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A B S T R A C T . Observations of circular polarization of molecular masers associated with 
late type giant and supergiant stars can be used to estimate the magnetic field strength 
in the masing region. Magnet ic field strengths of ~ 5 m G are deduced for O H masers in 
circumstellar envelopes at distances of ~ 10 1 6 cm from the star, and magnetic field strengths 
of ~ 50 G are deduced for SiO masers that reside above the photosphere. Extrapolation 
to the stellar photosphere suggests that average surface magnetic fields are on the order of 
10 3 G . 

1. Introduction 

Magnet ic fields have been detected in only a few classes of stars. T h e most detailed 

measurements, of course, are for the Sun—a G 2 V star which has localized regions of ~ 10 3 G 

fields that cover about 1% of the surface. Late G - and K - t y p e dwarf stars have magnetic 

fields of strength comparable to the Sun, but with surface coverages of about 50% (Marcy 

1984). T h e strongest magnetic fields are 10 3 104 G , measured for stars of spectral type A p 

and Bp (e.g., Borra et al. 1982). Indirect indications of stellar magnetic fields can be found 

for d M e and RS C V n stars, where cyclotron and other non-thermal emission mechanisms 

that require magnetic fields are thought to operate. 

Stellar magnetic fields can be directly measured by observations of the Zeeman effect in 

spectral lines. If the magnetic field is large enough to split the Zeeman components by more 

than a line width, one can deduce a magnetic field strength. If the splitting is less than 

the line width, a detection of the characteristic "S-shaped" spectral signature in circular 

polarization yields an estimate of the longitudinal component of the magnetic field. Molecular 

material in the expanding envelopes of late-type giant and supergiant stars is observed to 

exhibit maser action (e.g., Reid and Moran 1981). T h e molecular species known to mase 

include O H (hydroxy l ) , H 2 0 , and SiO. T h e Zeeman effect has been detected for O H and 

SiO masers, and observers are attempting to detect the effect for H 2 0 masers. 

2. Stellar M a s e r s 

Stellar masers are associated with (1 ) long period variable stars (usually Mi ra variables) 

wi th periods of ~ 400 days and (2 ) M - t y p e semi-regular variables and supergiants often 

wi th much longer periods. Copious emission and absorption lines are seen at optical and 

infrared wavelengths toward these cool stars ( T ~ 2000 K ) . Systems of absorption lines are 

found red- and blue-shifted with respect to the stellar velocity (Re id and Dickinson 1976); 

these lines are believed to originate in a dynamically complex region in or just above the 
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stellar photosphere that contains outflowing and infailing material (e.g., Wil lson and Hill 
1979). Beyond this region, at a distance of ~ 10 stellar radii, is a quasi-stationary region 
at a temperature of » 800 K , which serves as a reservoir for inf ailing material as well as 
a site for the formation of dust grains (Hinkle et al. 1982). Once formed, the grains are 
accelerated by radiation pressure, they collide with gas-phase molecules, and the outwardly 
moving material forms an extended circumstellar envelope. 

O H , H 2 0 , and SiO masers also are found toward these stars. The O H masers are in 
the ground-state and do not require high temperatures to excite the molecules. However, 
H2O and SiO masers are from excited rotational-vibrational states that are 600 Κ (for the 
H 2 0 6i6 - 5 2 3 transition) and 1800 Κ (for the SiO t; = 1, Δ J = 1 transitions) above the 
ground state. Thus, these species mase in regions closer to the stellar surface than the O H 
masers. T h e SiO maser emission appears to come from both the "stationary" region, at a 
radial distance of 10 1 5 cm from the center of the star, and from the inf ailing material near 
the photosphere. H 2 0 maser emission might also occur in these regions as well as from the 
inner portions of the expanding circumstellar envelope. T h e double-peaked 1612 M H z O H 
maser emission originates at the greatest distance from the central star. 

2.1 O H M A S E R S 

T h e O H maser emission occurs in a thick shell and the most intense emission arises 
from caps on the front (approaching) and back (receding) sides of the envelope (Re id et al. 

1977; Booth et al. 1981). The 1612 M H z O H maser emission typically comes from radial 
distances from the central star ( R m < M e r ) of 8 χ 10 1 5 cm for Mi ra variables and 5 χ 10 1 6 cm 
for the supergiants and optically unidentified stars (Schultz et al. 1978). 

For magnetic fields greater than about 1 m G , the Zeeman splitting is greater than 
the maser line-width and oppositely polarized σ-components can be directly observed. 
Measurement of the frequency difference between σ-components can, in principle, 
determine a magnetic field strength, B m a e e r , in the masing region. However, the 1612 
M H z O H masers are usually only slightly polarized since ( 1 ) they are formed at great 
distances from the central star in regions of the low magnetic field strength and ( 2 ) the 
1612 M H z masers have a large number of components and spectral overlap of oppositely 
polarized components may significantly reduce the observed polarization. Indeed, when 
observed wi th high spectral resolution (e.g., 100 H z ) , supergiant 1612 M H z masers show 
more polarization than when observed at lower resolution, suggesting B m a e e r ~ 2 m G (Cohen 
et al. 1987). In two stars ( U Ori and IRC+10420) strong circular polarization has been 
detected, indicating B m a e c r values of up to 10 m G (Reid et al. 1979). 

2.2 SiO M A S E R S 

SiO masers are seen predominantly in excited vibrational levels, wi th the strongest 
masers in the υ = 1 state. Since even this lowest excited vibrational state is about 1800 Κ 
above the ground state, SiO masers are likely to originate close to the central star. V L B I 
maps by Moran et al. (1979) indicate a spread in the maser spots, and hence an estimate 
for Rmaser , of ~ 10 1 4 cm for R Cas (a M i r a ) and ~ 10 1 5 cm for V X Sgr (a supergiant). 

Barvainis, Mcintosh and Predmore (1987) detected circular polarization from three 
Mi ra variables ( R Leo , W Hya, and R Cas) and two supergiants ( V Y C M a and V X Sgr ) . 
Unlike the O H masers in which m G fields split the lines by more than the line width, the 
Zeeman splitting for SiO is less than a line width for fields less than ~ 10 3 G . In this case 
the amplitude of the "S-shaped" Stokes-V spectrum is used to estimate the longitudinal 

component of the magnetic field. Assuming a magnetic field direction 45° from the line of 
sight, values of B m a e c r » 30 G for the Mira variables and » 70 G for the supergiants are 
estimated. 
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2.3 H 2 0 M A S E R S 

There are no published detections of circular polarization of H 2 0 masers (Barvainis 

and Deguchi 1989, Moran private communication). Upper limits for magnetic field strengths 

are 5 and 0.5 G in the maser region for Mi ra variables and sup er giants, respectively. T h e 

radial distance of the H 2 0 maser region is not well determined, but probably lies between 

the SiO and O H maser regions at ~ 10 1 5 cm from the star. 

3. Stellar Magnet i c Field 

T h e average magnetic field at the surface of the star, Β* , can be extrapolated from the 

field measured in the masing region inward to the stellar radius, R* . Assuming the field 

strength varies as a power of the distance from the star wi th some exponent, a, then 

B . = B, 
R (1)· 

Because the radial structure of the magnetic field in the circumstellar envelope is not 

known, the exponent a is uncertain and stellar fields deduced from Eq. ( 1 ) are only order-

of-magnitude estimates. Reid et al. (1979) first proposed the use of Eq. ( 1 ) t o estimate 

surface magnetic field strengths from maser data. They assumed a = 2 and Zeeman splitting 

measurements of O H maser lines to estimate surface magnetic fields of ~ 10 2 and ~ 10 3 G 

for U Ori (a M i r a ) and IRC+10420 (an unusual F-type supergiant), respectively. 
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Figure 1. Magnet ic field strength, B , as a function of distance, R , from the center of a star 

wi th circumstellar maser emission. 
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Figure 1 displays a plot of the magnetic field strength, B , in the masing regions as a 

function of distance, R , from the center of the star. T h e range in the SiO and O H maser 

data are indicated schematically by quadrilaterals for each masing species. T h e H 2 0 maser 

results are upper limits. Whi le we have mixed data for all stellar masers, in general, Mi ra 

variables have R values that lie at the lower end of the plotted ranges, while super giant 

values lie at the upper end of the plotted ranges. W e have also indicated ranges of stellar 

photospheric radii by the vertical dashed lines, noting that Mi ra variables tend to be smaller 

than supergiants. T h e sloping dashed lines indicate possible power law exponents (a). T h e 

recent measurements of circular polarization of SiO masers indicate that a is between 2 and 

3 and greatly improves the accuracy of the extrapolated surface magnetic field strengths. 

W e conclude that Mi ra variables and supergiants with circumstellar maser emission have 

mean surface magnetic field strengths on the order of 10 3 G . 

4. Closing Comments 

Whi le giant and supergiant stars with circumstellar maser emission are of late spectral type 

( M - t y p e ) , there is one example of an F - t y p e supergiant wi th maser emission, IRC+10420 . 

Perhaps IRC+10420 has a fossil circumstellar shell from an earlier M - t y p e phase (Mute l et 

al. 1979). Thus, we now have magnetic field measurements for a wide range of types of stars 

including some red giants and supergiants, the A p / B p magnetic stars, the Sun, and some 

late G - and K - t y p e dwarf stars. It is interesting to note that all of these types of stars, 

whether hot or cool or giant or dwarf, seem to have kilo-Gauss fields that cover a portion 

of the stellar photosphere. Whether this is an observationally selected result (since stellar 

magnetic fields less than 100 G are difficult to detect) or has some physical significance 

remains to be determined. 
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P A R K E R : I su spec t t h a t t h e g e n e r a l 1 0 3 G t h a t y o u f i n d f o r most s t a r s 
r e p r e s e n t s a p p r o x i m a t e e q u a l i t y b e t w e e n Β 2 / 8 π and t h e p h o t o s p h e r i c g a s 
p r e s s u r e w h i c h b r i n g s me t o my q u e s t i o n . I n w a r d e x t r a p o l a t i o n o f y o u r 
m a g n e t i c f i e l d m e a s u r e m e n t s s u g g e s t s 1 0 * - 1 0 5 G a t t h e p h o t o s p h e r e . T h a t 
w o u l d be t r u l y amaz ing , and one w o u l d f e e l c o m p e l l e d t o e x t r a p o l a t e 
f a r t h e r i n w a r d t o more s u b s t a n t i a l m a t e r i a l d e n s i t i e s . I am f a s c i n a t e d b y 
t h e p o s s i b i l i t y o f such i n t e n s e f i e l d s . 

REID: T h e p l o t o f m a g n e t i c f i e l d s t r e n g t h v e r s u s d i s t a n c e from t h e 
c e n t e r o f t h e s t a r g i v e s t h e e x t r e m e r a n g e s o f p a r a m e t e r s from a v a r i e t y 
o f s t a r s , i n c l u d i n g g i a n t s and s u p e r g i a n t s . T h e s u p e r g i a n t s g e n e r a l l y h a v e 
l a r g e r m a g n e t i c f i e l d s , bu t c o r r e s p o n d i n g l y l a r g e r p h y s i c a l d imens ions , so 
t h e i r p h o t o s p h e r i c f i e l d s a r e n o t l i k e l y t o be as h i g h as y o u e x t r a p o l a t e . 

S P A N G L E R : Y o u r r e s u l t s i n d i c a t e f i e l d s o f a b o u t 1 0 3 G in a l l o b j e c t s . 
Such f i e l d s must be h i g h l y i n h o m o g e n e o u s , or c h o s e n b y s e l e c t i o n e f f e c t s , 
s i n c e t h e f i e l d s i n f e r r e d from n o n t h e r m a l r a d i a t i o n o f RS CVn s t a r s a r e 
c o n s i d e r a b l y l o w e r , s a y 1 0 - 1 0 0 G. 

REID: C e r t a i n l y s t e l l a r m a g n e t i c f i e l d s a re o n l y d e t e c t e d i f t h e y a re 

g r e a t e r t h a n 10 t o 100 G, and m a n y s t a r s f a l l b e l o w t h e s e l i m i t s . H o w -

e v e r , t h e o b s e r v a t i o n s o f t h e Sun and o f Κ s t a r s s u g g e s t t h a t , in s t a r s 

w i t h d i sk a v e r a g e d f i e l d s l e s s t h a n - 1 0 2 G, l o c a l f i e l d s can s t i l l e x c e e d 

1 0 3 G bu t w i t h l o w f i l l i n g f a c t o r s . 

R U Z M A I K I N : What can y o u s a y abou t c o n v e c t i o n and r o t a t i o n in s u p e r -

g i a n t s t a r s t o g e n e r a t e t h e s e m a g n e t i c f i e l d s ? 

REID: O p t i c a l e v i d e n c e s u g g e s t s a smal l number o f v e r y l a r g e c o n v e c t i v e 
c e l l s and s l o w r o t a t i o n in Mira v a r i a b l e s . O b s e r v a t i o n s o f OH masers do 
n o t f i n d s i g n i f i c a n t e v i d e n c e f o r r o t a t i o n ( i . e . r o t a t i o n s p e e d s έ 10 km/s 
in t h e e x p a n d i n g c i r c u m s t e l l a r e n v e l o p e ) . T h e p o s s i b i l i t y o f d e t e c t i n g 
b o t h c o n v e c t i v e and r o t a t i n g mo t ion i s b e s t f o r SiO mase r s us ing t h e 
V L B A . 

PISMIS: I l i k e t o ask y o u a b o u t t h e l i f e t i m e o f t h e mase r s ( H 2 0 , OH) 
w i t h i n t h e e x t e n d e d a t m o s p h e r e o f t h e g i a n t s t a r s and o f m a g n e t i c 
p h e n o m e n a a s s o c i a t e d w i t h them. My i n t e r e s t s t ems f rom t h e f a c t t h a t 
p l a n e t a r y n e b u l a e a r e b e l i e v e d t o o r i g i n a t e from t h e d e t a c h m e n t o f t h e 
e x t e n d e d a t m o s p h e r e o f e v o l v e d g i a n t s t a r s . Would p l a n e t a r i e s s t i l l show 
mase r s i f t h e y h a v e a g e s of, s a y , 1 0 4 y e a r s ? 

REID: S ta r s w i t h S iO, H 2 0 , and OH mase r s m a y be p r e c u r s o r s t o 
p l a n e t a r y n e b u l a e . H o w e v e r , t o my k n o w l e d g e no p l a n e t a r i e s h a v e 
a s s o c i a t e d maser emi s s ion . P o s s i b l y t h e c o n d i t i o n s r e q u i r e d fo r mase r 
a c t i v i t y do n o t e x i s t in t h e p l a n e t a r y p h a s e . 

FEDORENKO: T h e r e e x i s t s an i n t e r e s t i n g r e l a t i o n s h i p b e t w e e n y o u r 
r e s u l t s on t h e m a g n e t i c f i e l d s a t r - 1 0 1 6 cm from t h e r e d g i a n t s , n a m e l y 
f i e l d s Β ~ 100 G a re j u s t w h a t i s r e q u i r e d in t h e mode l s o f t h e r a d i o 
s u p e r n o v a e , e x p l o d i n g i n t o t h e c i r c u m s t e l l a r c a v i t i e s . 
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