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Reading list

@ Born & Wolf Principles of optics

@ Thompson, Moran & Swenson Interferometry and Synthesis in
Radio Astronomy

@ Taylor, Carilli & Perley Synthesis Imaging in Radio Astronomy Il

@ Bracewell The Fourier Transform & Its Applications

@ Hamaker, Bregman & Sault Understanding radio polarimetry:
paper 1(1996)

@ Sault, Hamaker& Bregman paper /1/(1996)

@ Hamaker & Bregman paper I/ (1996)

@ Hamaker paper IV (2000)

@ Hamaker paper V (2006)

@ Brentjens & de Bruyn Faraday rotation measure synthesis (2005)
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Outline

0 EM wave physics
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Electromagnetic (EM) wave ASTRON

@ Vector phenomenon

° IfromA Magwell’s equations:
k=ExB

@ We know k (Rick Perley)

@ Measure either E or B

@ E is easier (Bob Hayward)
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Electromagnetic (EM) wave ASTRON

/m @ Vector phenomenon
° IfromA Magwell’s equations:
k=ExB
@ We know k (Rick Perley)
@ Measure either E or B

E @ E is easier (Bob Hayward)
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Electro-magnetic wave ASTRON

@ Vector phenomenon

° IfromA Magwell’s equations:
k=ExB

@ We know k (Rick Perley)

@ Measure either E or B

@ E is easier (Bob Hayward)

@ But:

°

°

=h

Ex and E, not equal

E may rotate as function of x
and t.

@ E traces ellipse

K “Polarization”

Michiel Brentjens (ASTRON) Radio Polarimetry May 29, 2012 6 /266



Outline

e Astrophysics
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Synchrotron emission

Process
@ Generates polarized emission

@ Main emission mechanism at
cm-m wavelength

@ Up to 80% linearly polarized
s @ No circular
o <ESOUICC> L BSOUI‘CC

Fletcher, Beck & Hubble Heritage team

Polarimetry provides
@ B-field direction
@ Turbulence
@ Indirectly: B-field strength
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Zeeman splitting ASTRON

H; hyperfine transition Process

B /L @ Generates polarized emission

® ® Right circular @ Only in spectral lines
® Linear .
% E@ O Left circular @ If magnetic moment: e.g. H,
1.42 GHz Ground state OH, CN, H20

@ B-field splits RCP and LCP

A @ Separation: 2.8 Hz MG~
LCP /\/\ RCP Polarimetry provides
/X\ @ B-field strength at source

o [f detectable. ..

\/\ RCP - LCP
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Zeeman effect Vlemmings et al. (2001)
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Fig. 4. Total power (I) and circular polarization (V) spec-
trum of the brightest HoO maser feature around S Per. The
dashed line is the fit of the synthetic V-spectrum to the ob-
served spectrum. Also shown are the observed (dashed) and
expected (solid) positions of the minimum and maximum of
the V-spectrum.
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Scattering/reflection ASTRON

Thomson scattering Process
@ Modifies polarization state

@ Thomson scattering: no T
dependence

@ Planets / Moon: dielectric
transition

Reflection . .
Polarimetry provides

@ Electron densities in cool gas
@ Dust properties
@ Lunar dielectric constant

Dielectricum

Michiel Brentjens (ASTRON) Radio Polarimetry May 29, 2012 11 /266



Faraday rotation

A2 law Haverkorn et al. (2001)
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Process
@ Modifies polarization state
@ Delay between LCP and RCP
@ Rotates linear pol angle
® Ax = xo+ 9N
here

¢ =0.812 n.B -l

there

Polarimetry provides

@ Source plasma properties
@ Intervening plasma properties
@ Rare cases: 3D tomography
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Outline

© Polarized EM-waves
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Polarization ellipse: cartesian basis ASTRON

Geometry

Polarization ellipse: linear _ 3 3
o = E = Ee+£Ee
a=Too ; — v

b= as’ E. = A COS(27Tl/t + (5,()

‘ @ E, = Ajcos(2rvt+dy)

@ A = x-amplitude

@ A, = y-amplitude

@ Oyy = 0y — Ox

@ &y, = measure of ellipticity

E, [arbitrary]

-3 -2 2 3

ir [argitraryi
Viewing from antenna towards

source, watching orientation and
length of E vector on a plane at a

. L @ Jyxy > 0: CW rotation = LEP
fixed location in space.

@ 6y, = 0: linear polarization
@ 0,y < 0: CCW rotation = REP
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Polarization ellipse: xy 000

Polarization ellipse: linear
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Polarization ellipse: xy 001

Polarization ellipse: linear
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Polarization ellipse: xy 002

Polarization ellipse: linear

) A, = 2.00 —x
A, =1.00 —_ Y
by = -45°
—_ 1lF
-
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=
8 of
|
5, :
> _ ;
-2
—|3 —I2 —‘1 6 1 2I 3
E, [arbitrary]
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Polarization ellipse: xy 003

Polarization ellipse: linear

) A, = 2.00 —x
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Polarization ellipse: xy 004

Polarization ellipse: linear
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Polarization ellipse: xy 005

Polarization ellipse: linear
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Polarization ellipse: xy 006

Polarization ellipse: linear
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Polarization ellipse: xy 007

Polarization ellipse: linear
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Polarization ellipse: xy 008

Polarization ellipse: linear
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Polarization ellipse: xy 009

Polarization ellipse: linear

P

I

ot N
o o
s OO
=<

B
I
wn

N
R

2 A

E, [arbitrary]

May 29, 2012 24/ 266

Michiel Brentjens (ASTRON) Radio Polarimetry



Polarization ellipse: xy 010

Polarization ellipse: linear
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Polarization ellipse: xy 011

Polarization ellipse: linear
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Polarization ellipse: xy 012

Polarization ellipse: linear
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Polarization ellipse: xy 013

Polarization ellipse: linear
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Polarization ellipse: xy 014

Polarization ellipse: linear
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Polarization ellipse: xy 015

Polarization ellipse: linear
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Polarization ellipse: xy 016

Polarization ellipse: linear
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Polarization ellipse: xy 017

Polarization ellipse: linear
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Polarization ellipse: xy 018

Polarization ellipse: linear
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Polarization ellipse: xy 019

Polarization ellipse: linear
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Polarization ellipse: xy 020

Polarization ellipse: linear
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Polarization ellipse: xy 021

Polarization ellipse: linear
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Polarization ellipse: xy 022

Polarization ellipse: linear
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Polarization ellipse: xy 023

Polarization ellipse: linear
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Polarization ellipse: xy 024

Polarization ellipse: linear
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Polarization ellipse: xy 025

Polarization ellipse: linear
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Polarization ellipse: xy 026

Polarization ellipse: linear
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Polarization ellipse: xy 027

Polarization ellipse: linear
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Polarization ellipse: xy 028

Polarization ellipse: linear

P

I

ot N
o o
s OO
=<

B
I
wn

N
R

2 A

E, [arbitrary]

May 29, 2012 43 /266

Michiel Brentjens (ASTRON) Radio Polarimetry



Polarization ellipse: xy 029

Polarization ellipse: linear
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Polarization ellipse: xy 030

Polarization ellipse: linear
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Polarization ellipse: circular basis

Geometry
z }E%Z‘? Polarization ellipse: circular E — Arér +Alél
J I Ny é — cos(2nvt + o)
z ' sin(2rvt + 6;)
g 6 — cos(2rvt + &)
= - b= —sin(2rvt + &)
E fabitary] @ A + A = semi-major axis
Viewing from antenna towards @ ||A. — A|| = semi-minor axis
source, watching orientation and ® by =0, —0
length of E vector on a plane at a o 5. = orientation of maior axis
fixed location in space. h= ]
@ j > 0: MA rotated CCW
@ 0y = 0: MA along x-axis
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Polarization ellipse: circular 000

Polarization ellipse: circular

A, =140 == R
Casora
6= 43° ' : :

E, [arbitrary]
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Polarization ellipse: circular 001

Polarization ellipse: circular

A, =140 == R
Casora
6= 43° ' : :

E, [arbitrary]
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Polarization ellipse: circular 002

Polarization ellipse: circular

A, =140 == R
Casora
6= 43° ' : :

E, [arbitrary]
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Polarization ellipse: circular 003

Polarization ellipse: circular

A, =140 == R
Casora
6= 43° ' : :

E, [arbitrary]
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Polarization ellipse: circular 004

Polarization ellipse: circular

A, =140 == R
";.f[l='(:]'_74" - Li
6= 43°

E, [arbitrary]
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Polarization ellipse: circular 005

Polarization ellipse: circular

A, =140 == R
Casora e
6= 43° ' : :

E, [arbitrary]
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Polarization ellipse: circular 006

Polarization ellipse: circular

A, =1.40 - -- R
Ca=074a o TTT]
g, = 43° ; ‘ R ~ : :
5 5 Tk P 1
> 1 L]

E, [arbitrary]
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Polarization ellipse: circular 007

Polarization ellipse: circular
A,=140 : wmee : - R
';[l 'Q’_74" R A S o 7
43°

J,

Tl

E, [arbitrary]
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Polarization ellipse: circular 008

Polarization ellipse: circular

A, =140 e -- R
Camore T
511=;4‘30 : e | ' : T
E 3:".-::-..*]‘
.’ . ..I..‘.‘.". .v,. . 4

E, [arbitrary]
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Polarization ellipse: circular 009

Polarization ellipse: circular

A, =1.40 . -- R
Ca=074 LTI ]
g, = 43° - ; :

E, [arbitrary]
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Polarization ellipse: circular 010

E, [arbitrary]
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Polarization ellipse: circular 011

Polarization ellipse: circular

A, =140 == R
Ca=oTa L]
511=;430 : " s : :

E, [arbitrary]
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Polarization ellipse: circular 012

E, [arbitrary]

Michiel Brentjens (ASTRON) Radio Polarimetry May 29, 2012 59 /266



Polarization ellipse: circular 013

E, [arbitrary]
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Polarization ellipse: circular 014

E, [arbitrary]
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Polarization ellipse: circular 015

E, [arbitrary]
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Polarization ellipse: circular 016

E, [arbitrary]
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Polarization ellipse: circular 017

Polarization ellipse: circular

A, =140 == R
Casora
6= 43° ' : :

E, [arbitrary]
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Polarization ellipse: circular 018

E, [arbitrary]
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Polarization ellipse: circular 019

E, [arbitrary]
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Polarization ellipse: circular 020

Polarization ellipse: circular

A, =140 == R
Casora
6= 43° ' : :

E, [arbitrary]

May 29, 2012 67 /266

Michiel Brentjens (ASTRON) Radio Polarimetry



Polarization ellipse: circular 021

E, [arbitrary]
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Polarization ellipse: circular 022

Polarization ellipse: circular

A, =140 == R
Casora
6= 43° ' : :

E, [arbitrary]
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Polarization ellipse: circular 023

Polarization ellipse: circular

A, =140 == R
Casora
6= 43° ' : :

E, [arbitrary]
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Polarization ellipse: circular 024

E, [arbitrary]
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Polarization ellipse: circular 025

Polarization ellipse: circular

A, =140 == R
Casora
6= 43° ' : :

E, [arbitrary]
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Polarization ellipse: circular 026

Polarization ellipse: circular

A, =140 == R
Casora
6= 43° ' : :

E, [arbitrary]
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Polarization ellipse: circular 027

E, [arbitrary]
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Polarization ellipse: circular 028

Polarization ellipse: circular

A, =140 == R
Casora
6= 43° ' : :

E, [arbitrary]
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Polarization ellipse: circular 029

Polarization ellipse: circular

A, =140 == R
Casora
6= 43° ' : :

E, [arbitrary]
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Polarization ellipse: circular 030

Polarization ellipse: circular

A, =140 == R
Casora
6= 43° ' : :

E, [arbitrary]
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Relation between cartesian and circular ASTRON

A = %\/A§+A§—2AXAysin ey

1
A = E\/A§+A§+2AXAysin Oy

2A,A, COS dyy

tandy, = Ag—A?
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Polarization ellipse: circular and linear 000 LEXi{{el}

Polarization ellipse: circular and linear

A =1.40 —
=074 ]
gy = 43° 5 ‘ ‘ ‘ 5 — X
A,=200 | | e —
LA =1.00 — |

5, = 45°

E, [arbitrary]
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Polarization ellipse: circular and linear 001  [:Xyy&{e]}|

Polarization ellipse: circular and linear

A =1.40 —
=074 ]
gy = 43° 5 ‘ ‘ ‘ 5 — X
A,=200 | | e —
LA =1.00 — |

5, = 45°

E, [arbitrary]
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Polarization ellipse: circular and linear 002  [:Xyy&{e]}|

Polarization ellipse: circular and linear

A =1.40 —
=074 ]
gy = 43° 5 ‘ ‘ ‘ 5 — X
A,=200 | | e —
LA =1.00 — |

5, = 45°

E, [arbitrary]
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Polarization ellipse: circular and linear 003 LEXyi{{el}

Polarization ellipse: circular and linear

A, =1.40 —
a=or4
5ﬂ= ;430 : : —_— X
A, =2.00 —

o) A =1.00 —
by = -45°

E, [arbitrary]
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Polarization ellipse: circular and linear 004  [:Xyy&le]}|

Polarization ellipse: circular and linear

A, = 1.40 -= R
2a=074 e ]
6y = ;430 - X
A, = 2.00 —_—
1 A =1.00 —
Oy = 457

E, [arbitrary]
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Polarization ellipse: circular and linear 005 LEXi{{el}

Polarization ellipse: circular and linear

A, =140 -—- R
2a=074 0 el L]
5ﬂ= ;430 : : — X
A, =2.00 —
1A= 1.00 )

0, = +45°

E, [arbitrary]
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Polarization ellipse: circular and linear 006 LEXyi{{el}

Polarization ellipse: circular and linear

A, =1.40 . E—
Aa=074 et s Ll ]
gy = 43° 5 ‘ d A 5 — X
A =200 e ) ' —
LA =1.00 —]

5, = 45°

E, [arbitrary]
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Polarization ellipse: circular and linear 007  [:Xyy&{e]}]

Polarization ellipse: circular and linear

A, = 1.40 -= R
2r A =074 -= Ll
6y = ;430 - X
A, = 2.00 —_—
1 A =1.00 —
Oy = 457

E, [arbitrary]
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Polarization ellipse: circular and linear 008 LEXyi{{el}

Polarization ellipse: circular and linear

A, =1.40 eeea R
2r Al=0'_74" T o e e o o i o — 7
N : ¢ . :
5= 43 : ¥ N : — X
A, = 2.00 T aameald »
- - ~ —
—_ l_...‘.'i.ll' = 100 ..‘4." .I“ .v,. .4 o
E, Oy = 457 ‘ :
©
|-
o
8 of 1
| -
O
=
: .‘ ! -‘
ﬁ~---—-
2L 4
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Polarization ellipse: circular and linear 009 LEXyi{{el}

Polarization ellipse: circular and linear

A, =1.40 . -- R
a=oT4 T
5ﬂ= ;430 : : —_— X
A, =2.00 —

o) A =1.00 —

by = -45°

E, [arbitrary]
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Polarization ellipse: circular and linear 010  [:Xyy&{e]}|

Polarization ellipse: circular and linear

A, = 1.40 -= R
2r A=074 0 Lemsa e e L
6y = ;430 - X
A, = 2.00 —_—
1 A =1.00 —
Oy = 457

E, [arbitrary]
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Polarization ellipse: circular and linear 011  [:Xyy&{e]}|
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Stokes parameters

@ Three parameters enough

@ Same units is convenient

@ George Stokes defined four parameters (1856)

@ Chandrasekhar introduced them to astronomy (1946)

= A2+ A | = A2+ A2
Q=A - A Q = 2A,A cos 5,
U = 2AA, cos dxy U =2AAsind,
V = 2AA, sin byy V=A2- A

@ Monochromatic wave 100% polarized:
P=Q+ U2+ V?
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IAU conventions

South
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Stokes parameters revisited

Quasi-monochromatic approximation

@ Monochromatic radiation does not exist
@ Finite bandwidth Av; averaging time 7> Ay~

I= (A + (A7) I= (AZ) + (A7)
Q= (A2) — (A2 Q = (2A.A COS &)
U = (2A(A, coS dyy) U = (2A/A sindy)
V = (2AAy sin dyy) V = (A%) — (A?)

P>Q%>+ U+ V2

@ Fractional linear pol: p = vVQ2 + U?2/1 < 1
@ Fractional circular pol: v = ||V||/I <A1
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Mars with VLA at 23.4 GHz periey

& °
O

WILLLivEERN WILLLJY/EERN

@ Thermal emission
@ What do pol vectors look like?
@ Why is it even polarized?
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Mars polarization vectors periey

80245 — -

40 —

30 —

t f t | | | | | |
024913.2 13.0 128 12,6 12.4 12.2 120 1.8 116
RIGHT ASCENSION
Peak contour flux = 9.9738E-01 JY/BEAM
Levs = 9.974E-03 * (-0250, 0250, 0.500, 1, 2,
5, 10, 20, 3D, 50, 70, 90)
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Outline

@ Interferometric polarimetry
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Introducing Stokes visibilities ASTRON

= Fr(,m)
= FH(Q(l, m)
= F (U, m)
= Fr(V(,m)),

Im
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Stokes parameters in complex notation ASTRON

Cartesian
Ex — R {AXeZﬂ'iut}
Ey — R {Ayei6xy62wiut}
I= (A2 + (A) = (EE) + (EyEY)
Q= (A2) — (AD) = (EE;) — (ByEy)
U = (2AA, COS 3yy) — (E.E}) + (E,E})
V = (2AA, sin 8yy) =i ((EE)) - (EE)))
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Stokes parameters in complex notation ASTRON

Circular

Er =R {AreZWil/t}

E1 . {Aleiérle&riut}
I'=(AZ) + (A7) = (BE") + (B E)

Q = (2A.A cos 6y) = (EE) + (EE)

U = (2A.A sindy) = i((EE}) — (BE"))

V= () - (A) = (BE") — (BE)
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Antenna

Correlating interferometer

Polarizer
(XY or RL)

Complex
correlators

viX;| |[vnyy
LRs| | DL Output
150/ 266

May 29, 2012

x, x3| [xvy
Ri\R;| |RiL3

Radio Polarimetry
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Stokes visibilities from correlator outputs ASTRON

Cartesian
Antenna
_ * *
Polarizer T=x1X+ Y1)
(XY or RL) Q = Xq xg - W yg
U=x1Y3 +y1X
Complex V=i(x1ys — y1X3)
correlators
Circular

xx;| [y [(vixg] [(wys
moRy| |mLs| [Lams| |1y OUtPUL

IZI’1I’5—|—I1/§k
Q:r1l§+/1r§

@ From here on, (-) is implied U=i(rlk —hr)

for correlator outputs. V=nr;—hlb
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Jones calculus ASTRON

@ Polarizers produce vector:

Antenna
Polarizer Jof
(XY or RL) e = _
ai
@ Correlator multiplies:
Complex
correlators ; pi
1
e~ e () )
%x;) X)X M%) gueput qi
R]RE R]LS LIRE LILE Sk 3
pipP;  Piq;
Ej = A a
qip;  qiq;

From here on, p and g designate _ .
either x and y, or r and /. @ E; is the coherency matrix
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Jones calculus ASTRON

Until now. . .

Antenna

@ Assumed all systems perfect
Polarizer F

rom now. . .
(XY or RL) )

@ Assume all systems linear:
Complex e =Jie

correlators

@ J; (2 x 2) is Jones matrix
@ Cross correlation:

X, x3| [xv] [(vixs] [wvvs

RyRs| |RiL3| |LiR3| |LiLj Output

E; = ej-e;-T
E; = Jiei(Je)'
E;-j = J,-e,-e}JjT

E; = JEJ
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Outline

e Messy reality
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Measurement equation ASTRON

@ The measurement equation:
Ej = JE;J]

lonosphere

@ Invertable!

Water vapor EU _ JI_1 EijJ}_17
Optics
Senspr
e o where
J = RPDOWFT
@ ...riiiiight. ..
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Measurement equation: examples ASTRON

@ Perfect instrument:

- (29)

@ lonospheric time delay:

lonosphere

Water vapor

J eme— 0
Optics == H
Sensor 0 szm—

Polarizer
Receiver

@ Receiver gain:

9 0)
J— p
<O 9q
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Measurement equation: examples ASTRON

@ Polarization leakage:

J=— ( % o )
Ohq g

@ Parallactic angle or feed

lonosphere

Water vapor

rotation XY:
Sensor g_ [ cost sing
Recelver ~\ —sing cosd

@ Parallactic angle or feed
rotation RL:

10
4=(o &)

Michiel Brentjens (ASTRON) Radio Polarimetry May 29, 2012 157 / 266



lonospheric Faraday rotation

RM [rad m?]

o
3

Sunset

—

Sumrise "

Time since 2004/05/19 00:00h UTC [h]

Michiel Brentjens (ASTRON)

6

Remember:Ay = xo + ¢p\2
Faraday depth

here
¢>:o.812/ n.B - dl
t!

here

ionosphere: plasma within
Earth’s magnetic field

$~-10—+10rad m—2
Very significant below 1 GHz

Use TEC/IGRF models for
correction, check with pulsar.
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Differential lonospheric Faraday rotation ASTRON

® Ax = xo+ 9N
@ Rotation of linear pol = delay
between RCP and LCP

@ Antennas see different
ionosphere

lonosphere

@ Leakage from LL to RR or v.v.
after cross correlation

@ Rotates < ]I} > vector

@ Important below 300 MHz at
baselines > 20 km
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Outline

G Faraday rotation measure synthesis
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Faraday rotation measure synthesis

Imag
+U!

P=Q+iU = |Ple®

o) 0 Real

P()\f) = / // W(Q,)\g+)\2/)f(Q7¢7/\§+)\2/)62i¢(>\§+)\2')d¢
22 JaJ -0
P(O?) = W(?) / f(¢)e? " dgp

() * R(0) = /_ " p2)e B g2
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Short wavelength
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Intermediate wavelength
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Long wavelength
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Reading list

@ Born & Wolf Principles of optics

@ Thompson, Moran & Swenson Interferometry and Synthesis in
Radio Astronomy

@ Taylor, Carilli & Perley Synthesis Imaging in Radio Astronomy Il

@ Bracewell The Fourier Transform & Its Applications

@ Hamaker, Bregman & Sault Understanding radio polarimetry:
paper 1(1996)

@ Sault, Hamaker& Bregman paper /1/(1996)

@ Hamaker & Bregman paper I/ (1996)

@ Hamaker paper IV (2000)

@ Hamaker paper V (2006)

@ Brentjens & de Bruyn Faraday rotation measure synthesis (2005)
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