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astronomical environments of masers-

• evolved stars (esp. envelopes of Miras and supergiants, 
but also proto planetary nebulae and planetary nebulae)

• star forming regions

and less extensively
• shells of supernova remnants
• nuclei of other galaxies (NGC4258 and others)

for summaries of the observations, e.g.,
K.-Y. Lo, ARA&Ap (2005)
W.H.T. Vlemmings,arXiv:0705.0885(2007)



(Fiebig & Gusten 1989)



ISSUES OF PARTICULAR INTEREST 
(at least in my opinion, today)

a.  do  the classic Goldreich, Keeley, & Kwan(1973) solutions for the 
case of weak Zeeman splitting really apply to astrophysical     
masers?—probably NOT!

b.  Zeeman vs non-Zeeman circular polarization and strong,   
circumstellar magnetic fields around AGB stars

c.  absence of observed Zeeman triplets of OH masers 
(esp. absence of pure π components)  and the possible    
relationship to irregularities in the interstellar gas 

(MHD  turbulence?) 



I. basics for maser polarization 

II. maser polarization in the two relevant limits

a)  Zeeman splitting << spectral linebreadth (SiO,H2O,CH3OH,some OH)
(i.e., a single spectral line for the intensity)

[esp., Zeeman vs non-Zeeman circular polarization and the 
very strong(?) magnetic fields around AGB stars)]

b) Zeeman splitting >> spectral linebreadth (OH)
( components of the Zeeman triplet are separated)

[ absence of observed Zeeman triplets (esp. pure π components)     
and irregularities in the interstellar gas (MHD turbulence?)] 

OUTLINE



Ground Rules (generally accepted?) 

•masers can be considered as linear; i.e., as long tubes with small diameters
(hence the radiation is highly beamed)

•degree of saturation R/ Γ is uncertain (but probably less than about 1-10)
R=rate for stimulated emission by maser radiation
Γ=decay rate of molecular states (collisions, IR radiative transitions)

• Zeeman splitting (frequency units) >> R, Γ (almost certainly, but …..)
----a crucial inequality because it allows polarization to be discussed in    
terms of ordinary populations of magnetic substates and ordinary rate   
equations  (which are exactly same as for thermal spectral lines)
[this avoids the need for complicated density matrix calculations since the     

magnetic field direction is the dominant “axis of symmetry”]

• Maser polarization can be discussed usefully in the idealization of  two  
(energy) levels with “phenomenological” pump rates Λ and decay rates Γ
for the molecular states.



Case  a) weak splitting

Zeeman splitting << spectral linebreadth

(a single spectral line for the intensity)

linear polarization
circular polarization



The calculation for the limit of small 
Zeeman splitting (but splitting >>R) and 

asymptotically high saturation is the 
classic result of Goldreich, Keeley & 
Kwan(1973) for Stokes Q/I shown here.
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cos(θ) cos(θ)

Goldreich,Keeley, Kwan
(high saturation limit)

finite saturation 
log(R/Γ ) indicated

J=1-0

Watson & Wyld ApJL 2002



cos(θ) cos(θ)

fractional linear polarizations for J=1-0 and J=2-1 maser transitions 

(with degree of saturation log(R/Γ) indicated) 

and it gets worse for states with higher angular momentum



Full Calculation

(arbitrary gΩ/R)
(QM density matrix 
methods)

Stokes Q,U and total 
linear polarization as a 
function of stimulated 
emission R in the weak 
splitting limit (with 
gΩ/Γ=2000)

(Nedoluha & Watson 1990; also Deguchi)

SiO masers:

Zeeman splitting gΩ=1.5B(mG)



cos(θ) cos(θ)

Goldreich,Keeley, Kwan finite saturation 
log(R/Γ ) indicated

J=1-0

Essentially all masers with weak splitting (H2O,CH3OH,OHsn) other than SiO exhibit 
little fractional linear polarization ( 10% and usually <<10%)

It is implausible that essentally all such masers have propagation angles as close to  
θ=55 degrees as required for the GKK expression to be applicable

The logical explanation is that the degree of saturation is low and the GKK solution does 
not apply



cos(θ) cos(θ)

fractional linear polarizations for J=1-0 and J=2-1 maser transitions 

(with degree of saturation log(R/Γ) indicated) 

but, fractional linear polarizations greater than 50% are observed for some J=2-1 
circumstellar SiO masers for which implausibly high saturations and magnetic fields 
are required for the Goldreich et al mechanism alone to be the cause,

Further, fractional linear are different for J=2-1 & 1-0 from same location (A. Kemball..)



…………………………………………………………………………

(and earlier papers by others, inc. WDW)

*NOTE*    The direction of the linear polarization will still be either parallel or 
perpendicular to the direction of the magnetic field when anisotropic pumping    

causes the linear polarization

anisotropy of the infrared radiation involved in the pumping
EXPLANATION:

(closely related to the observed “Goldreich-Kylafis effect”)



Example:   SiO masers around TX Cam
(illustrating directions of linear polarization J=1-0)

(Kemball et al.2007)
Note: the longest vectors correspond to 
approximately 50% linear polarization



………………………………………..

Circular

polarization

(magnetic/thermal) pressure = B2/8πnkT ≈3000 !!          
for B=10G, n=1010 cm-3 and T=1000 K

for these masers, the fractional linear polarization typically is ten percent and higher, 
and the circular fraction is only a few percent, so that we should be wary of 
mechanisms that can convert linear to circular



circular polarization
(normalized Stokes-V)
note: V proportional Bcosθ, 
for unsaturated or thermal 
lines

linear

polarizations for 
various saturations           

log(R/Γ )
(note possible correlation 

of linear and circular)

First consider circular polarization 
due to ordinary Zeeman splitting 

with effects of saturation               
(weak splitting)

(Watson & Wyld 2002;

circular: Nedoluha & WDW 1992

Linear:Western & WDW  early 80’s)



electric field of linearly 
polarized radiation

y

x

electric field of elliptically    
polarized radiation

optically anisotropic plate with  
index of refraction nx≠ny

HOWEVER, conversion of linear polarization to create 
elliptical polarization is well known in classical optics

Note: the SiO masing medium is (1) certainly anisotropic since it creates the 
highly polarized SiO maser radiation and (2) the radiation is highly linearly 
polarized. Hence, the only issue is whether there is a rotation of the optical 
axes (here, the magnetic field) within this masing gas.



opacity at a spectral line

phase velocity at the 
spectral line

optical properties of the gas at a spectral line

(for radiation with 

linear polarizations

parallel or 

perpendicular

to the magnetic field)
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circular polarization of selected maser rays from a medium 
with magnetic and velocity fields that are representative of    
turbulence

►demonstrates that profiles of Stokes V can be created by this 
“non-Zeeman” effect that are similar to the observed profiles

Wiebe & Watson ApJL 1998



What’s the observational evidence ?

(about Zeeman vs non-Zeeman circular polarization for     
circumstellar SiO masers)



(from Vlemmings et al. 2006 A&A)

It is argued that the strong magnetic fields inferred from the 
Zeeman interpretation of SiO masers are correct because they 
seem to reflect a plausible variation of B when compared with 
other data.



(from Herpin et al. 2006 A&A)

On the other hand---

fractional circular versus fractional linear polarization for 
SiO maser radiation from circumstellar gas

(single dish)
note: for “non-Zeeman” circular polarization, linear and circular would tend to be 
correlated. Herpin et al claim to find a correlation here.



Single dish----(McIntosh, Predmore & Patel 1994)

The Real Test (seemingly)
Predicted  ratio of fractional circular polarizations for  different 
transitions of SiO masers if due to Zeeman:     

mc(J=2-1)/ mc(J=1-0)=1/2

The nominal values of these ratios are generally far from the ½, but the spatial and 
spectral distributions of circumstellar SiO masers are complex.

We really need  much higher resolution----high spectral resolution VLBI (A. Kemball…)



To SUMMARIZE--Goldreich et al.(GKK) for weak Zeeman splitting

The GKK solution probably is never directly applicable!  The GKK             
formulation is applicable and is the basis for calculations.

circular polarization

GKK say nothing since they only calculate at line center where the circular 
polarization is zero.

linear polarization

The GKK solution is only for the asymptotic limit of extreme saturation and only
for isotropic pumping. 

The saturation is unlikely to be high enough that the limit is a good 
approximation.

-----observationally, for most masers with weak splitting (H2O, 
CH3OH,OH), the fractional polarization is quite small, whereas GKK predicts 
large polarization (except for a negligibly small range of angles)

------the observed polarization of some circumstellar SiO masers (J=2-1) 
would require  implausibly high saturation, and the J=2-1 and 1-0 at the same 
location are not equal . Anisotropic pumping is present.



Case b) large splitting

Zeeman splitting >> spectral linebreadth

(separate components of the Zeeman triplet)

absence of  Zeeman triplets for OH masers 
(esp., pure π components)     

and MHD turbulence? in the interstellar gas



σ σπ
J=1

J=0

mJ= +1 mJ=0 mJ= -1

mJ=0

Radiation between magnetic substates mJ for a J=1-0 transition with 
polarized σ (elliptical ┴ ) and π (linear║) components indicated.

Angular distribution of σ peaks ║ to B
π peaks ┴ to B



ordinary Zeeman triplet

observationally, only one σ component 
is usually seen at a specific location

though is some cases, pairs of σ
components can be identified from the 
same location

● ordinarily two of the three Zeeman components are suppressed, and 
the full triplet is essentially never seen

● the central π component tends to be suppressed, and is essentially 
always “contaminated” with some circular polarization in proposed 
identifications.

● The strength of the magnetic field can be inferred directly from the 
splitting in some cases, where σ pairs can be identified.

OH 18 cm “mainline” masers in interstellar gas clouds



………..

………..

Pi’s also are not present in the 
spectra of excited state 
interstellar OH masers



mechanisms that can influence the behavior of the 
Zeeman triplets of OH masers in star forming regions           

(from the literature)
1) Gradients along the line-of-sight in both the magnetic field and the 

velocity within the maser are such that the changing Zeeman shift 
cancels the changing Doppler shift for one Zeeman component, but 
not for the others (Cook 1966).

2) If the velocity change through the maser is as large as the Zeeman
splitting, the radiation will “sweep through” the Zeeman components 
and will tend to emerge with the polarization characteristics of one 
of the sigma components (Deguchi & Watson 1986)

3) The masing medium may be anisotropic with a tendency for the 
largest optical depths to be along the magnetic field where the 
sigma optical depths are greater than the pi optical depths (Gray & 
Field 1995) [due e.g., to the Goldreich/Sridhar anisotropy of MHD 
turbulence] ( Wiebe & Watson 2004)

4) Faraday rotation within the maser.

To begin to assess these mechanisms (1,2 & 3) calculations of maser radiation 
have been performed in which the velocities, magnetic fields and densities of the 
gas are given by results of numerical simulations of MHD turbulence



(Wiebe & Watson ApJ 2007)

Anisotropy of velocity gradients and optical depths in an MHD turbulent  gas        
(example calculation)



map of maser radiation from an MHD turbulent gas                
with “large” Zeeman splitting       

(representative unsaturated calculation)

(Watson, Wiebe, McKinney & Gammie ApJ 2004)



summary: KEY POINTS
The straightforward Zeeman interpretation of the circular 

polarization of the circumstellar SiO masers which leads to 
magnetic fields near 10G and greater is more uncertain than 
generally acknowledged.

The high linear polarization of these masers is probably due to 
anisotropies in the infrared pumping radiation, and not to the 
“magnetic mechanism” alone of Goldreich, Keeley & Kwan. In 
fact, the classic result of Goldreich et al. for masers with weak 
Zeeman splitting probably is not directly relevant for any
astrophysical masers.

The behavior of the Zeeman triplets of the OH masers in star 
forming clouds probably is a consequence of irregularities in the 
velocity and magnetic fields of the gas. A more quantitative 
understanding may provide evidence about the MHD nature of 
the gas.



Polarization characteristics for 
maser radiation when the rate for 
stimulated emission approaches 
the Zeeman frequency
Γ=5 s-1,J=1-0 and magnetic moment 
for SiO masers

Nedoluha & Watson 1994



(from Sarma et al. 2001 fit to data of Sarma,Troland…)

Other evidence that masers are not highly saturated comes from line profiles

Many such maser profiles are very good Gaussians (H2O,CH3OH,OH and 
also are narrower than expected for high saturation)

example--



log (degree of saturation)

[ degree of saturation = R/Γ]

properties of the spectral line shape of an “ideal” astrophysical maser

There are two regimes 
where a maser profile 
can be a good 
Gaussian—

1) highly saturated             
but also                          
2) weakly saturated

(not widely recognized)



WHY  MASERS

masers have narrow spectral lines, very small
angular dimensions, and very high surface
brightness

hence, they can be studied with high resolution
using interferometry, especially VLBI.

Conveniently---they often exhibit circular and linear 
polarization.


