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SOME POLARIGENIC OPACITIES  
IN THE CONTINUUM 

v  NON-MAGNETIC 

v  electron scattering 

v  Rayleigh scattering 

v  dust scattering 

v  MAGNETIC 

v  synchroton emission 

v  cyclotron emission 

v  Faraday rotation 

The main focus of this contribution will be on the use of  
polarization as a probe of geometry in unresolved sources 



Polarized Light
•  Four Stokes parameters are used to 

describe the polarization properties 
of radiation: 

 
²  Total intensity I 
²  Linear polarization Q and U 
²  Circular polarization V 

•  Ignoring circular, the net linear 
polarization and position angle are: 

p = Q2 +U 2

I

tan2ψ =
U
Q



Dipole Scattering Polarization	

v  Incident unpolarized radiation 

from left

v  Forward/rearward scattered 
light is unpolarized (and 
relatively bright)

v  Scattering through a right 
angle is 100% polarized (but 
relatively fainter)

v  Partial polarization and 
intermediate brightnesses 
result for other scattering 
angles





Some Linear Polarization Diagnostics for 
Unresolved Sources 	


v  Net linear polarization of 
an unresolved source is 
evidence of asymmetric 
geometry or illumination

v  Inferred geometry not 
generally unique (“blob” 
versus “hole”; density 
enhancement vs deficit)

v  Complication:  ISM 
polarization

v  Polarimetric variability is 
intrinsic to source, and 
not interstellar

more
less

p = 0%

p is not zero because of obscuration



Variable 
Polarization	


(Davies et al. 2006)!

Stationary!

Orbital!

Stochastic!

 

Stationary:  
•  changes in optical 

depth 
•  changes in shape 

(fixed axis) 
Orbital: 
•  changes in a 

reference axis (binary 
effects or oblique 
rotator effects) 

Stochastic: 
•  even if spherically 

symmetric in time 
average, end up with 
scatter plot in Q-U 



Brown & McLean 
Theory	


p = τ 1−3γ( ) sin2 i

v  Brown & McLean (1977):  For 
axisymmetric envelopes with 
thin dipole scattering, the 
polarization for an unresolved 
source depends on
v  Overall optical depth
v  Shape factor
v  Viewing inclination

v  True for ANY axisymmetric 
envelope; not just top-bottom 
symmetric (e.g., a wine bottle)



(Li et al. 2000, 2009; !
Davies et al 2007)!

Brown & McLean “Building Block” Constructions:  
Clumps in a Stellar Wind	


(Drop to zero at r = R* results from  
finite star depolarization effect) 

(Curves for clumps of  
different initial ρ0) 



Clumpy Wind Variable Polarization	

v  Simple model of identical clumps 

(ΔΩ, Δr) injected into the wind with 
a spread of time intervals and in 
random directions

v  Solid circle is the time-averaged 
polarization



v  Dashed circles are offsets by the 
standard deviation

v  In time average, <Q> ≈ <U> ≈ 0, 
but <p> ≠ 0 (because p has the 
form of a dispersion).

p =
1
N

Qi
2 + Ui

2∑∑
ftot



Brown & McLean “Building Block” Constructions:  
Corotating Interaction Region (CIR)	


v  A Corotating Interaction Region (CIR) is a spiral structure that threads a 
wind and corotates with the star.

v  If the wind driving is a central force, can derive an equation of motion
v  Model Assumptions:

v  Assume cross-section of spiral is circular and normal to the radial vector 

v  Cross-section assumed to be of constant solid angle

v  Apply Brown & McLean with a radius-dependent azimuthal “phase lag” as 
given by the geometry of the spiral

!

u = R* / r
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Q-U Plots for CIR Polarization	


(Ignace et al. 2007)!

Illustration of how the pitch angle of  
the spiral is controlled by the ratio of  

terminal speed to rotation speed 



Brown & McLean “Building Block” Constructions:  
Oblique Rotators	


v  An oblique rotator involves a spin axis and some other relevant axis that 
is inclined to it.

v  Example:  stars with a magnetic axis inclined at β to the spin axis.
v  For an axisymmetric, thin scattering envelope with symmetry axis tilted 

to the spin axis, Brown & McLean can be used to determine the phase-
dependent polarimetric variability, with φaxis(t) = ωt.
v  The viewing inclination of the spin axis is fixed at i0
v  The viewing inclination of the symmetry axis changes periodically with i(t)

!

q∝ sin2 i(t) cos2ψ(t)
u∝ sin2 i(t) sin2ψ(t)

"
#
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and
sin icosψ = sinβ sinϕ
sin isinψ = cosβ sin i0 − cosi0 sinβ cosϕ
"
#
%



Brown & McLean “Building Block” Constructions:  
Circumstellar Polariation from a Starspot	


v  Seeking an estimate for polarization from anisotropic 
illumination (instead of asymmetric envelope).

v  Consider a spot on a star that is surrounded by a spherical 
scattering envelope.

v  Point star approximation:  star is a “beacon” of differential 
illumination relative to the photosphere (since otherwise, a 
spherical envelope would yield zero net polarization)!

pS = 2
IS − I phot

I phot +δ (IS − I phot )
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×τ env 1−3δ + 2δ
2( )sin2 iS (t)

δ =ΩS / 4π
qS = pS cos2ψS (t)
uS = pS sin2ψS (t)



“Beacon” Spot Approach


v  A model of stochastic starpots 
over a 10 year span

v  Star rotates with Prot = 1.6 years 
(perhaps appropriate for a star 
like Betelgeuse)

v  Spots are randomly placed (with 
a size distribution) and have a 
brightness following a gaussian 
time profile with σ = 0.3Ppulse 
and Ispot/Istar = 1.5 at peak 

v  Note that B&M indicates a 
maximum effect for δ = 0.22

v  Average of 4 spots per year (on 
average, there is 1 spot always 
in view)

v  Top is i = 30 degs; bottom is for 
i = 60 degs



Polarization from �
Evolved, Pulsating Stars

v  Shown are R Leo (semi-regular variable) and Mira�

v  Red are data from the literature; blue for HPOL; light 
curve from AASVO�



Polarization from a Spotty Atmosphere
v  Using a grey atmosphere model from Harrington (1970); 

his “second approximation”, which amounts to the last two 
scatterings.�

v  Model does allow for both scattering and absorptive 
opacity; here pure scattering is considered for illustrative 
results.�

v  A model of “bright spots” (i.e., convective cells) are 
considered.  �

v  Spots appear randomly on the star, and peak at random 
times, with a temperature differential with respect to 
the photosphere that is characterized by a Gaussian 
response.�



•  This model is for a star 
of T = 3000 K with 
“spots” that are 20% 
hotter at peak 

•  There are 300 spots for 
100 time units 

•  Each spot has σ = 0.3 
and half opening 
angle of 35 degs (10% 
of surface area) 

•  Even with occultation, 
there is typically a 
spot that is viewable at 
all times. 

 
•  Star does not rotate 



•  Right upper shows 
averaged HPOL band 
polarizations. 

•  Linear fits to the averages 
in the log yield power-law 
exponents in the range of 
-1 to -3. 

•  Using our model for dipole 
scattering, a grey 
atmosphere, and a Planck 
function, a power-law 
exponent of -1.2 is found. 

•  As an aside, V CVn shown 
lower right with constant 
position angle over 4 
decades and high 
polarization at 6% 



Digression:  Anatomy of Polarization from 
Gravitational Microlensing	


Ray deflections by a point lens

For source transits, signal arises
from effects of differential magnfication

(The dot tracks the lens position)



Tracing Cavity Extent	


•  Models with inner “cavities” of scattering opacity.
•  Motivated by the idea of a dust condensation radius that is offset 

from the stellar photosphere in red giants.  
•  Right side shows different “hole” radii, Rh.
•  Only optically thin dipole scattering considered here.

(Simmons et al 2002)!



Faraday 
Rotation and 

Magnetism

φ = RM ×λ 2

~ RM ×ν −2

(An example) 



Bubble Considerations
v  A consideration of bubbles as creating 

“perturbations” of polarization PA (or RM) against an 
otherwise (relatively) constant backdrop of linear 
polarization.�

v  Bubbles can be used to probe circumstellar and 
interstellar magnetism and their interactions�

v  Example “bubbles”: �
v  Planetary nebulae (Pne)�
v  Supernova remnants (SNRs)�
v  HII regions�
v  Stellar tails/wakes�
v  Star cluster tails/wakes�



Swept Up Azimuthal Field in 
a Wind-Blown Bubble

v  Bubbles with field-free “cavities” of 25%, 
50%, and 75% of the bubble radius. 

v  Double arcs track inner radius as a 
consequence of a rapidly varying path 
length through the magnetized shell for 
sightlines near tangency to the cavity. 

v  Morphology independent of inclination, 
but amplitude of PA scales like sin i 

(Ignace & Pingel 2013)
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Magnetic Fields in �
Swept-Up Shells

Whiting et al (2009) introduced a simplified 
model of the swept-up shell of an HII region: 
   
•  B=0 for the inner cavity r < R1 
•  uniform ISM field outside bubble, r > R2  
•  a shell with density and field as a function 

of shock strength ζ. 



The Rosette Nebula

•  Savage et al (2013) 
studied Faraday rotation 
for the Rosette Nebula 

•  Upper right is a negative 
image of the HII region 
surrounding the star 
cluster NGC 2244 

•  Points show sightlines to 
background polarized 
sources used for the 
Faraday rotation analysis. 

•  Lower is an illustrative 
model of RM versus 
impact parameter 
overplotted with data from 
the Rosette. 

– 6 –

Fig. 1.— A mosaic of the Rosette Nebula compiled from the Palomar Sky Survey II. The
interior sources whose lines of sight pass through, or close to, the visible nebula are la-
beled with the prefix of “I” (blue dots). The exterior sources whose lines of sight are well
outside the visible nebula are labeled with the prefix of “O” (red dots). [The Second Palo-
mar Observatory Sky Survey (POSS-II) was made by the California Institute of Technology with funds
from the National Science Foundation, the National Geographic Society, the Sloan Foundation, the Samuel
Oschin Foundation, and the Eastman Kodak Corporation. The STScI Digitized Sky Survey can be found at
[http: //stdatu.stsci.edu/cgi!bin/dssform.]

The sources were chosen from the NVSS, or the NRAO VLA Sky Survey, which covers the
entire sky north of declination -40! at 1.4 GHz (Condon et al. 1998). We also observed
four calibrators, 3C286, J0632+1022, J0643+0857, and 3C138. The calibrator 3C286 is

commonly used for absolute calibration of the visibility amplitudes because it has a well



For a spherical bubble with a uniform magnetic field and 
constant density, the PA rotation is trivial. 
 
 
 
 
 
The presence of  a random field creates deviations from 
this simple result. 
Considering that at different scales for the random 
component, (a) the field gets weaker and (b) the field is 
always randomly oriented, then it is mainly the strongest 
fields at the largest scales that tend to produce deviations 
from the uniform field case. 

Δψ ~ µ0B0 ×2z(ϖ )

where z = R2 −ϖ 2

Deviations for a “Trivial” Bubble



Results for Ionized Bubbles
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Building a Baseline for Analysis

Δψ ~ R2 −ϖ 2

dN
dΔψ

~ϖ dϖ
Δψ

~ Δψ

•  What does an observer do 
with a map of  PA values 
across the face of  a 
projected bubble?  Perhaps a 
histogram for the incidence    
dN/Δψ vs Δψ.  

•  Take the case of  the 
uniform field as a baseline 
of  reference : 



�
(Due to time, some omissions from this talk:  polarization 
from bow shocks, and variable polarization from binaries 

ala Brown, McLean, & Emslie 1978) 
 

 
Thank you!�

�
Questions?�

�



