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Electro-magnetic waves
are polarized

® E/M waves have
direction,
amplitude,
frequency and
polarization

Poynting vector

S = c/4n (E x H) (MD
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QOutline of lecture

® Polarization - what is it?

® How is it described

® Origins of polarized light

® How is it important to astrophysics

® How is it measured
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Polarized waves: linear

E = E,cos(wt — kz)x
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Polarized waves: linear

E = E;cos(wt — kz)z E = Eycos(wt — kz)y

W
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..at any angle

E = E,cos(wt — kz)z
+ Ly cos(wt — kz)y
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or Circular - LCP RCP

Right




or Circular - LCP RCP

Right

E = Fcos(wt — kz)z
+ Esin(wt — kz)y




or Circular - LCP RCP

Right

E = Fcos(wt — kz)z
.

+ E cos(wt — kz — g)g
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or Circular - LCP RCP

Left Right

E = Fcos(wt — kz)z E = Fcos(wt — kz)z
+ Ecos(wt — kz + g)g + Ecos(wt — kz — g)g
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IEEE Standard 211, 1969

right-hand polarized wave: A circularly or an elliptically polarized electromagnetic wave for which the
electric field vector, when viewed with the wave approaching the observer, rotates counter-clockwise in

space. Notes: 1. This definition 1s consistent with observing a clockwise rotation when the electric field vec-
tor 1s viewed 1n the direction of propagation. 2. A right-handed helical antenna radiates a right-hand polar-

1zed wave.

|JAU resolution, 1973

8. POLARIZATION DEFINITIONS

A working Group chaired by Westerhout was convened to discuss the definition of polarization
brightness temperatures used in the description of polarized extended objects and the galactic
background. The following resolution was adopted by Commissions 25 and 40: ‘RESOLVED,
that the frame of reference for the Stokes parameters is that of Right Ascension and Declination
with the position angle of electric-vector maximum, 8, starting from North and increasing through
East. Elliptical polarization is defined in conformity with the definitions of the Institute of Electrical
and Electronics Engineers (IEEE Standard 211, 1969). This means that the polarization of incoming
radiation, for which the position angle, 6, of the electric vector, measured at a fixed point i space,

increases with time, is described as right-handed and positive.’
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Linear as sum of
circulars




Linear as sum of
circulars




Other combinations

® The sum of two circular waves of unequal
amplitude will have elliptical polarization.

® The sum of two orthogonal linears with
phase difference 0 < 0 < /2 will also have
elliptical polarization.
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Polarization ellipse

Ex. ® tan()(:Ey/Ex
7
QO e fan 2y =1tan 2o cos 9o
"""""" X . % F
h ® sin2y =sin 2o sind
a Y
R % ® 1 is the position angle
e v is the ellipticity
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Stokes description

® Defined by George Stokes in
1852

® Adopted for astronomy by
Chandrasehkar (1949) in the
solution of radiative transfer
problems.
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Stokes parameters

] — EC% + Eg ® For moT\ochrc.>matic waves
9 9 ® |:total intensity
Q — E:zj — Ey e Q:linear
U = 2E;FEycos(0) e U:linear
V = 2E,Eysin(s)  ® Vidrhr
o |- =Q +U~+V
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Stokes parameters

] — E2 4 E2 ® For monochromatic waves
v Eg EIQ/ ® |:total intensity
— MR L ® Q:linear
() = 2EpET 608(5) e U :linear
: ® V :circular
U = 2ERpErsm(d)  , e L ey




Linear: Q and U




Linear: Q and U

g

<0




The Poincare sphere




The Poincare sphere
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Partial polarization

® Two monochromatic signals
summed:

e different frequencies

e different polarization ellipses

W
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Partial polarization

o ® Two monochromatic signals
summed:

e different frequencies

e different polarization ellipses

W
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Pancharatnam’s

extension
V ———_——
® Radius represents |
‘ ¢ S=(QUV)
oN N-Q e [5]21
! e Unpolarized radiation (I - S)
at centre .
V—o

W
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Stokes parameters

o ) ) ® For finite bandwidth radiation
= <E5§> + <Ey2 ® |:total intensity
Q — <E3;> — <Ey> ® Q:linear
U — 2<E£Ey COS(5)> e U :linear
. ® V :circular
V = 2<EZL’Ey Slﬂ(5)> o 2 > Q2+ U2+V2
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Polarized light




Polarized light

® | oss of symmetry




Polarized light

® | oss of symmetry

® Polarized radiation




Polarized light

® | oss of symmetry
® Polarized radiation

® Polarization-dependent propagation

: il
® reflection i

J
)
413

® scattering

® birefringence
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Scattering

"radial" component of ®

Light from the day time
sky is sun light “Rayleigh
scattered” by molecules
in the atmosphere.

electron motion

"radial" component of

Scattering Volume

incident electric field

® Sky light is polarized,
maximally at 90 degrees
"radial” component of to the sun.

scattered electric field

® The CMB is expected to

V' Obactvee be partially polarized
because of Thompson
scattering
20 CSIRO
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Birefringence

Birefringence occurs when light passes
through anisotropic material whose refractive
index differs for the two polarization modes.

Calcite Crystal
Birefringence

Linear modes Circular modes
birefringent birefringent @{m
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Zeeman

WS1C (2-b) Bg = 2.5 + 0.2 mG
i T " T T T
ud B i
o |
= B .
I line profiles =
Stokes =R + L
Zeaman Effect E 2
v
3
Aloms and moleculas with a nel magnebe moment will - -y ‘E ; B .
have their energy levels split in the presence of a I=RCP+ LCP =
magnetic hekd. X
[ — L
= HI, OH, CN, H.O -
" b ,
=
= Detected by observing the requency shift between - v
rght and left arculardy polarized emession RGP LCP | —*
= V¥ =RCP— LCP =B N -y | P .
N4 R e * oyt b
V = RCP — LCP _ -~ [
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Synchrotron




Synchrotron




Synchrotron




Faraday rotation




Faraday rotation

Magnetised plasmas are birefringent: the two circular modes
have refractive index dependent on the parallel component
of the magnetic field, the electron density, and the wave
frequency.

The relative phase of the two modes changes along the
propagation path, and so does the position angle P of the
resultant linearly polarized radiation.

W = RM \2
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Faraday rotation

Magnetised plasmas are birefringent: the two circular modes
have refractive index dependent on the parallel component
of the magnetic field, the electron density, and the wave
frequency.

The relative phase of the two modes changes along the
propagation path, and so does the position angle P of the
resultant linearly polarized radiation.

W = RM \2

3

il il
RMT) — i / neB ds = 2.62 x 10713 / n.B ds,

2 2 3
Bmeggmec’ Sy 0 m
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How is it measured!?




How is it measured!?




How is it measured!?




How is it measured!?




Imaging

e |,Q,UandV are equivalent for aperture
synthesis imaging, but for the possibility
(certainty) of negative Q, U,V.

® Ve can define and measure visibilities for
each of the Stokes quantities: for antennas

pandq: <Ex2> = <ExpExq> ’
(Ex E\) = (ExpEyq) ,etc
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Mars at 22GHz

Plot file version 3 created 09-FEB-2006 11:02:19
MARS IPOL 22460.100 MHZ MARS-K.ICLDOD1.4
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0249 13.2 13.0 128 12.6 124 12.2 12.0
RIGHT ASCENSION
Peak contour flux = 9.9738E-01 JY/BEAM
Levs = 9.974E-03 * (-0.250, D250, 0.500, 1, 2,
5, 10, 20, 30, 50, 70, 90)

credit: Myers/Perley, NRAO
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Mars at 22GHz
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Why is it so difficult?

® Depolarization leads to weak signals
® Conceptual difficulties - it is complicated

® |nstrumental effects can be significant and
difficult to separate from the signal

28 CSIRO
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Instrumental
imperfections

® |eakage - a little Ex detected in y-feed, ...

® phase errors (in general, complex gain
variations)

® polarization response varies within the
beam

29 CSIRO




Jones calculus

Vx i Rec \Zi




Jones calculus




Mueller calculus

n Rec
< O
Measured o 3
visibilities =
8 Rec
Ugjgj a ~ I
= |4 x4 matrix Q
Uyx U
OUyy _ , |4
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Polarisation

a tutorial by
V. Radhakrishnan
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