in	W3(OH)	

•  VLBI	and	masers	have	been	connected	for	50+	years!	

The	VLBI	&	maser	connec6on	



Equilibrium	versus	maser	popula6ons	
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Due	to	brightness	temperature	limit,	suitable	to	observe:	
•  Synchrotron	emission	

•  Thermal	absorp*on	against	non-thermal	con*nuum	

•  Maser	emission	

	

Masers	are	bright	and	compact	and	VLBI	provides	the	spa*al	resolu*on	
and	imaging	capabili*es.	

Maser	VLBI	observa*ons	provides	morphology,	line-of-sight	veloci*es,	
kinema*cs,	magne*c	field	measurements	(Zeeman	spli`ng),	etc.	

What	VLBI	can	provide	



Masers	are	observed	in	star	forming	regions	evolved	stars,	supernova	
remnants,	and	in	other	galaxies	including	jets	and	circumnuclear	AGN	disks.	

	
Enviroment 	 	 	Molecule 	 	 	 	Probing	

Starforming	regions 	OH,	CH3OH,	H2O,	SiO 	 	Structure	(disks,	ouelow)	

	 	 	 	 	 	 	 	 	 	 	Astrometry,	parallaxes	
	

Evolved	stars	 			 	SiO,	H2O	 	 	 	 	O-rich	inner/outer	shell	

	 	 	 	 	OH 	 	 	 	 	 		O-rich	caps,	distance	es*mate	
	 	 	 	 	HCN 	 	 	 	 	Carbon	rich	envelopes	

	

Extragalac*c		 	 	H2O	 	 	 	 	 	Distances	
	 	 	 	 	OH,	CH3OH 	 	 	 	Structure 	 	 	 		

Observed	maser	molecules	
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SiO	pumping	

Positional differences 
expected for v=1,2 and 3 

86 GHz 43 GHz

Desmurs et al. 2014, Soria-
Ruiz et al. 2004.

VLBI 
observations 
provide the 
necessary 
spatial 
information



SiO	masers	in	AGB	stars:	density	

Model where a water line overlaps in the pumping gives better 
agreement due to little positional difference and relative line 
strengths.

v=1
v=2
v=3

A&A 565, A127 (2014)

Fig. 3. VLBA maps of SiO J = 1–0 v = 1 (in blue), v = 2 (in green), and v = 3 (in red) maser emissions from R Leo (upper left, November 13,
2009), TX Cam (upper right, January 31, 2010), U Her (lower left, April 17, 2011), and IK Tau (lower right, November 04, 2011). To ease the
comparison between the three maser lines, using the same color code, we plotted the fitting rings obtained with ODRpack for each maser transition
(see Table 2).

low number of maser clumps and their weaknesses. The radius
is almost the same for the three transitions. As already known,
the v = 2 J = 1–0 maser spots are found to be placed slightly
inward than the v = 1 emission, but with a very small di↵er-
ence that is not always detectable (as in the case of IK Tau). The
v = 3 J = 1–0 line emission is placed coincident or slightly in-
ward (one clear case is the IK Tau maps) compared to the other
two lines, again with a very small di↵erence. The spots of all
three lines are forming groups, which can in general be identi-
fied for the three lines. However, the individual spots are almost
never coincident; even if we allow some relative shift between
the di↵erent transitions, it is impossible to obtain any significant
superposition of the spots (this result was already known for the
v = 1, v = 2 lines, as seen in Sect. 1).

The most striking result is the very similar ring-like general
distribution of the three lines. This structure is quite di↵erent

Table 2. Summary of the mean radius and width (in mas) obtained for
the three transitions 28SiO v = 1, v = 2, v = 3, J = 1–0 by fitting
a ring-like brightness distribution to the observed emission using the
regression package ODRpack.

Source v = 1 v = 2 v = 3
Radius Width Radius Width Radius Width
(mas) (mas) (mas) (mas) (mas) (mas)

R Leo 30.14 0.43 28.77 1.80 indet. indet.
TX Cam 16.05 1.16 15.63 1.50 16.07 1.14
U Her 10.82 1.19 10.43 1.66 10.9 0.46
IK Tau 16.02 0.42 15.42 1.57 14.9 0.38

from that found in v = 1 J = 2–1 maps at 86 GHz, which are
also ring-like but significantly larger. Soria-Ruiz et al. (2007)
found a ring diameter in R Leo of 67 mas of v = 1 J = 2–1 (they

A127, page 4 of 7

Desmurs et al. 2014



Challenges:	Alignment	

Relative alignment between transitions as well as to the position of 
central star/object needed:

1.  Absolute astrometry using phase referencing to calibrators
2.  Matching velocity centroids of a feature to a specific position
3.  Transfer phase from one frequency/maser to another

Need: More calibrators, translating into better sensitivity (larger 
bandwidth, larger collecting area).



Challenges:	Missing	flux		

Cross correlated flux < total

Yi et al. 2005Extended maser emission?
A large set of weaker but compact features? 
Could be the effect of a clumpy, inhomogeneous medium.

=> Need improved sensitivity to line features, and a large range 
of baseline lengths.



Star	forming	regions:	Orion	BN/KL	

Issaoun et al. 2017

SiO close to the center of a young stellar object (YSO).  VLBI may 
be the best way of getting details that close to the YSO base.



Protostellar	jet:	magne6c	fields	in	W3(H2O)	

Goddi et al. 2017

B-fields through polarization and Zeeman splitting of H2O

•  Outer B-field (~1000 AU) aligned with jet

•  Inner magnetic field (~10-100AU) misaligned with motion, due to 
enhancement of perpendicular magnetic fields by the shocks which 
produce the masers.



Maser	parallaxes	

Xu et al. 2007

S 252 12 GHz CH3OH maser parallax measurements with VLBA
𝜋 = 0.476 +/- 0.006 mas 
d = 2.10 +/- 0.026 kpc 



BeSSeL	survey:	VLBA	Legacy	Program	

Reid et al. 2014; Sanna et al. 2017

•  150+ parallaxes for 
massive stars using 
CH3OH and H2O using 
VLBA, EVN and VERA

•  Trace the spiral arms 
well 
•  find the inner/bar 

region to be 
complicated



BAaDE	survey:	VLA/ALMA	+	VLBA(?)	

Sjouwerman et al. 2017, Pihlström et al in prep, Stroh et al. in prep, Quiroga-Nunez et al. 2017

SiO maser survey of 30,000+ red giant stars along Galactic Plane
•  Aim to test dynamical models of bulge and bar
•  Later part of project goal is to derive parallax distances to a subset

•  Need 0.15mas resolution for a 10% distance accuracy
=> 4600 km at 86 GHz or 9200 km at 43 GHz



H2O	Megamasers	

Reid et al. (2013), Kuo et all. (2013, 2015), Gao et al. (2015), etc.

•  Measuring SMBH 
masses

•  Deriving geometric 
distances

•  Determining H0 : 
69.3±4.2 km/s/Mpc



Distances	in	the	Local	Group:	IC10,	M33	

•  H2O masers in IC10 and M33, giving 
proper motions & space velocity 
relative to the MW

•  Two groups of masers in M33 allowed 
for comparing their proper motion to 
that expected from the rotation curve, 
giving a ‘rotational parallax’. 

•  Lower limit to M31 mass 7.5x1011 M⊙

Brunthaler, Reid, Falcke, Henkel & Menten 2007, 2005



Distances	in	the	Local	Group:	M31	

M31?
•  Radial component only

•  Proper motion perhaps 15-50µas/yr

•  No strong continuum sources, but a 
few masers

•  Not yet detected at VLBI length 
baselines

More collecting area, larger set of 
baseline lengths desired. Brunthaler et al. 2007, 2005



Summary	remarks	

Maser observations with VLBI continue to provide 
•  Details of physical conditions
•  Kinematics
•  Magnetic fields
•  Parallaxes/distances

Desirable for continued progress include
•  Higher sensitivity (line+continuum)
•  Larger range of baseline lengths

Fits in with an ngVLA with the inclusion of current VLBA 
baselines lengths


