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What is polarization? 



Polarization 

Credit: http://primaryeyecare2.files.wordpress.com/2009/03/polarization.jpg 
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Why measure polarization? 
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xi

The argument in the past has frequently been a
process of elimination: one observed certain
phenomena, and one investigated what part of
the phenomena could be explained; then the
unexplained part was taken to show the effects
of the magnetic field. It is clear in this case that,
the larger one’s ignorance, the stronger the
magnetic field.

LODEWIJK WOLTJER, 1966

Credit: Tim Robishaw, Thesis, 2008 
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Effects caused by magnetic fields 
•  Zeeman splitting 
 
 
•  Goldreich-Kylafis effect 

•  Synchrotron emission 

•  Faraday rotation 

•  Dust grain alignment 



7 Chat Hull – NRAO NAASC Interferometry Summer School – 14 July 2015 

Effects caused by magnetic fields 
•  Zeeman splitting 

–  Spectral line, measures B|| 

 
•  Goldreich-Kylafis effect 

•  Synchrotron emission 

•  Faraday rotation 

•  Dust grain alignment 

E. Falgarone et al.: CN Zeeman measurements in star formation regions 249

Table 2. CN Zeeman sources – positions and physical parameters.

Cloud α(2000) δ(2000) T ∗A v ∆v d r n(H2) Nn,r(H2) NCN(H2) Mobs Mvir

K km s−1 km s−1 kpc pc 105 cm−3 1023 cm−2 1023 cm−2 M⊙ M⊙
W3OH 02 27 04.1 61 52 22 2.2 –46.5 4.2 2.4 0.12 1.5 1.1 0.9 88 430
OMC1s 05 35 13.5 –05 22 52 14.7 8.5 2.0 0.45 0.03 18 3.4 2.3 17 26
OMC1n1 05 35 14.5 –05 22 07 13.0 9.9 1.4 0.45 0.03 18 3.6 1.5 16 13
OMC1n4 05 35 16.8 –05 19 31 14.5 9.4 1.5 0.45 0.03 14 2.8 2.2 18 15
NGC2024 05 41 44.2 –01 55 41 8.6 11.0 2.2 0.45 0.04 5.9 1.4 2.2 18 40
S255 06 12 53.7 17 59 22 5.6 7.3 2.3 2.5 0.18 3.7 4.2 1.3 500 200
G10.6 18 10 28.7 –19 55 49 8.9 2.8 5.8 6.5 0.19 14 16.4 4.9 2100 1300
M17SWHI 18 20 22.9 –16 11 32 17.3 19.9 4.3 1.3 0.11 6.0 4.2 6.2 430 440
M17SWCN 18 20 25.0 –16 13 42 16.9 19.6 3.3 1.3 0.10 6.0 3.7 5.3 290 230
S106OH 20 27 28.4 37 22 41 5.3 –1.7 2.0 1.7 0.07 1.0 0.4 0.9 17 55
S106CN 20 27 29.5 37 22 54 7.3 –1.8 1.9 1.7 0.07 1.0 0.4 1.3 21 50
DR21OH1 20 38 59.9 42 22 38 4.5 –4.7 2.3 3 0.15 1.7 1.5 1.0 170 160
DR21OH2 20 38 59.9 42 22 38 2.6 –0.9 2.3 3 0.15 1.7 1.5 0.7 140 160
S140 22 19 17.1 63 18 35 6.0 –6.3 2.4 0.9 0.05 6.0 1.0 1.3 28 63

line optical depth, this ratio should be 1; for a very small line
optical depth, the ratio will be 2.7. All but one of these ratios
are within the range 2.7–1 expected for LTE line strengths and
zero to infinite line optical depth; the one that is not has the
RI = 10 lines only very slightly too weak for LTE and low op-
tical depth. The maximum line optical depth found by this tech-
nique is τ ≈ 0.5. We therefore compute the column density in
the N = 0 state assuming the RI = 10 lines are optically thin
(see Turner & Gammon 1975). We then compute the total col-
umn density of CN in all states by assuming that all states are
excited with an assumed excitation temperature of 25 K. (These
are warm, dense cores, and several of the T ∗A are not too far be-
low 25 K in strength.) We then assume CN/H2 = 4 × 10−9 in
order to find NCN(H2). This value of CN/H2 is consistent with
those found by Turner & Gammon (1975) in dense, warm cores,
and matches the results found in OMC1 cores by Johnstone
et al. (2003). Finally, we compute the observed masses Mobs
of the CN Zeeman sources from the radii and geometric mean
of Nn,r(H2) and NCN(H2), denoted N23(H2) in the following. We
also list for comparison the virial masses Mvir = 210r∆v2 M⊙,
where r is expressed in pc and ∆v in km s−1.

As an example of the data, Fig. 1 shows the spectra of
W3OH. The Stokes I spectrum is the average (weighted by the
sensitivity to the Zeeman effect) of hyperfine lines 1, 4, 5, and 7
(Table 1); these are the lines that have significant sensitivity to
the Zeeman effect. The Stokes V spectrum is the equivalent aver-
age, where the non-Zeeman contributions to the observed V due
to gain imbalance and instrumental polarization (coefficients C1
and C2 in the fitting equation (Sect. 2)) have been removed. For
W3OH the instrumental polarization contribution to Stokes V is
the equivalent of a 5.6 mG Zeeman signal for a (totally artificial)
Z = 1 Hz/µG for all 7 hyperfine components. Hence, the in-
strumental polarization contribution in this case is about 5 times
greater than the true Zeeman signal. Only the large variation in
the Zeeman splitting factors among the hyperfine components
makes it possible to obtain reliable Blos results from CN Zeeman
observations, as discussed in Sect. 2. Overplotted on Stokes V is
dI/dν computed from the average Stokes I spectrum and scaled
to the fitted magnetic field strength, Blos = +1.10 mG.

In Table 3, we list the line-of-sight magnetic field
strength Blos and the 1σ uncertainty in each measurement.
Instrumental polarization effects have been eliminated from the
Stokes V spectra by the fitting procedure, so the uncertainty in
each measurement is dominated by stochastic noise. Earlier dur-
ing the series of CN Zeeman observations (Crutcher et al. 1996)
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Fig. 1. W3OH CN Zeeman spectra. The top plot is the Stokes parame-
ter I spectrum, and the bottom plot is the Stokes parameter V spectrum
(histogram) and dI/dν (heavy line) scaled for Blos = +1.10 mG.

we tested the Zeeman fitting procedure by simulating the fitting
process with artificially generated spectral lines with various Blos
and random spectral noise. We then fitted the resulting spectra to
test what signal-to-noise ratio was required to achieve a reliable
detection of Blos. We found that the results followed the normal
probability distribution function, so at the 2σ level 4.6% of the
measurements would be false positives. For 14 measurements
(the number of cloud measurements reported here), one would
then expect 0.6 false “detections” of Blos. We therefore adopted
2σ as the statistically valid cut off for claiming detections. Our
lowest signal-to-noise ratio is slightly above 2σ. Therefore, the
detections we claim here are all probably real, although it is
possible (although statistically unlikely) that 1 or even 2 of the
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Effects caused by magnetic fields 
•  Zeeman splitting 
 
 
•  Goldreich-Kylafis effect 

–  Spectral line, measures B⟂  

(90º ambig.) 
•  Synchrotron emission 

•  Faraday rotation 

•  Dust grain alignment 

L110 DETECTION OF POLARIZED CO EMISSION Vol. 525

Fig. 1.—Middle panel: Composite of the 1.3 mm dust continuum map (gray scale) and the polarization map of the CO outflow. The solid and dashedJ = 2 r 1
contours indicate the redshifted and the blueshifted total intensity, respectively. The solid and dashed vectors show the position angle of the redshifted and
blueshifted linearly polarization. Right panel: A magnified map of the central region. The white vectors show the position angle of the dust polarization. The
dotted lines show a pinch magnetic configuration that well matches the dust polarization vectors. The filled triangles show the position of the two 3 mm dust
sources from subarcsecond maps by Looney et al. (1999). Left panel: Spectra of the Stokes I (total intensity) and Stokes U and Q spatially averaged over the
redshifted lobe. The Stokes U and Q spectra were multiplied by 15. The dashed line in the left panel shows the ambient velocity, km s .!1v = 6.7LSR

and 3C 279. Leakage amplitudes at 230 GHz were ∼5%; after
polarization calibration, the measurements are accurate at a
0.5% level (Rao et al. 1998). The absolute position angle was
checked by observing 3C 286 (which is a well-known standard
at centimeter wavelengths) at 3 mm and then comparing 3 and
1 mm quasi-simultaneous 3C 273 observations. Calibration and
data reduction were performed using the MIRIAD software
package (Wright & Sault 1993). Maps of the Stokes I (total
intensity) and Stokes Q and U (linear polarization) were made
from the visibility data weighted by the associated system tem-
peratures using robust weighting. The resulting synthesized
beam for the 1.3 mm continuum emission was 4!.4# 2!.8
( ), and the achieved rms noise was 3.5 mJyP.A. = 11!
beam . In order to achieve the highest sensitivity per beam!1

for the CO polarization measurements, a Gaussian taper was
applied to the visibility, and the resulting maps were convolved
with a Gaussian. The synthesized beam of the resulting
smoothed maps was ( ), and the rms noise9!.0# 6!.0 P.A. = 27!
for each channel was 47 mJy beam . Also, Stokes I CO maps!1

were made at the same angular resolution as the continuum.

3. RESULTS

Figure 1 shows a composite of the CO polarizationJ = 2 r 1
maps from the redshifted and blueshifted components of the
IRAS 4A CO outflow overlaid with the 1.3 mm dust continuum
polarization map, and the CO spectra of Stokes I,J = 2 r 1
Q, and U averaged over the redshifted lobe.

3.1. The Molecular Outflow

The middle panel of Figure 1 shows the smoothed contour
map of the CO molecular outflow at moderate flowJ = 2 r 1
velocities ( of !5 and 10 km s ). The map agrees with!1vLSR
the lower angular resolution but wider field CO mapJ = 3 r 2
by Blake et al. (1995). The right panel of Figure 1 shows the
CO map at higher flow velocities ( of !13 and 18 kmvLSR
s ) but at the same angular resolution as the continuum. At!1

higher flow velocities, the molecular outflow is more collimated
and is clearly centered at the peak intensity of the 1.3 mm dust
continuum emission. The direction of the outflow close to IRAS
4A is along the north-south axis but then changes to a northeast-
southwest final direction. This change in direction was also
observed by Blake et al. (1995). Subarcsecond angular reso-
lution observations of the dust at 3 mm resolve the emission
into at least two components, IRAS 4A1 and IRAS 4A2 (Loo-
ney et al. 1999), that are shown in Figure 1 as filled triangles.
The component that almost coincides with the 1.3 mm peak is
the stronger one, IRAS 4A1. The other source, IRAS 4A2, is
clearly offset from the geometrical center of the molecular
outflow, which suggests that IRAS 4A1 is powering the mo-
lecular outflow.
We have detected and mapped linearly polarized emission

from the CO line arising from the molecular outflowJ = 2 r 1
powered by IRAS 4A. The polarized emission appears mainly
from the redshifted lobe, where extended emission associated
with this lobe is detected in both Stokes Q and Umaps. Toward
the blueshifted lobe, polarization is only marginally detected.
The polarization distribution in the redshifted lobe shows a

Girart+1999 
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Effects caused by magnetic fields 
•  Zeeman splitting 
 
 
•  Goldreich-Kylafis effect 

•  Synchrotron emission 
–  Continuum, measures B⟂ or Btot 

•  Faraday rotation 

•  Dust grain alignment 

Magnetic fields and spiral arms in M51 2399

Figure 1. (a) λ3 cm (left) and (b) λ6 cm (right) radio emission at 15 arcsec resolution from VLA and Effelsberg observations, overlaid on a Hubble Space
Telescope optical image [image credit: NASA, ESA, S. Beckwith (STScI) and The Hubble Heritage Team (STScI/AURA)]. Total intensity contours in both
maps are at 6, 12, 24, 36, 48, 96, 192 times the noise levels of 20 µJy beam−1 at λ3 cm and 30 µJy beam−1 at λ6 cm. (Note that the roughly horizontal contours
at the left edge of panel (a) are artefacts arising from mosaicking the two VLA pointings.) Also shown are the B-vectors of polarized emission: the plane of
polarization of the observed electric field rotated by 90◦, not corrected for Faraday rotation, with a length proportional to the polarized intensity (PI) and only
plotted where PI ≥ 3σ PI.

companion galaxy is filled with highly polarized radio emission
(typically 15 per cent at λ6 cm). Arm 2 becomes well organized
again at larger radii (located at the western edge of Fig. 2), where
the total radio, polarized radio and CO emission perfectly coincide.

West of the central region, between Arms 1 and 2 in Fig. 4,
another polarization feature emerges which appears similar to the
magnetic arms observed e.g. in NGC 6946 (Beck & Hoernes 1996).
However, in contrast to NGC 6946, Faraday rotation is not enhanced
in the interarm feature of M51 (see Fig. 9). Some peaks of polarized
emission between Arms 1 and 2 in the south and southeast (see a
low-resolution image of Fig. 2) and may indicate the outer extension
of this magnetic arm. Inside of the inner corotation radius, located at
4.8 kpc (Elmegreen et al. 1989), this phenomenon can be explained
by enhanced dynamo action in the interarm regions (Moss 1998;
Shukurov 1998; Rohde, Beck & Elstner 1999).

3.3 Polarized radio emission from the inner arms
and central region

In the CO and Hα line emissions (Fig. 4 and the red regions in
Fig. 5), the spiral arms continue towards the galaxy centre. The
high-resolution CO map by Aalto et al. (1999) shows that the arms
are sharpest and brightest between about 25 and 50 arcsec distance
from the centre. The arms become significantly broader and less
pronounced inside a radius of about 0.8 kpc; this is inside the inner
Lindblad resonance of the inner density-wave system at r ≈ 1.3 kpc
identified by Elmegreen et al. (1989).

The polarized emission at 4 arcsec resolution (see Fig. 6) is also
strongest along the inner arms 1–2 kpc distance from the centre,
with typically 20 per cent polarization. The arm–interarm contrast
is at least four in polarized intensity (this is a lower limit as the
interarm polarized emission is below the noise level at this resolution
and we take σ PI as an upper limit for the interarm value), larger
than that of the outer arms, and is consistent with the expectations
from compression of the magnetic field in the density-wave shock
(Section 7). The contrast weakens significantly for r < 0.8 kpc.
This may be an indication that the inner Lindblad resonance of the
inner spiral density wave is at r ≃ 0.8 kpc rather than r ≃ 1.3 kpc
(as located by Elmegreen et al. 1989); the shock is probably weak
around the inner Lindblad resonance. In total intensity, the typical
arm–interarm contrast for the region of the inner arms is about five.
The actual contrast in the M51 disc alone may be stronger than this
if there is significant diffuse emission in the central region from a
radio halo, but this effect is hard to estimate.

In the central region, two new features appear in polarized inten-
sity which are the brightest in the entire galaxy (Fig. 6). The first
is a region 11 arcsec north of the nucleus with a mean fractional
polarization of 10 per cent and an almost constant polarization an-
gle. This feature coincides with the ring-like radio cloud observed
in total intensity at λ6 cm and at 1 arcsec resolution by Ford et al.
(1985) who also detected polarization in this region. The polarized
emission indicates that the plasma cloud expands against an exter-
nal medium and compresses the gas and magnetic field. The second
feature of similar intensity in polarization is a ridge located along

C⃝ 2011 The Authors, MNRAS 412, 2396–2416
Monthly Notices of the Royal Astronomical Society C⃝ 2011 RAS
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Effects caused by magnetic fields 
•  Zeeman splitting 
 
 
•  Goldreich-Kylafis effect 

•  Synchrotron emission 

•  Faraday rotation 
–  Continuum, measures B|| 

•  Dust grain alignment Credit: Wikipedia 
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Effects caused by magnetic fields 
•  Zeeman splitting 
 
 
•  Goldreich-Kylafis effect 

•  Synchrotron emission 

•  Faraday rotation 

•  Dust grain alignment – continuum, measures B⟂ 
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Polarization (via dust absorption) 
ALIGNED DUST GRAINS 

BACKGROUND STAR 
(unpolarized) 

ORDERED MAGNETIC FIELD 
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Pereyra & Magalhães 2004 

10 pc 

Musca dark cloud 

B-fields in large-
scale filaments 
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Pereyra & Magalhães 2004 

10 pc 

Musca dark cloud 

B-fields in large-
scale filaments 

Planck collaboration: Signature of the magnetic field geometry of interstellar filaments in dust polarization maps
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Observed properties of the filaments. Column 2 gives the distance of the Musca and Taurus molecular clouds (see references

in the text). Column 3 gives the length of the filament used to derive the averaged radial profiles (Sect. 3.5). The entire Musca

filament is 10 pc long. The Taurus B211 and L1506 filaments are 3 pc long. Column 4 gives the filament full width at half maximum

(FWHM) derived from a Gaussian fit to the total intensity (Iobs) radial profile. The values given are for the observations, i.e., without

beam deconvolution. The outer radius (given in column 5) is defined as the radial distance from the filament axis at which its radial

profile amplitude is equal to that of the background (see Sect. 3.4). Columns 6 and 7 give the column density at the centre of the

filament and mass per unit length estimated from the radial column density profiles of the filaments. Column 8 gives the position

angle (PA) of the segment of the filament which is used to derive the mean profile. The filament PA (measured positively from North

to East) is the angle between the Galactic North and the tangential direction to the filament’s crest derived from the I map.
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Planck 353 GHz Stokes parameter maps of the Musca filament (in MJy sr�1 ). The total intensity map is at the resolution of

4.08, while the Q and U maps are smoothed to a resolution of 9.06 for better visualization (all analyses presented in this paper are

performed on full resolution maps). The crest of the filament traced on the I map is drawn in black (on the I and Q maps) and white

(on the U map). The boxes drawn on the I map, numbered from 1 to 7, show the regions from where the mean profiles are derived

(see Fig. 2).

the Musca filament; and the Taurus B211 and L1506 filaments.

We identify the surrounding emission with the parent cloud2 (see

Sect. 3.4). The angular resolution of Planck at 353 GHz is 4.08,

which translates into a linear resolution of 0.2 pc and 0.3 pc at

140 pc and 200 pc, corresponding to the distances of the Taurus

and the Musca clouds, respectively (references are given in the

2 The emission in the vicinity of an interstellar filament may come

from the parent cloud, where the filament is located, as well as from

Galactic background (up to the entire Galaxy for low latitude LOS) and

foreground emission.

following sections). Table 1 summarizes the main characteristics

of the three filaments.
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The Musca dark cloud is a 10-pc-long filament located at a dis-

tance of 200 pc from the sun, in the North of the Chamaeleon

region (Gregorio Hetem et al. 1988; Franco 1991). The mean

column density along the crest of the filament is 5 ⇥ 1021 cm�
2

as derived from the Planck column density map (Planck

Collaboration Int. XXIX 2014). The magnetic field in the neigh-

4

Planck XXXIII, 2014 B 
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Pereyra & Magalhães 2004 

10 pc 

Musca dark cloud 

B-fields in large-
scale filaments 

Planck collaboration: Signature of the magnetic field geometry of interstellar filaments in dust polarization maps
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Observed total polarized emission (in MJy sr�1 ) of the Musca (left) and Taurus (right) clouds. The polarized emission is

debiased as explained in Sect. 2. The maps are at the resolution of 9.06 for better visualization. The black segments show the �

angles, i.e., the polarization angles rotated by 90� . The length of the pseudo-vectors is proportional to the polarization fraction. The

blue contours show the total intensity at levels of 3 and 6 MJy sr�1 . The white boxes show the length of the filaments and their

background, which is used in the modelling and shown in Fig. 9.

of the pseudo-vectors is proportional to the observed (debiased)

polarization fraction. We use P and p here only for visual inspec-

tion and no quantitative analyses are performed on these quan-

tities. These maps show that the Musca and B211 filaments are

detected in polarized emission, while the L1506 filament is not.

The filaments are surrounded by an ordered magnetic field. The

orientation of the magnetic field observed towards the Musca

and B211 filaments is close to being orthogonal to the orientation

of the filaments on the POS, while the field observed towards the

L1506 filament is approximatly parallel to its main axis.

4. Modelling the observed polarization properties

Planck observations of the polarized dust emission give an es-

timate of the magnetic field orientation projected onto the 2D

plane of the sky. In the following we model the 3D magnetic field

structure of an interstellar filament from the observed polarized

dust emission. A 3D magnetic field can be described with a pair

of angles (�, �), where � is the angle on the POS and � is the 3D

angle4 , which gives the inclination of the magnetic field relative

to the POS (Fig. 11). The 3D angle influences the observed po-

larization fraction: maximal and no polarization for � = 0� and

90� , respectively.
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As mentioned before, the observed polarized dust emission de-

pends on the geometry of the magnetic field and on the efficiency

of dust grains to emit polarized light. The modelling presented

now focuses on studying how much the observed polarized light

depends on the mean orientation of the magnetic field in the fil-

4 By “3D angle” we mean the angle between the magnetic field and

the POS, as opposed to the 2D magnetic field angle observed on the

POS and orthogonal to the polarization angle ( ).

ament and in the background. Hence we assume that p0 is the

same in the filament and in the background, ignoring any other

mechanism, which could also affect the observations, such as

different dust polarization properties and/or grain alignment in

the filament and in the background. Our modelling of the mean

orientation of the magnetic field assumes that the small-scale

structure of the field averages out within the Planck beam.

The observed interstellar filament width of approximately

0.1 pc (e.g., Arzoumanian et al. 2011) is not resolved by the

353 GHz Planck observations. Nevertheless, with Planck data

the outer radii of the filaments, 0.5 to 1 pc, are resolved and we

can study the variation of the magnetic field in the filaments

with respect to that of their background regions. However, in

this analysis we assume that the field in the filament is uniform

and we do not try to model any small-scale variations or tangling

of the field lines. Modelling the observed intensity variations

of the background, which in the case of the Musca filament

corresponds to neighbouring structures/filaments, is also beyond

the scope of this work.
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We describe the dust emission observed towards the filaments

as a two-layer model. One layer corresponds to the filament,

for |r| < Rout, where r = 0 is the filament’s main axis. The

other layer represents the background, which corresponds

to the emission observed around the filaments for |r| � Rout

as detailed in Sect. 3.4. The model does not assume that the

filaments lie on the POS, albeit the 3D orientation in the cloud

of these parsec-long-filaments may probably be close to the

POS. For |r| � Rout (see Sect. 3.4), the emission traces only the

background, while for |r| < Rout the observed emission is the

sum of the emission of the filament (Ifil) and of the background

9

Planck XXXIII, 2014 
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Polarization (dust emission) 

ORDERED MAGNETIC FIELD 

ALIGNED DUST GRAINS 
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How to measure polarization 



Orthomode 
transducer 

SIS mixers 

WBA13 
 I.F. amplifiers 

(1-9 GHz) 
 

CARMA 1.3 mm dual-polarization receivers  

1 inch 

Photo credit: Dick Plambeck 

Waveguide 
circular 

polarizer 

Hull & Plambeck 2015, CARMA Memo #64 
Hull & Plambeck 2015 
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2-section polarizer – 17 –

Fig. 14.— 3-D rendering of the
final polarizer design. This can
be thought of as an image of the
aluminum mandrel that will be
used for electroforming.

9. Leakage contributions from other optical elements

The polarization leakages computed thus far do not include the effects of optical elements between

the feedhorn and the sky. There are at least 2 such elements that can degrade the polarization

purity – the antireflection grooves on IR filters in the 6-m dewars, and the Mylar beamsplitters

used on both the 6-m and 10-m receivers to inject the local oscillator into the beam.

Grooved IR filters. The 6-m dewars use 0.3′′ thick Teflon windows in the 50K radiation shields as

infrared filters. Both the front and back surfaces of the windows are grooved to reduce reflections;

the groove depth is 0.010′′ for the 1mm windows. The refractive index of the matching layers differ

for signals polarized parallel and perpendicular to the grooves:

n∥ =

!

ϵ + 1

2
, n⊥ =

!

2ϵ

ϵ + 1
.

For Teflon (ϵ = 2.08) the matching layer has refractive index 1.24 for the electric field component

E∥ aligned with the grooves, and 1.16 for E⊥. Unfortunately the grooves are oriented in the same

direction on the front and back surfaces of the window, leading to a phase difference at 230 GHz of

∆φ =
2π

λ
(2d) (n∥ − n⊥) ∼ 11◦,

which causes a leakage of ∼ 0.1, a very serious degradation in performance. Fortunately this can be

avoided by regrooving one side of the Teflon filters in the perpendicular direction, or by replacing

the Teflon windows with foam IR filters.

The lenses that serve as windows on the 6-m dewars also are antireflection coated with a series of

concentric grooves. These grooves are expected to have much less effect on the leakage because the

path delays are equal for the 2 polarizations when averaged over the lens. Another set of lenses at

the feedhorn apertures – at an image of the primary mirror – were antireflection-coated by drilling

a grid of holes into the surfaces (Plambeck 2000) to avoid polarization-sensitive delays.

Beamsplitters. The polarization purity also will be degraded by the beamsplitters that couple local

oscillator power to the SIS mixers. The beamsplitter transmission differs for electric fields parallel

λ/2 retarder 
 at 15° λ/4 retarder 

 at 74.5° 

Plambeck & Engargiola, CARMA Memo #54 
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Polarizer simulation 

R   L         à             à             à 

Receiver Sky 

Credit: Greg Engargiola 

–19–

Fig.16.—(solidcurve)PolarizationleakagethroughthepolarizerinFig.13computedfromtheHFSS
simulationresultsinFig.15.(dashed)Leakagecomputedusingtheanalyticmodelinpol.pyforthesesame
dimensions;theanalyticmodeldoesnotincludephaseshiftsduetoreactanceatthetransitions,hencethe
retardersarenotexactlythecorrectlengths.

Fig.17.—HFSSsimulationshowingE-fieldamplitudesinthepolarizer.AY-polarizedsignalincidentfrom
theleftisconvertedtoL(top),whileanX-polarizedsignalisconvertedtoR(bottom).

polarizationsystemshouldrequireapproximately30timesmoreLOpowerbecausetherearetwo

mixers,eachwithaseriesarrayof4SISjunctions.TheLOpolarizationwillbeflippedby90

degreesonthe10-mtelescopeswhenthenewsystemisinstalled,anditwillprobablybenecessary

touse0.001′′oreven0.0015′′thickbeamsplitters.

Wenowevaluatethepolarizationleakageincludingtheeffectsofthebeamsplitters.FromBorn&

Wolf(1959;sections1.5.2and7.6.1)theamplitudeofasignaltransmittedthroughthebeamsplitter

isgivenby

A
(t)

=
tt′

1−r′2eiδA
(i)

(8)

LCP 

RCP X 

Y 

ß Feed horn (sky) OMT à 

X 

Y 

Plambeck & Engargiola, CARMA Memo #54 
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Orthomode transducer 

Navarrini & Plambeck 2006, IEEE-MTT, 54, 272-277 

Separates orthogonal linear polarizations 
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Four Complex Correlations per Pair of Antennas 

L1	  R1	  

X	   X	   X	   X	  

L2	  R2	  

Antenna	  1	   Antenna	  2	  

RR1R2	   RR1L2	   RL1R2	   RL1L2	  

(feeds)	  

(polarizer,	  
OMT)	  

(signal	  
transmission)	  

(complex	  
correlators)	  

Slide credit: Rick Perley 

•  Two antennas with 
two orthogonal 
polarizations produce 
four complex 
correlations.  

•  From these four 
outputs, we want to 
generate the four 
complex Stokes 
parameters:          
I, Q, U, and V 
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Stokes parameters 

Linear feeds Circular feeds 

34 Charles L. H. Hull


E

X

E

Y

�
=

1p
2


1 1

�i i

� 
E

R

E

L

�
; (36)

this yields expressions for E

X

and E

Y

:

E

X

=

1p
2

(E

R

+ E

L

) (37)

E

Y

=

1p
2

(�iE

R

+ iE

L

) (38)

We can substitute these expressions for E
X

and E

Y

(Equations 37 and 38) into the crossed-linear Stokes
parameters (Equations 26–29). We find the crossed-circular Stokes parameters to be:

I = hE
R

E

⇤
R

i+ hE
L

E

⇤
L

i (39)
Q = hE

R

E

⇤
L

i+ hE⇤
R

E

L

i (40)
U = �i (hE

R

E

⇤
L

i � hE⇤
R

E

L

i) (41)
V = hE

R

E

⇤
R

i � hE
L

E

⇤
L

i . (42)

Note that occasionally the Stokes parameters are defined as 1
2 ⇥ the expressions listed in Equations 39–42

(e.g., Equations 1–4 in Roberts et al., 1994). When this is the case, one can express the four cross-correlations
of R and L in terms of the Stokes parameters:

E

R

E

⇤
R

= I + V (43)
E

L

E

⇤
L

= I � V (44)
E

R

E

⇤
L

= Q+ iU (45)
E

⇤
R

E

L

= Q� iU . (46)
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i+ hE
Y

E
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Q = hE

X

E
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X

i � hE
Y

E
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i (27)
U = hE

X
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Y

i+ hE⇤
X
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Y

i (28)
V = �i (hE

X

E

⇤
Y

i � hE⇤
X

E

Y

i) , (29)

where E

⇤
X

denotes the complex conjugate of E

X

. These equations are consistent with any number of
textbooks and publications, including Equations 2.47a–2.47d in Rybicki & Lightman 1979, Equations 1 in
Hamaker & Bregman 1996, Equations 4.19 in Thompson et al. 2004, and others.

In radio astronomy E

R

is defined using the IEEE (Institute of Electrical and Electronics Engineers)
convention: the phase � of the sinusoid E

Y

lags the sinusoid E

X

by 90�. Thus, a right-circularly polarized
wave (one with pure E

R

) can be represented in the following way:

E

Y

= E

X

e

�i

⇡
2 (30)

= �iE

X

. (31)

As defined and discussed in Contopoulos & Jappel (1974); Hamaker & Bregman (1996); IEEE (1997), this
lag results in right-circularly polarized (RCP) radiation whose phasor rotates counterclockwise as viewed by
the receiver.

Additionally, in Contopoulos & Jappel (1974) the IAU deemed Stokes V to be positive if the signal has
net RCP. To check this, we plug E

X

= e

i� and a lagging E

Y

= e

i

(

��⇡
2 ) into the crossed-linear equation for

Stokes V (Equation 29), and we find that indeed, Stokes V is positive for RCP radiation.
To convert from linear to circular we use the linear-to-circular coordinate transform reported in Equation

17 of Hamaker et al. (1996), and further elucidated in Section 3 of Hamaker & Bregman (1996) (note that
we have chosen the upper sign convention in Hamaker & Bregman 1996, which is the convention used in
Hamaker et al. 1996 as well as in the references they quote):

C
A

=

1p
2


1 i

1 �i

�
. (32)

Hamaker & Bregman (1996) explicitly refer to the above matrix as circular-rl, clearly defining the order of
their matrix (top row ! R, bottom row ! L). We can then convert from [E

X

, E

Y

] to [E
R

, E

L

]:


E

R

E

L

�
=

1p
2


1 i

1 �i

� 
E

X

E

Y

�
. (33)

E

R

and E

L

are thus:

E

R

=

1p
2

(E

X

+ iE

Y

) (34)

E

L

=

1p
2

(E

X

� iE

Y

) (35)

As a check, we substitute E

Y

= �iE

X

(Equations 30 and 31, which describe how E

Y

lags E

X

in RCP
radiation) into the above expression for E

L

. We find that E

L

= 0, as expected.
One can also invert matrix C

A

to obtain the matrix required to convert from circular back to linear:

Hull & Plambeck 2015 
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Stokes parameters 

Linear                 Circular 

22

22
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δδ

δ
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Slide credit: Dick Plambeck, Rick Perley 

EX cos (!t+ �X)

EY cos (!t+ �Y )

�XY = �X � �Y
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Stokes parameters 

I 
 

Q 
 

U 
 

V 

+ 

– 

– 

– 

RCP = CCW as viewed by the receiver 
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Stokes parameters – derived quantities 

Polarization position angle (PA) 

•  Units: Jy/beam 
•  Q, U, and V can be plotted just as I can 
•  I is always positive; Q, U, V can be positive or negative 
•  If Q, U, V = 0, the source is unpolarized 
 

⇧
tot

=

p
Q2 + U2 + V 2

I

⇧
lin

=

p
Q2 + U2

I

⇧
circ

=
V

I

Polarization fraction 

The 1.3mm Full-Stokes Polarization System at CARMA 3

Note that Equations 1–4 and 5–8 are appropriate for a single dish telescope. As described in Thompson
et al. (2004), an interferometer like CARMA actually measures Stokes visibilities from cross-correlations
between antennas. For example, for telescopes m and n, Stokes Q

mn

= hE
Xm

E

⇤
Xn

i � hE
Y m

E

⇤
Y n

i. These
visibilities are Fourier transformed to produce images of Stokes I, Q, U , and V toward the astronomical
source. These are maps of radio brightness in units of Jansky/beam. Stokes I is always positive, but Stokes
Q, U , and V can be negative or positive (but not complex).

From the Stokes images, one can derive the fractional linear polarization ⇧

l

and position angle �:

⇧

l

=

p
Q

2
+ U

2

I

(9)

� =

1

2

arctan

U

Q

, 0 < � < ⇡. (10)

1.2. Choice of crossed circular feeds.

For polarization measurements with an aperture synthesis array, the receivers may be configured either with
crossed linear (E

X

and E

Y

) or crossed circular (E
R

and E

L

) feeds. For observations at 1.3 mm wavelength,
the science goals are mostly to measure weak linear polarization; few sources have appreciable circular
polarization. Linear polarization is derived from Stokes Q and U . With crossed linear feeds, Stokes Q

(Equation 2) is derived from the difference in power measured by the X and Y receivers. One must therefore
take the difference of two large numbers (E

X

E

⇤
X

and E

Y

E

⇤
Y

) in order to measure a small number (Q), which
demands that the X and Y gains be extremely stable and well calibrated. The gain stability requirement
is relaxed considerably if crossed circular feeds are used, since then both Q and U are derived from cross-
products of E

R

and E

L

. The magnitudes of these cross products are nearly zero if the source is weakly
polarized, hence gain fluctuations are much less of a problem. For this reason, it is generally considered
better to observe weak linear polarization with crossed circular feeds, and this is the approach that CARMA
uses. For a more detailed discussion of the pros and cons of linear and circular feeds see Cotton (1998), as
well as the summary (Section 7).

1.3. Observing modes

The 1.3 mm receiver system operates in three modes: single-polarization mode (LL or RR) dual-polarization
(LL and RR simultaneously), and full-Stokes (LL,RR,LR,RL). Depending on the correlator setup, all
three modes can use up to the full 8GHz bandwidth of the CARMA correlator (4GHz per sideband), but
with different combinations of correlator bands and polarizations. See Table 1 for the properties of the
different observing modes in the wide-band (500 MHz/band) setup, which we used for observations of dust
polarization.

There is no benefit to using dual-polarization mode for wide-band (continuum) observing. Typically the
RCP receivers have higher noise temperatures than the LCP receivers, so it is better to use the available
correlator bandwidth to sample a wider frequency range in LCP, rather than a narrower range in both LCP
and RCP. The dual-polarization mode offers higher sensitivity only for spectral line observations, where it is
beneficial to get independent information from the second polarization, even if the receiver temperature for
this polarization is a little higher.

2. Hardware

Figure 1 is a photo of the 1.3mm dual-polarization receiver module that is mounted in the cryogenically
cooled dewar on each telescope. It includes a single feed horn, a waveguide circular polarizer (Section 2.1),
an orthomode transducer (OMT; Section 2.2), two heterodyne mixers (Section 2.3), and two low-noise
amplifiers (LNAs). The local oscillator (LO) and sky signals are combined using a mylar beamsplitter in
front of the dewar window.
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Regarding polarization position angle… 

Slide credit: Carl Heiles 

Carl likes “segtor” (!) 
The correct word may be “polar” (?) 
I usually use “line segment” 
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Example: Mars – CARMA data 

Hull & Plambeck 2015 

Q U 
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Example: Mars – CARMA data 

Hull & Plambeck 2015 

E 

PA 
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Example: Mars – VLA data 

Q U 

Slide credit: Rick Perley 
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Example: Mars – VLA data 

Slide credit: Rick Perley 

E 

PA 
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Polarization calibration 
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Extra calibration steps 

XY (or RL) phase 

Leakage 
 

(Wide-field calibration) 
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XY phase calibration 
There is a phase difference between X & Y (or R & L) on each telescope 
 
Need to measure it to get the proper polarization position angle (PA) of the 
radiation! 
 
Measurement methods 

–  Wire grids, beacon, rocky planet/moon, (satellite?!) 
–  Known source (3C286) 
–  Monitoring of gains over time (dual-linear only) 
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XX vs. YY amplitude vs. time (ALMA) 

3C286 CASA Guide 



AMBIENT 
LOAD 
(300 K) 

SKY 
(~60 K) 

FEED     HORN 

WIRE-GRID POLARIZER 

XY phase calibration – wire grids 
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Leakage calibration 
Receivers are imperfect: there is cross-coupling between X & Y (or R & L) 
receivers on each telescope 
 
Due to imperfections in the hardware, crosstalk in the correlator, 
reflections in the receiver, etc. 
 
 
 
 
 
Measurement methods 

–  Observe bright source over wide range of parallactic angle 
–  Observe bright source of known polarization (difficult at mm) 

VX,obs = VX,true +DXVY,true

VY,obs = VY,true +DY VX,true
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Leakage terms 

Hull & Plambeck 2015 

22 Charles L. H. Hull

Fig. 21. A histogram of the differ-
ences of 4 leakage solutions from their
mean. The values encompass the real
and imaginary components for D

R

(leakage from LCP into RCP) and
D

L

(leakage from RCP into LCP),
for 6 correlator windows and all 15
telescopes. The leakage solutions are
from 02 September 2012, 25 Septem-
ber 2012, 25 October 2012, and 30
October 2012. The standard devia-
tion is 0.0089.

Fig. 22. Leakages plotted in the complex plane. D
R

(red) and D
L

(blue) for four 500-MHz wide bands centered at 224.5,
225.0, 225.5, and 226.0 GHz, from data set c1217.2D_2303c279.miriad.2. Typically D

R

and D
L

have mirror symmetry about
the imaginary axis.

10% 
leakage 

amp 

•  CARMA leakages plotted in the complex plane 
•  Leakages generally have amplitudes < 10% 



40 Chat Hull – NRAO NAASC Interferometry Summer School – 14 July 2015 

Leakage calibration 

Stokes I 

After leakage correction 

3C286 CASA Guide 
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Leakage calibration 

Stokes Q 

After leakage correction 

3C286 CASA Guide 
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Leakage calibration 

Stokes U 

After leakage correction 

3C286 CASA Guide 
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Leakage calibration 

Stokes V 

After leakage correction 

3C286 CASA Guide 
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Widefield polarization calibration 
Polarization properties change across the primary beam! 

–  Due to antenna geometry 
 
Measurement methods 

–  Beam holography 
–  Observe a bright source in many offset positions in the beam 

In practice, this is difficult to correct…but possible! 
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Widefield polarization calibration – ALMA – 6 –

Fig. 4.— I, Q, U, and V data for Band 7.

I Q 

V U 

Squint 
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Widefield polarization calibration – ALMA – 9 –

Fig. 7.— Q, U, position angle, and polarization fraction error maps for Band 7.

Q U 

% PA 
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Widefield polarization calibration – VLA 
	  	  	  	  	  	  	  I	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  V/I	  

	  Q/I	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  U/I	  	  

EVLA Memo #58; slide credit: Rick Perley 

Squint 

“Squash” 

“Squash” 
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Real polarization data 
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BIMA 

Image credit: NASA 
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BIMA: Orion 
L76 RAO ET AL. Vol. 502

Fig. 1.—Polarization map of Orion-KL at 3.3 mm. Contours indicate the
total 3.3 mm flux density (Stokes I) and are drawn at 12, 25, 38, 50, 60, 72,
84, 95 percent of the peak value of 360 mJy beam21. The noise level was ª15
mJy beam21. Vectors show the percentage polarization and position angle
wherever linearly polarized flux was detected with 3 j or greater significance.
Offsets are relative to IRc2-source I at h35m14s.505, 7229300.45a 5 5 d 5 25
(J2000). The position of IRc2 is indicated by a hollow square, BN by a cross.
The 60. 0.8 synthesized beam is shown by the ellipse at lower left.8# 2

Fig. 2.—Polarization map of Orion-KL at 1.3 mm. Contours indicate the
total 1.3 mm flux density and are drawn at 27, 7, 14, 21, 28, 35, 42, 56, 70,
84, 98 percent of the peak of 2.4 Jy beam21. The noise level was ª46 mJy
beam21. Vectors and beam representation as in Fig. 1. The synthesized beam
is 40. 0.4.4# 2

the Walsh cycle to produce quasi-simultaneous dual polariza-
tion measurements. Beam smearing resulting from this aver-
aging process is negligible.
The instrumental polarization response, or “leakage,” for

each antenna was calibrated by observing a strong point source
(3c273 or 3c279) over a wide hour angle range to provide good
parallactic angle coverage. For antennas with alt-az mounts and
orthogonal circular feeds, the fringe phases for a linearly po-
larized source vary with parallactic angle, while the instru-
mental leakages remain constant, so one can solve simulta-
neously for the leakages and the source polarization (Sault,
Hamaker, & Bregman 1996). Typical leakage amplitudes were
1% at 3.3 mm and 5% at 1.3 mm. Leakages measured on
different days or on different calibrators were consistent within
0.3% rms at 3.3 mm and 0.5% rms at 1.3 mm. Test observations
also showed that the instrumental polarization does not vary
strongly across the primary beam. The QSO 3c286 was used
to check the position angle calibration.
The data were reduced with the MIRIAD2 software package

(Wright & Sault 1993). The task GPCAL was used to fit the
instrumental leakage terms on the polarization calibrator. The
averaged Orion data were corrected for the leakages, and a 400
MHz wide continuum band without obvious spectral line con-
tamination was used to produce maps of the I, Q, U, and V

2 See also http://www.atnf.csiro.au/computing/software/miriad.

Stokes parameters. These maps were deconvolved indepen-
dently and then combined to produce maps of the linear po-
larization intensity, the fractional polarization and the position
angle. The synthesized beam size was 60. 0.8 at 3.3 mm8# 2
and 40. 0.4 at 1.3 mm.4# 2

3. RESULTS

Figures 1 and 2 display the 3.3 and 1.3 mm polarization
maps. Almost all of the emission at these wavelengths is ther-
mal radiation from dust. We have not corrected the maps for
contamination by free-free emission from the compact circum-
stellar envelopes associated with BN and IRc2 (30 to 150 mJy;
Plambeck et al. 1995), nor from the extended foreground H ii
region (important only along the eastern edge of the 3.3 mm
map, judging from Figures 1 and 2 of Wright et al. 1992).
Polarization vectors are plotted only where the linearly po-

larized intensity is greater than 3 j, where j (the2 2 1/2(Q 1 U )
rms noise level in the Q and U maps) is 1.8 mJy beam21 at
3.3 mm and 12 mJy beam21 at 1.3 mm. This cutoff corresponds
to an uncertainty of approximately 107 in the polarization po-
sition angle P.A. 5 . The percentage polariza-211/2 tan (U/Q)
tions we observe are as high as 20% in some directions, par-
ticularly near the edges of the emission region. Such high values
probably are not significant. They can occur if the Stokes I
emission region is more extended than the linearly polarized
region. In that case, the interferometer resolves out some of
the extended emission in the I image but detects most of the
linearly polarized flux, so one overestimates the fractional po-

Rao+1998 E 
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SMA 

Image credit: Jonathan Weintroub 
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SMA: NGC 1333-IRAS4A 

4A2, which we find to be separated by 400 AU
(1.8¶¶) at a PA of 130- (Fig. 1), as previously
observed at lower frequencies at an angular

resolution of È0.6¶¶ (15). Using the SMA polar-
imetry system (16), we are able to examine the
magnetic field at 360 AU resolution and we
find a clear Bpinched[ morphology (Fig. 1C)
around this protostellar system. This provides a
direct confirmation of the magnetic field con-
figuration at the few-hundred–AU scale pre-
dicted by the standard theory of low-mass-star
formation (3, 4). Moreover, the detection of
hourglass morphology even in this complex
region suggests that the models of isolated star
formation may apply even when the initial con-
ditions are much less idealized than is normally
assumed. Hints of magnetic field hourglass
shape have also been reported in high-mass-
star–forming regions such as NGC 2024 (17)
and more clearly but at much larger scales
(È0.5 pc) toward OMC-1 (18).

The total flux measured in our 877-mm
observations is 6.2 T 0.5 janskys (Jy) over an
area of 33 square arc sec, where there is adequate
sensitivity to measure the polarization. Assum-
ing optically thin emission, a dust temperature of
50 K (19), a gas-to-dust ratio of 100, and a dust
opacity of 1.5 cmj2 gj1 (20), we estimate the
total mass traced by the dust to be 1.2 d300

2

solar masses Ed300 K (d/300 pc), where d is the
adopted distance to the NGC 1333 cloud^. We
can make an estimate of the averaged column
density EN(H2)^ and volume density En(H2)^ of
the region traced by the dust as follows: N(H2) 0
M/(Amm) and n(H2) 0 M/(Vmm), where M is the
dust mass, mm is the average mass per par-
ticle, A is the area of the dust emission, and V 0
(4/3)p–

1/2 A
3/2 is the volume. Adopting a helium-

to-hydrogen mass ratio of 30%, we find that the
mean column density is N(H2) 0 8.2 ! 1023

cmj2 and the mean volume density is n(H2) 0
4.3 ! 107 d300

j1 cmj3; both are similar to the
expected values for the observed scales (19).

With the array configuration and frequency
used, these SMA observations are not sensitive
to dust emission on scales larger than 10¶¶ or
3000 AU, where models of magnetized collaps-
ing clouds expect the magnetic field to be
uniform. Therefore, the magnetic field has been
modeled by a family of parabolic functions

using a c2 analysis. We find that the center of
symmetry of the magnetic field coincides
within the measured uncertainty, È0.6¶¶, with
the center of the two cores. The position angle
of the magnetic field axis, ,61-, is roughly
similar to the orientation of the magnetic field
on larger scales around NGC 1333 (21). From
Fig. 1C, we can see that across most of this
region there is a remarkably accurate corre-
spondence between the measured magnetic
field vectors and the modeled parabolic mag-
netic field lines. However, there are some
discrepancies southeast of the center, where
the measured field seems to systematically
deviate from the fitted model. The observed
dispersion (Fig. 2), dqobs, is made up of con-
tributions from the measurement uncertainty of
the polarization angle sq and the intrinsic
dispersion dqint, according to the equation (22)
dqobs 0 (dqint

2 þ sq
2)

1/2. The observed disper-
sion (dqobs) in the residuals is 8.0 T 0.9-,
whereas the measurement uncertainty of the po-
larization angle (sq) is 6.2 T 0.3-. Therefore, the
intrinsic dispersion is dqint 0 5.1 T 1.4-. This
estimate of the intrinsic dispersion should be
regarded as an upper limit because the parabolic
function is just a first approximation of the true
magnetic field morphology.

If we assume that the dispersion in polariza-
tion angles is a consequence of the perturbation
by Alfv2n waves or turbulence in the field lines,
then the strength of the magnetic field projected
in the plane of the sky (Bpos) can be determined
from the equation Bpos 0 Q (dvlos/df)(4pr)1/2,
where r is the average mass density; dvlos is the
line-of-sight velocity dispersion; and df is the
dispersion in angular deviations of the field lines,
which is the same as dqint calculated above (23).
Q is a dimensionless parameter that depends on
the cloud structure EQ 0 1 corresponds to the orig-
inal equation of Chandrasekhar and Fermi (24)^.
Simulations of turbulent clouds suggest that Q ,
0.50 (25), which is the value adopted. Using the
value of the volume density derived from our
data, n(H2) 0 4.3! 107 cmj3, and the line width
(corrected for the kinematical contribution) given
by (26), dvlos , 0.2 km sj1, we calculate the

Fig. 1. (A) Sketch of the axis directions: red/blue
arrows show the direction of the redshifted/
blueshifted lobes of the molecular outflow,
probably driven by IRAS 4B (8); solid lines show
the main axis of the magnetic field; and dashed
lines show the envelope axes. The solid triangles
show the positions of IRAS 4A1 and 4A2. The cross
shows the center of the magnetic field symmetry.
(B) Contour map of the 877-mm dust emission
(Stokes I) superposed with the color image of the
polarized flux intensity. Red vectors indicate that
length is proportional to fractional polarization,
and the direction is the position angle of linear
polarization. Contour levels are 1, 3, 6, 9,I30 !
65 mJy per beam. The synthesized beam is shown
in the bottom left corner. (C) Contour and image
map of the dust emission. Red bars show the
measured magnetic field vectors. Gray bars
correspond to the best-fit parabolic magnetic field
model. The fit parameters are the position angle of
the magnetic field axis qPA 0 61- T 6-; the center
of symmetry of the magnetic field a0(J2000) 0 3 h
29 m 10.55 s T 0.06 s and d0( J2000) 0
31-13¶31.8¶¶ T 0.4¶¶; and C 0 0.12 T 0.06 for
the parabolic form y 0 g þ gCx2, where the x is
the distance along the magnetic field axis of
symmetry from the center of symmetry.

Fig. 2. Histogram of the
polarization angle residuals
for the best parabolic magnet-
ic fieldmodel, shown in Fig. 1.
The mean and the standard
deviation of the polarization
angle residuals are –1.1- and
8.0-, respectively.
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4A2, which we find to be separated by 400 AU
(1.8¶¶) at a PA of 130- (Fig. 1), as previously
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3/2 is the volume. Adopting a helium-

to-hydrogen mass ratio of 30%, we find that the
mean column density is N(H2) 0 8.2 ! 1023

cmj2 and the mean volume density is n(H2) 0
4.3 ! 107 d300

j1 cmj3; both are similar to the
expected values for the observed scales (19).

With the array configuration and frequency
used, these SMA observations are not sensitive
to dust emission on scales larger than 10¶¶ or
3000 AU, where models of magnetized collaps-
ing clouds expect the magnetic field to be
uniform. Therefore, the magnetic field has been
modeled by a family of parabolic functions

using a c2 analysis. We find that the center of
symmetry of the magnetic field coincides
within the measured uncertainty, È0.6¶¶, with
the center of the two cores. The position angle
of the magnetic field axis, ,61-, is roughly
similar to the orientation of the magnetic field
on larger scales around NGC 1333 (21). From
Fig. 1C, we can see that across most of this
region there is a remarkably accurate corre-
spondence between the measured magnetic
field vectors and the modeled parabolic mag-
netic field lines. However, there are some
discrepancies southeast of the center, where
the measured field seems to systematically
deviate from the fitted model. The observed
dispersion (Fig. 2), dqobs, is made up of con-
tributions from the measurement uncertainty of
the polarization angle sq and the intrinsic
dispersion dqint, according to the equation (22)
dqobs 0 (dqint

2 þ sq
2)

1/2. The observed disper-
sion (dqobs) in the residuals is 8.0 T 0.9-,
whereas the measurement uncertainty of the po-
larization angle (sq) is 6.2 T 0.3-. Therefore, the
intrinsic dispersion is dqint 0 5.1 T 1.4-. This
estimate of the intrinsic dispersion should be
regarded as an upper limit because the parabolic
function is just a first approximation of the true
magnetic field morphology.

If we assume that the dispersion in polariza-
tion angles is a consequence of the perturbation
by Alfv2n waves or turbulence in the field lines,
then the strength of the magnetic field projected
in the plane of the sky (Bpos) can be determined
from the equation Bpos 0 Q (dvlos/df)(4pr)1/2,
where r is the average mass density; dvlos is the
line-of-sight velocity dispersion; and df is the
dispersion in angular deviations of the field lines,
which is the same as dqint calculated above (23).
Q is a dimensionless parameter that depends on
the cloud structure EQ 0 1 corresponds to the orig-
inal equation of Chandrasekhar and Fermi (24)^.
Simulations of turbulent clouds suggest that Q ,
0.50 (25), which is the value adopted. Using the
value of the volume density derived from our
data, n(H2) 0 4.3! 107 cmj3, and the line width
(corrected for the kinematical contribution) given
by (26), dvlos , 0.2 km sj1, we calculate the

Fig. 1. (A) Sketch of the axis directions: red/blue
arrows show the direction of the redshifted/
blueshifted lobes of the molecular outflow,
probably driven by IRAS 4B (8); solid lines show
the main axis of the magnetic field; and dashed
lines show the envelope axes. The solid triangles
show the positions of IRAS 4A1 and 4A2. The cross
shows the center of the magnetic field symmetry.
(B) Contour map of the 877-mm dust emission
(Stokes I) superposed with the color image of the
polarized flux intensity. Red vectors indicate that
length is proportional to fractional polarization,
and the direction is the position angle of linear
polarization. Contour levels are 1, 3, 6, 9,I30 !
65 mJy per beam. The synthesized beam is shown
in the bottom left corner. (C) Contour and image
map of the dust emission. Red bars show the
measured magnetic field vectors. Gray bars
correspond to the best-fit parabolic magnetic field
model. The fit parameters are the position angle of
the magnetic field axis qPA 0 61- T 6-; the center
of symmetry of the magnetic field a0(J2000) 0 3 h
29 m 10.55 s T 0.06 s and d0( J2000) 0
31-13¶31.8¶¶ T 0.4¶¶; and C 0 0.12 T 0.06 for
the parabolic form y 0 g þ gCx2, where the x is
the distance along the magnetic field axis of
symmetry from the center of symmetry.

Fig. 2. Histogram of the
polarization angle residuals
for the best parabolic magnet-
ic fieldmodel, shown in Fig. 1.
The mean and the standard
deviation of the polarization
angle residuals are –1.1- and
8.0-, respectively.
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VLA 

Image credit: Jonathan Weintroub 
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VLA: Cygnus A 

Slide credit: Rick Perley 
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CARMA 

Image credit: Chat Hull 
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Wright, Hull+2014, ApJ, 796, 112 

– 16 –

MM1

MM2
MM3

MM4

MM5

MM6

MM7

MM9

Fig. 1.— CARMA 1.3mm B-field vectors overlaid on 1.3mm dust continuum (colorscale

and contours). Contours at 2,4,8,16,32,64,128 × 25 mJy beam−1. The peak is 3.23 Jy

beam−1. The RMS noise in the dust continuum image is 19.3 mJy beam−1. The color wedge

on the right shows the color scale with a logarithmic range from 0.025 to 2 Jy beam−1. The

positions are offsets from IRS 1 at R.A. (J2000)=23h13m45.s37, Dec. (J2000)=61◦28′10.′′43.

The crosses mark the positions of SMA dust sources. The vectors of polarized intensity have

been rotated by 90◦ to show the POS B-field orientation. The synthesized beam FWHM

is drawn in the bottom left corner. The scale bar below the beam is drawn the length of

the longest vector of polarized intensity, 11.6 mJy beam−1. The RMS noise in the polarized

intensity image is 0.7 mJy beam−1.

0.1 pc 

CARMA – NGC 7538 
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L1157 

See also: Stephens+ (incl. C.H.) 2013, ApJL, 769, L15 

1000 AU 

Hull+2014, ApJS, 213, 153 

CARMA – L1157 
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NGC 1333-IRAS 4A NGC 1333-IRAS 4B, 4B2 

3″ 

NGC 1333-IRAS 2A 

CARMA 

1000 AU 1000 AU 

Hull+2014, ApJS, 213, 153 
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CARMA – Class 0 disk polarization 

Class 0 Disk Polarization Detections

L1527 CARMA polarization detection
Known Class-0 Keplerian disk, with a
central protostellar mass of 0.3 M�
(Tobin et al. 2012, Ohashi et al. 2014)
0.3500 (50 AU) resolution
Average polarization of 2.5% ± 0.6%
and a position angle of 5� ± 5�

Suggests toroidal
Accepted Top Priority ALMA
Observations (just observed), along with
VLA 1623

P-V diagram, Keplerian fit
Ohashi et al. (2014)

B-field vectors, Segura-Cox et al.
(2015)

Ian W. Stephens (Boston U) January 6, 2015 3

HL Tau Disk Polarization Detection

First detection of the magnetic field morphology in the disk of a TTS

CARMA, weighted for 0.600 (80
AU) resolution
Model shows no contamination
from envelope at these
resolutions (Kwon et al. 2011)
Fractional polarization:

I At Peak: 0.59%
I Median: 0.72%
I Mean: 0.90%
I Range: 0.54% to 2.4%

Approximately three independent
beams
Toroidal component?

Red Vectors: >3� detections
Blue Vectors: 2-3� detections

Stephens et al. (2014)

Ian W. Stephens (Boston U) January 6, 2015 6

L1527 HL Tau 

Segura-Cox+2015 Stephens+2014 

B-fields appear to be predominantly toroidal 

Disk plane/ 
major axis 

Disk major axis 

B 
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ALMA 

Credit: ESO/S. Guisard – http://www.eso.org/public/images/potw1217a/ 
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ALMA Science Verification data 

ALMA – 3C286 
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Summary 
•  Polarization is cool! 

•  Calibration is tricky… 

•  This was a qualitative taste of the subject 
–  For beautiful math, see Rick Perley’s VLA summer school talk 

•  Feel free to contact me with questions! 
 

chathull.com 
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Fin 


