Polarization in interferometry

Michiel Brentjens

Radio Observatory
ASTRON, Dwingeloo, The Netherlands

ERIS 2022-09-20

Michiel Brentjens (ASTRON) Polarization in interferometry 2022-09-20



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 [(1996)

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

@ Hamaker & Bregman paper /1l (1996)

@ Hamaker paper 1V (2000)

@ Hamaker paper V (2006)

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

ﬂ EM wave physics
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Electromagnetic (EM) wave ASTRON

@ Vector phenomenon

@ From Maxwell’s equations:
k=ExB

@ We know k

@ Measure either E or B

@ E is easier
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Electromagnetic (EM) wave ASTRON

@ Vector phenomenon
M @ From Maxwell’s equations:
k=ExB
@ We know k
@ Measure either E or B

— @ E is easier
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Electro-magnetic wave ASTRON

@ Vector phenomenon

@ From Maxwell’s equations:
k=ExB

We know k

Measure either E or B

E is easier

But:

Ex and Ey not equal

E may rotate as function of x
and t.

@ E traces ellipse

“Polarization”

=h

~ L
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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
@ No circular
o <Esource> 1 Bsource

Fletcher, Beck & Hubble Her

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. Hy,
1.42 GHz OH, CN, H>0

Ground state
@ 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 HyO 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/refraction . .
Polarimetry provides

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

Dielectricum
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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

e Polarized EM-waves
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Polarization ellipse: cartesian basis ASTRON

Geometry
S Polarization ellipse: linear — E — Exéx+Eyéy
e L_' E. = Accos(2rut+5)
— E, = Aycos(2rvt+ dy)

E, [arbitrary]

o=

@ A = x-amplitude

@ Ay = y-amplitude

@ Jyy = 0y — Ox

@ Jy, = measure of ellipticity

1
E, [arbitrary]

Viewing from antenna towards
source, watching orientation and
length of E vector on a plane at a @ Jxy > 0: CW rotation = LEP
fixed location in space. @ Jx, = 0: linear polarization

@ 0y < 0: CCW rotation = REP
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Polarization ellipse: xy 000

Polarization ellipse: linear

A, =2.00 — X
20 A, =1.00" —
5,y = -45°
b

E, [arbitrary]

; ; ; ‘ ‘ ‘ ‘
-3 -2 -1 0

1
E, [arbitrary]
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Polarization ellipse: circular basis ASTRON

Geometry
s olarieation efipse: circular E = Aé +A¢
e = 6 — ( cos(2mvt + 4;) >
g ;- P } T sin(2rvt + 6;)
% ( / 6 — ( cc.)s(27wt + ) >
- —sin(27vt + )
E, larbitrary] @ A, + A = semi-major axis
Viewing from antenna towards @ [|A; — A = semi-minor axis
source, watching orientation and @ 5y =0 —96,
Igngth of E veF:tor on a plane at a ° _%5ﬂ - position angle of MA
fixed location in space. o 6, > 0: MA rotated CW
@ §; = 0: MA along x-axis
@ J; < 0: MA rotated CCW
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Polarization ellipse: circular 001

Polarization ellipse: circular

A4=140 ‘ ‘ ‘ ‘ —
2F A =074 e

5, = 43°

E, [arbitrary]

-3 -2 -1 0

1
E, [arbitrary]
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Relation between cartesian and circular ASTRON

A — %\/A§+A§—2AXAysin5Xy

1
A = §\/Ag+A§+2AXAysinaxy

2AAy cos bxy

tandy = Yy
X y
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Stokes parameters

@ Three parameters enough

@ Same units is convenient

@ George Stokes defined four parameters (1852)

@ Chandrasekhar introduced them to astronomy (1946)

= A2+ A2 = AZ+ A
Q=A% A§ Q = 2A,A cos 64
U = 2AA cos bxy U= —-2AAsindy
V = —2AA; sin byy V=A2- A

@ Monochromatic wave 100% polarized:
P=Q%+ P+ V2
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Stokes parameters ASTRON

@ Three parameters enough

@ Same units is convenient

@ George Stokes defined four parameters (1852) ABCD

@ Chandrasekhar introduced them to astronomy (1946) /,/.UV

= A2+ A | = A2+ A2
Q=A% A§ Q = 2A/A cos iy
U = 2AA cos bxy U= —-2AAsindy
V = —2AA; sin byy V=A2- A

@ Monochromatic wave 100% polarized:
P=Q%+ P+ V2
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IAU conventions
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Public angry letter from IAU (Dec 2015) ASTRON

Intemational Astronomical Union

llj Union Astronomique Internationale

A s Arago, F - 5014 Pars,France ® www i org
Piero Benvenut - General Secretary

emal: fau-general secretary@ap.fr

To Whom It May Concem

The issue
st v o S <. <
polrization e (PA) which s oppostetot ¥y Couse corusion and
Mmandersandng

Background

athesouce

197
(see TransactionsofthelAU, Vol B, pg. 166).

sourc).

misderstandngs i portcar i the caseof

v o R o e wronorers

Recommendation

publcations.

Paris, December 8", 2015
o Teeoven W A //a,a.,,

Pero Beveruti Pt Ubertin S, Ademen

1A General Secretary Prescen, Dhision8 Presiert, Comrision 86

Exeative Commitse
vicop

ol Sivia Tores Pamber (Merco), rescent ol Rene . Krasn-Kortaneg (South Africa
Prf, ieroBenvenu (). Genera Secretary Prof Xows L (China)

Prf Ewine von Dishoeck (The Nederands),President Elec Prof. Dina raini (srad)

o M Tees Logo (Portuga ,

Prof_ AfitKembhavi (india)
Prof. Boris Shustov (Russian Federation)




Stokes parameters revisited

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

I= (A) + (A3) [= (AZ) + (A7)
Q= (A3) — (A3 Q = (2AA cos 5
U = (2A:Ay cos dyy) U= (—2A/Asin dy)
V = (—2AAysin dyy) V = (A%) — (A?)

/2202+U2+V2

@ Fractional linear pol: p = v Q2 + U2/1 <1
@ Fractional circular pol: v = ||V||/I <1
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TEST: Mars with VLA at 23.4 GHz Perey

T T T

NTLLT.IY/EEAN

@ This is thermal emission
@ 1) Draw a map of the polarization vectors.
@ 2) Why is it even polarized?
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Outline

e Interferometric polarimetry
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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

E —% {Axezmut}
E, =% { Ageids ezmuz}

I = (AZ) + (A2) = (EcE}) + (EyE))
Q= (A) - (A) = (EEy) — (EyEy)

U = (2AA cos byy) = (EE}) + (E,E})

V = (—2AAysin 0yy) = i ((&E}) — (EyE))
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Stokes parameters in complex notation

Circular

E _A627riut
r —

E = Alefl6rlef27r11/t

1= (A2) + (D) = (EE) + (EE})
Q = (2AA cos by) = (E.E) + (EE?)
U = (—2AA sin 6y) =i ((EEf) — (EE"))
V= (A?) — (AD) = (EE") — (BE)
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Antenna

Correlating interferometer

w1y] Polarizer
RiL] (XYorRL)

Complex
X
correlators

x. xi [xivy] [vnxz] [vyy
RiRy| |RiLs| |LiRy| | LiL3 Output
2022-09-20
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Stokes visibilities from correlator outputs ASTRON

Cartesian
Antenna
_ * *
Polarizer T=Xx1%+Y1¥>
(XY or RL) Q = X4 xé‘ - V1 ys
U=Xiys +y1x3
Complex V=—i(X1ys — y1X5)
correlators
Circular
2 2 2 2| Output
e i IT=n I’ék + /4 /5
Q=nrl+hr;
@ From here on, (-) is implied U=i(nly —hr3)
for correlator outputs. V=nr—hl

2022-09-20
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Coherency matrix ASTRON

@ Polarizers produce vector:

Antenna
Polarizer e — Pi
(XY or RL) ! qi
@ Correlator multiplies:
Complex
correlators :
Ej = ee = ( g ) (kia)
xix;| [xvy| [vxz] [y
rs| (Rizs| |pms] [nazy| OUEPUE o0t pig?
ad} 1M
Ej = MEAA
qip;  qiq;

From here on, p and g designate

ither x and y, or rand . @ E; is the coherency matrix
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Outline

© Messy reality
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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

RiRy| |RiL| |LiR5| |LiL3 Output

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

E; = JEJ
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Measurement equation ASTRON

@ The measurement equation:

lonosphere E;/ — J’E’/JJT
@ Invertible!
Water vapor E’/ = JI_1 E;IJ/T_1 ,
Optics
ﬁ:lgi?zrer @ where
recever J = RPDOWFT
@ ...riiiiight. ..
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Measurement equation: examples ASTRON

@ Perfect instrument:

lonosphere J B 1 o
~\0 1

@ Time delay:
Water vapor
Jo e2mvTp ()
Optics - 0 eZﬂ'iI/Tq
Sensor

Polarizer
Receiver

@ Receiver gain:

_( 9 0)
J=
(0 9q
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Measurement equation: examples ASTRON

@ Polarization leakage:

J— < 9 Og—sp )
Gp—q g

@ Parallactic angle or feed

lonosphere

Water vapor

rotation XY:
Opti 1
Optics J— cosf)  sinf
Polarizer —sinf cosé
Receiver

@ Parallactic angle or feed
rotation RL:

eti? 0
=5 o)
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lonospheric Faraday rotation

RM [rad m?]

Tonospheric TEC Map

@ Remember:Ay = o + ¢\°
@ Faraday depth
here

¢ =0.812 neB - dl

there

@ ionosphere: plasma within
Earth’s magnetic field

@ ¢~ -10—+10rad m2
@ Very significant below 1 GHz

@ Use TEC/IGRF models for
correction, check with pulsar.

Time since 2004/05/19 00:00h UTC [h]
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Differential lonospheric Faraday rotation ASTRON

@ Ax = xo+ ¢\
lonosphere @ Rotation of linear pol = delay
between RCP and LCP

@ Antennas see different
ionosphere

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

@ Leaks Z into V and v.v.

@ Important below 300 MHz at
baselines > 20 km
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Take away this...

@ Radio antennas are fundamentally polarized
@ Polarimetry required for certain astrophysical observations
@ Linear systems make for fairly straightforward calibration

@ Understanding polarimetry improves your unpolarized calibration
and imaging
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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 [(1996)

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

@ Hamaker & Bregman paper /1l (1996)

@ Hamaker paper 1V (2000)

@ Hamaker paper V (2006)

@ Brentjens & de Bruyn Faraday rotation measure synthesis (2005)
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TEST: Mars with VLA at 23.4 GHz Perey

T T T

NTLLT.IY/EEAN

@ This is thermal emission
@ 1) Draw a map of the polarization vectors.
@ 2) Why is it even polarized?
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Answer: Mars polarization vectors periey

80245 —

40 —

30—

024913.2 13.0 128 12.6 12.4 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)
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