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Overview
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• Introduction: pesky position angles

• What came before…

• The ALMA era
• Low-mass protostars
• High-mass star formation
• Disks
• Ongoing efforts: spectral-line and circular polarization
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Planck Collaboration
planckandthemagneticfield.info

20 pc
Scaled to nearby SFRs

We live in a beautiful, magnetized Universe

Circa April 2015, 

<1 year before the first 

ALMA polarizat
ion PI data 

were delivered

http://www.planckandthemagneticfield.info
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What is the role of the magnetic field in star formation?

Fundamental?
Incidental?
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 But first…let’s talk about 
everyone’s favorite calibrator
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Plambeck: “We tend to find PAs 37 to 41 at 230 GHz.”

It all began with 3C 286

 6

Stuartt:  “Do you have the details and some idea of the error bars from your measurements?”

ALMA Science Verification Data: 3C 286 3

Fig. 1.— Cyan contours show Stokes I intensity, grayscale shows
polarized intensity (

√

Q2 + U2), and magenta vectors show the
polarization position angle of 3C 286. The contours are plotted at
(–1, 1, 2, 4, 8, 16, 32, 64, 128, 512) ×0.15 mJy beam−1, which is
3× the rms noise in the Stokes I image. The EVPA is plotted at
levels > 3σ× the rms noise in the polarized intensity map. The
restoring beam is 0.797′′ × 0.406′′ at a position angle of −180◦,
which is given by the ellipse at the bottom left corner of the image.

Fig. 2.— 24′′×24′′ image of Stokes I intensity centered at the core
of 3C 286. Both contour and grayscale indicate Stokes I intensity.
The contours are plotted at the same level as in Figure 1.

TABLE 1
Peak intensity of the core and the SW component

Component Ia Pb Fc

Core 387.77±0.05 mJy 64.81±0.07 mJy 0.17±0.02
SW 0.55±0.05 mJy 0.21±0.07 mJy 0.38±0.12

aPeak intensity [mJy beam−1]
bPolarized peak intensity [mJy beam−1]
cFractional polarization

Polarized emission is clearly detected toward the core
and is also marginally detected toward the SW com-
ponent. The polarization percentage of the core is
16.7±0.2%, which is higher than at longer wavelengths.
Since the signal-to-noise ratio of the SW component
is low, we should take into account the polarization
bias (Vaillancourt 2006) for this component. The bias-
corrected polarization intensity of SW component is es-
timated to be 0.2 mJy beam−1, which corresponds to
a 2.8σ detection. The EVPA of the core is 38.6 ±
0.4 degrees. Note that the statistical error of the
EVPA is ∼ 10−2 degrees, which is negligible compared
with the systematic error. The obtained EVPA shows
a good agreement with Hull & Plambeck (2015) and
Agudo et al. (2012), but our ALMA measurement of
fractional polarization and EVPA has better accuracy
thanks to ALMA’s excellent sensitivity and instrumental
polarization calibration accuracy. The polarization per-
centage of the SW component is larger than 30%, which
indicates an even more ordered magnetic field than in
the core. The EVPA of the SW component is ∼ 90◦,
which is consistent with results from longer wavelength
observations (Akujor & Garrington 1995).
We also report the serendipitous detection of a point

source. Figure 2 shows a wide field image (24′′×24′′) cen-
tered on the core of 3C 286. A 6σ point source is detected
at the position (RA, DEC)=(13:31:08.0, 30:30:43.0), ∼
11′′ NNW of the core of 3C 286. The peak intensity is
about 0.5 mJy beam−1 after the primary beam correc-
tion. Although the position was derived from the self-
calibration image, we expect the position uncertainty to
be < 0.1′′ since the measured position of 3C 286 core
is consistent with the position derived by the VLBI as-
trometry (Beasley et al. 2002) within 0.1′′. No counter-
part is found at this position in Hubble Space Telescope
(HST) (Le Brun et al. 1997) or Sloan Digital Sky Survey
(SDSS) images. This source is likely to be a submillime-
ter galaxy (SMG), one of a population of distant galax-
ies where star formation is obscured by the dust (e.g.,
Hughes et al. 1998). The detection of a SMG is consis-
tent with the source number counts of sub-mJy sources in
the SXDF-ALMA deep survey (Hatsukade et al. 2016).
Although centimeter data is also important to conclude
whether this is a true SMG, it is difficult to locate a cen-
timeter counterpart in the image from the FIRST survey
(Becker et al. 1995) because of the contamination by the
bright 3C 286 emission.

4. DISCUSSION

The ALMA SV data presented here confirm that the
EVPA increases slowly from centimeter to millimeter
wavelengths. This trend cannot be explained by Faraday
rotation since the change in the EVPA is not observed in
centimeter bands (λ ! 10 cm, Perley & Butler 2013). It
is thus reasonable to assume that this change in EVPA is
related to the frequency-dependent location of the bright-
est spot along the jet. In general, synchrotron opacity
becomes higher when approaching the base of a quasar
jet; thus, the inner part of the jet becomes optically thin-
ner at shorter wavelengths. The emission from extended
jets also becomes fainter at shorter wavelengths, so the
bulk of the emission we detect should be radiated from
the inner part of the jet. The observed frequency depen-
dence of the EVPA probably suggests that the magnetic

Nagai+2016 (incl. C. Hull)

3C 286

ALMA

SMA

see Qi & Young 2015 for a description of how to calibrate
polarization data in MIR). Antennas 5 and 7 were out of the
array. The weather was excellent, with a 225 GHz zenith
opacity t < 0.04225 for nearly the entire observation. The
double-sideband (DSB) system temperatures were between 145
and 216 K.

After an initial calibration, we exported the data to MIRIAD
(Sault et al. 1995), which we used for measuring the
polarization leakage terms and for imaging. 3C 286 has a flux
of ∼240 mJy beam−1 at 880 μm, and was thus too weak to use
as a polarization leakage calibrator. Consequently, the 3C 286
observation was performed directly after another full-polariza-
tion track (2015B-S012, PI: Laurence Sabin), which included
3C 84, a bright calibrator suitable for polarization calibration.
After one round each of amplitude and of phase self-calibration
on 3C 84, we measured leakage terms and applied them to the
3C 286 data. The leakage terms had amplitudes <1.5% for all
antennas in both sidebands.

3. RESULTS

We used MIRIAD to produce Stokes I, Q, and U continuum
images using natural weighting (robust=2, also sup=0
in MIRIAD). The phases of 3C 286 were corrected with one
round of phase-only self calibration. The final synthesized
beam is ´ ´ ´1. 89 1. 80 at a position angle of- n19 , and the rms
noise levels in the Stokes I, Q, and U maps are all
∼2 mJy beam−1 .

We found that 3C 286 has a polarization position angle and
percentage at 880 μm of n o n37 .4 1 .5 and 15.7%± 0.8%,
respectively. These results are consistent with previous
measurements at 1 mm. We show the StokesItotal intensity
map with polarization orientation overlaid in Figure 1, and the
Stokes Q and U maps in Figure 2. Note that measurements of
polarized intensity = +P Q U2 2 should generally be

debiased (Vaillancourt 2006; Hull & Plambeck 2015); how-
ever, the signal-to-noise ratio (S/N) of P always exceeds ∼13,
and thus the debiased value of the polarized intensity is
unchanged to within the uncertainty of the original value.
Previous studies of 3C 286 with the VLA and the Combined

Array for Research in Millimeter-wave Astronomy (CARMA)
used the polarization of Mars to calibrate the absolute position
angle of the telescopes (Perley & Butler 2013; Hull &
Plambeck 2015), as rocky planets or satellites are expected to
have polarization that is radial with respect to the planet’s disk
(Heiles & Drake 1963; Davies & Gardner 1966; White &
Cogdell 1973; Perley & Butler 2013). Unfortunately, this test
of absolute position angle has not yet been performed with the
SMA dual-receiver polarization system. However, the SMA
has the unique advantage of using quarter-wave plates, which
have very well known polarization properties (Marrone 2006).
Given a high enough S/N of the calibrator used to derive the
cross-receiver delay and RL-phase offset, the polarization
position angle accuracy is limited only by the rotation of the
wave plates, which are positioned with an accuracy n�1
(Marrone 2006; Marrone et al. 2007).
At (sub)millimeter wavelengths, 3C 286 has a polarization

position angle c » 38°, where c = U Q0.5 arctan ( ). Some-
what inconveniently, this value is close to c = n45 , where, by
definition, all of the signal is in Stokes U and none is in Stokes
Q. The 38° position angle implies that the Stokes Q signal is
four times weaker than the Stokes U signal. At a high enough
noise level (i.e., a S/N of the polarization emission 8), the
Stokes Q signal would be undetectable, leading us to derive an
incorrect position angle cn < < n38 45 . The value would be
< n45 because when calculating χ, the value for Q would not be
identically zero, but would be an upper limit dictated by the
rms noise in the Stokes Q map.
Furthermore, the standard CLEAN process on independent

Stokes Q and U visibilities fails to properly account for the
complex vector nature of the linear polarization when the signal
is weak (e.g., Pratley & Johnston-Hollitt 2016). Pratley &
Johnston-Hollitt (2016) described a method for CLEANing
that avoids this bias in low-S/N polarization observations,
particularly in extended sources. Fortunately, the combined
(DSB) SMA data we present here are sensitive enough that the
Stokes Q map has a S/N 2 3 sP, and 3C 286 is a point source
at SMA resolution, therefore this type of novel imaging
approach is not necessary.
In short, the only results to date with high-S/N Stokes Q

maps are the 1 mm ALMA results from Nagai et al. (2016) and
the 880 μm SMA results presented here, both of which yield
polarization position angles of c » n38 , and suggest that there
is no continued increase in the position angle of 3C 286 at
1l 1 mm ( 2n 230 GHz).

4. DISCUSSION AND SUMMARY

In Figure 3, we extend the work of Perley & Butler (2013)
and show the polarization angle and percentage of 3C 286 as a
function of frequency from ∼1 340 GHz– , now including the
results from the Institut de Radioastronomie Millimétrique
(IRAM) 30 m telescope (3 mm, 1 mm: Agudo et al. 2012),
CARMA (1 mm: Hull & Plambeck 2015), ALMA (1 mm:
Nagai et al. 2016), and the SMA (1 mm: Marrone 2006;
880 μm: this work).
The polarization position angle of 3C 286 appears to be

constant at ∼33° at 1n 8 GHz and constant at ∼38° at 2n

Figure 1. 880 μm SMA image of 3C 286 (a =J2000 13:31:08.2879, d =J2000
+30:30:32.958). The rms noise level in the Stokes I map s = 2I mJy beam−1 .
The black contours are the StokesItotal intensity at –3, 3, 8, 16, 32, and
64 × sI . The grayscale is the polarized flux density = +P Q U2 2 . The
peak polarization percentage P/I is 15.7%± 0.8%. The yellow line segment is
the polarization position angle c = n o n37 . 4 1 . 5. The ellipse to the lower left
represents the synthesized beam, which measures ´ ´ ´1. 89 1. 80 at a position
angle of −19°.
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230 GHz. The simplest explanation of the change in polariza-
tion position angle is a change in the position angle of either the
jet or the magnetic field with distance from the nucleus,
combined with a gradient in the spectral index of the emission
along the jet. In other words, we are most likely probing two
different components at low and high frequencies: a population
of less energetic electrons downstream in the jet that dominate
the centimeter-wave emission, and a more energetic population
of electrons further upstream (near the nucleus of the active
galactic nucleus) that dominate the (sub)millimeter-wave
emission. The observations at intermediate frequencies

Figure 2. Stokes Q and U maps of 3C 286. The rms noise levels in the Stokes Q and U maps s s s= = = 2Q U P mJy beam−1 . The black contours are the Stokes Q
(left) and U (right) intensities at –3, –2, 2, 4, 6, 8, 10, 12, 14, 16, and 18 × sP. As in Figure 1, the ellipses in the lower left represent the synthesized beam.

Figure 3. 3C 286 polarization position angle (left) and percentage (right) as a function of frequency. The data can be found in Perley & Butler (2013; VLA:
∼1–45 GHz) (Polarization angle and percentage values at -n 45 GHz include those from Table 3 (n < 5 GHz) and Tables 2 and 5 ( .n 4.885 GHz) of Perley &
Butler (2013). The Table 3 values have been assigned errors in polarization percentage and angle of dP = 0.1% and dc = n0 . 3, where the former is the typical
residual polarization percentage in a VLA map of an unpolarized source (R. Perley 2016, private communication), and the latter is calculated by standard error
propagation: dc d= P P0.5 arctan( ). Note that the n > 4.885 GHz data from Tables 2 and 5 of Perley & Butler (2013) are not at exactly the same frequency in the
two plots. The polarization percentage values at low frequencies have not been corrected for the increase as a function of time, which was reported by Perley & Butler
(2013), Agudo et al. (2012; IRAM 30 m: 3 mm, 1 mm), Hull & Plambeck (2015; CARMA: 1 mm), Nagai et al. (2016; ALMA: 1 mm), Marrone (2006; SMA: 1 mm),
and this work (SMA: 880 μm). The CARMA polarization percentage was provided by D. Plambeck (private communication), and is associated with the 2014 May 04
observations listed in Table 3 of Hull & Plambeck (2015). The 1 mm data points from Agudo et al. (2012) and Marrone (2006), which have high uncertainties, have
been plotted with light gray error bars to highlight the higher-S/N data.

Table 1
Table 1: SMA 880 μm Polarization Results

I Q U χ Π
mJy

beam( ) mJy
beam( ) mJy

beam( ) (°) (%)

241.7± 2.0 10.0± 2.0 36.7± 2.0 37.4± 1.5 15.7± 0.8

Note. Stokes I, Q, and U fluxes, polarization position angle, and polarization
percentage derived from the combined (DSB) 880 μm (340 GHz) SMA data.
The uncertainties in the I, Q, and U maps are the rms noise values measured
from the maps; the uncertainties in the polarization position angle and
percentage are calculated using standard error propagation.

3

The Astrophysical Journal, 830:124 (4pp), 2016 October 20 Hull, Girart, & Zhang

Hull+2016b

Hull+2016b, incl. CARMA data from Hull+2015

Stuartt: “We got 39....so seems reasonable.” … “Even George was pretty happy about the calibration accuracy...which is saying a good deal.”

April 2013 (during ALMA Cycle 1, a mere 5 months after Pierre was appointed ALMA Director)
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It actually all began  
with BIMA, CARMA and the SMA
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Polarization (dust absorption)
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ALIGNED DUST GRAINS

BACKGROUND STAR
(unpolarized)

ORDERED MAGNETIC FIELD

Polarization traces 
magnetic field orientation
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Polarization (dust emission)
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ALIGNED DUST GRAINS

BACKGROUND STAR
(unpolarized)

ORDERED MAGNETIC FIELD

Polarization must be 
rotated by 90º to show 
magnetic field orientation

Note! 

We’ll als
o be seeing polariza

tion 

from synchrotron (linear), 

cyclotron (circ
ular), 

spectral-

lines (linear an
d circ

ular), 
and 

scattering (linear)!
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– 6 ⨯10-m,   9 ⨯ 6-m,   and   8 ⨯ 3.5-m telescopes

– Observations at 1 cm,  3 mm,  and 
1 mm (polarization!) 

– Was located in Cedar Flat, CA (near Bishop)

 
Consortium: Berkeley, Caltech, Illinois, Maryland, Chicago  

Photo credit: C. Hull

This is me installing a 1 mm polarization 
receiver between 2010 and 2012

CARMA  
Combined Array for Research in Millimeter-wave Astronomy
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The Submillimeter Array (SMA)
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Photo credit: C. Hull
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State of affairs before Cycle 2 (low-mass)

 12

L1157

500 AU

1000 AU

IRAS 4A

Hull+2014, TADPOL survey

Girart+2006 1000 AU

See also Stephens+2013 (incl. C. Hull)
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The Astrophysical Journal Supplement Series, 213:13 (48pp), 2014 July Hull et al.
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Figure 32. DR21(OH). Same as Figure 4. (a) The velocity ranges of the CO(J = 2 → 1) line wing emission are 36.9 to 7.2 km s−1 (redshifted) and −24.5 to
−41.4 km s−1 (blueshifted). σSL = 2.64 K km s−1. (b) σI = 8.6 mJy beam−1.

(A color version of this figure and associated FITS images and machine-readable tables are available in the online journal.)

39
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State of affairs before Cycle 2 (high-mass)

The Astrophysical Journal Letters, 783:L31 (5pp), 2014 March 10 Sridharan et al.

Table 1
Continuum Emission

ID R.A. Decl. ∆R.A., ∆Decl. Peak, Err Intg. Maj Min P.A. Mass
(J2000.0) (J2000.0) (′′) (Jy bm−1) (Jy) (′′) (′′) (Deg.) (M⊙)

A 18:47:47.00 −1:54:26.6 0.1 0.1 7.9, 0.61 11.5 1.7 1.3 −52 920–80
B 18:47:46.86 −1:54:29.7 0.2 0.2 3.5, 0.52 6.2 2.1 1.9 −63 500
C 18:47:46.41 −1:54:32.9 0.2 0.2 1.9, 0.26 3.7 2.7 1.7 63 300
D 18:47:46.69 −1:54:32.3 0.2 0.2 1.1, 0.15 1.9 2.1 1.5 −69 150
E 18:47:47.05 −1:54:31.0 0.2 0.2 1.2, 0.16 1.6 1.7 0.9 28 130
F 18:47:46.55 −1:54:23.1 0.1 0.2 0.7, 0.08 1.4 3.4 0.9 22 110

Note. All masses estimated using a temperature of 25 K; core A used 25 and 300 K.

10000 AU

C

F

G

Jy/bm

E

A

B

D

Figure 1. Gray scale image and the black contours show the 345 GHz
continuum emission. Continuum peaks brighter than the level of the highest
negative contour were fitted and labeled A–G (listed in Table 1). The CH3CN
emission integrated over the first four K-components is shown as white
contours. The continuum contour levels start at −0.4 Jy beam−1 with a step
size of 0.8 Jy beam−1, 1σ being 0.1 Jy beam−1. The line contours start at
37.5 Jy beam−1 km s−1 with a step size of 75 Jy beam−1 km s−1, 1σ being
7 Jy beam−1 km s−1. The synthesized beams are shown at the bottom left
(smaller beam—CH3CN).

3. CONTINUUM EMISSION AND MAGNETIC FIELD

The continuum emission, mapped using the combined data
from the two configurations at a beam size of 2.′′5 × 2.′′1 shows
multiple peaks (Figure 1) with integrated fluxes and masses in
the range 1–10 Jy and 100–1000 M⊙ (Table 1). All the param-
eters of the cores were obtained by Gaussian fitting and de-
convolution. The masses were estimated following Hildebrand
(1983), using a dust absorption coefficient of 2 cm2 g−1 at
343 GHz (Ossenkopf & Henning 1994), a gas-to-dust ratio of
100, and a temperature of 25 K from spectral energy distribution
(SED) fitting (Bally et al. 2010) for all cores except the hot core
A (see Section 4), where a range of 25 K–300 K was used.

The continuum emission shows polarization at the level
of 0.5%–15%, exhibiting the well-known polarization hole
phenomenon, with the lowest polarization fractions occurring at
the highest Stokes I intensities. Assuming that the polarization
is due to magnetically aligned dust grains, the derived B-field
orientations are shown in Figure 2. The orientation of the
polarization shows an ordered pattern, consistent with previous
measurements (Cortes & Crutcher 2006) while reaching a factor

5 % 10000 AU

OF−3

OF−2

OF−1

B

CDE

F

G

A

Jy/bm

large scale B−field orientation

Figure 2. Continuum emission, B field, and CO outflows. The CO contours start
at 40 Jy beam−1 km s−1 and the step size is 40 Jy beam−1 km s−1, 1σ being
10 Jy beam−1 km s−1. The B-field orientations are shown as line segments with
lengths proportional to fractional polarization. Thick and thin segments mark
>3σ and 2σ–3σ measurements, respectively. The orientation of the large-scale
B field and its range are also shown. The synthesized beams are shown at the
bottom left (filled—continuum).
(A color version of this figure is available in the online journal.)

Table 2
Polarization and Outflow Position Angles

Region P.A.mean σP.A. δφ Number of
(deg) (deg) (deg) pixels

A −39 14 12 13
B/E 29 17 15 45
C/D 5 8 3 9
All 13 31 30 67
Large scalea 175 ±14
OF-1 136
OF-2 135
OF-3 173

Note. a Dotson et al. 2010.

of two better resolution. It changes significantly over the map
and can be decomposed into three regions corresponding to the
dust peaks A, B-E, and the much weaker C-D. The position
angles are approximately perpendicular to each other between
A and B-E. The statistics of the position angles are presented
in Table 2. The measurements include 50 detections with 3σ
or better signal-to-noise ratio and 17 with 2σ . The intrinsic

2

Sridharan+2014
For a review of SMA polarization studies of high-mass tars, see Zhang+2014 

CARMA
SMA

Hull+2014

two out of four of our regions have EVPA dispersions larger
than the 25° limit suggested by Ostriker et al. (2001). Given
this, we included modified versions of the CF method (Heitsch
et al. 2001; Falceta-Gonçalves et al. 2008) to calculate the field
strength on each region independently. Heitsch et al. (2001)
attempt to address the limitation of the small angle approx-
imation by replacing df with ( )d ftan , which is calculated
locally and by adding a geometric correction to avoid

underestimating the field in the super-Alfvénic case. In
contrast, Falceta-Gonçalves et al. (2008) assumed that the field
perturbation is a global property, and thus they replaced df
with ( )df d~ B Btan sky in the denominator of Equation (1).
By using the three versions of the CF method, we obtained
estimations of the magnetic field between 0.2 and 7 mG for our
four regions, where for source A we obtained values between 1
and 4 mG. Crutcher (2012) plotted the most up-to-date field

Figure 2. Magnetic field morphology over W43-MM1. The Stokes I emission is shown as colorscale, the dust, rician debiased, polarized intensity is shown in
contours of 0.55, 1.3, 2.0, 2.7, and 3.5 mJy -beam 1. The magnetic field morphology is shown as pseudo-vectors at a significance of 3σ in green and 5σ in blue, where
s m= -93 Jy beam 1 corresponds to the noise in the polarized intensity image. The length of each pseudo-vector is normalized. Also, each pseudo-vector is plotted
every half-beam, i.e., in steps of 8 and 4 pixels, where the beam is 13 × 7 pixels.

Table 2
Polarization Data and Magnetic Field Estimations onto the Plane of the Sky

Source Region nr
a Nb f< >c dfc Fmin

c Fmax
c < >F c B1

d B2
e B3

f lB1
b,g lB2

b,h lB3
b,i

(107 cm−3 ) (1024 cm−2 ) (°) (°) (%) (%) (%) (mG) (mG) (mG)

A 1 1.4 68.0-31.7 −30.5 36.2 0.41 13.9 4.9 3 4 1 59-27 40-19 145-68
B1 2 1.5 170.7 42.5 21.9 0.46 19.6 6.2 5 8 2 89 55 225
E 2 1.5 22.1 42.5 21.9 0.46 19.6 6.2 5 8 2 12 7 29
B2 2 1.5 16.3 42.5 21.9 0.46 19.6 6.2 5 8 2 9 5 21
B3 2 1.5 17.7 42.5 21.9 0.46 19.6 6.2 5 8 2 9 6 23
B4 2 1.5 20.0 42.5 21.9 0.46 19.6 6.2 5 8 2 10 6 26
C 3 1.1 61.2 12.8 49.7 0.87 9.4 4.1 2 2 0.2 84 67 701
H 3 1.1 41.9 12.8 49.7 0.87 9.4 4.1 2 2 0.2 57 46 480
D2 3 1.1 16.4 12.8 49.7 0.87 9.4 4.1 2 2 0.2 22 18 189
D1 3 1.1 14.7 12.8 49.7 0.87 9.4 4.1 2 2 0.2 20 16 168
F1 4 0.4 19.6 54.3 22.0 2.30 22.4 6.8 3 4 1 19 12 53
F2 4 0.4 8.8 54.3 22.0 2.30 22.4 6.8 3 4 1 8 5 24

Notes. All parameters are derived assuming a temperature of 25 K with the exception of source A, where we are showing values for =T 70dust and 150 K. The
polarization statistics are calculated from the 5σ data.
a The number density used to estimate Bpos, calculated from the Stokes I emission across the entire region.
b For the hot core, the estimations are calculated using a temperature range of 70 and 150 K.
c Here, fá ñ is the average EVPA, df is the EVPA dispersion (calculated using circular statistics), Fmin is the minimum fractional polarization, Fmax is the maximum
fractional polarization, and á ñF is average fractional polarization value. All values are computed for the region indicated in column 2.
d Estimations of the magnetic field, in the plane of the sky, done with the original CF method (see Equation (1) in the text).
e Estimations of the magnetic field, in the plane of the sky, done using the corrections implemented by Falceta-Gonçalves et al. (2008, Equation (9)).
f Estimations of the magnetic field in the plane of the sky, done using the corrections implemented by Heitsch et al. (2001, Equation (12)).
g Mass to magnetic flux estimate using field strength estimate B1.
h Mass to magnetic flux estimate using field strength estimate B2.
i Mass to magnetic flux estimate using field strength estimate B3.

4

The Astrophysical Journal Letters, 825:L15 (6pp), 2016 July 1 Cortes et al.

Cortes+2016 (incl. C. Hull)

ALMA

W43 MM1
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State of affairs before Cycle 2 (disks)
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500 AU

No polarization in HD 163296… …or TW Hya, DG Tau, MWC 480, or GM Aur 

1208 HUGHES ET AL. Vol. 704

Figure 2. Comparison between the Cho & Lazarian (2007) model and the SMA 340 GHz observations of HD 163296. The top row shows the prediction for the model
at full resolution (left), a simulated observation of the model with the SMA (center), and the 2008 SMA observations (right). The gray scale shows either the total flux
(left) or the polarized flux (center, right), and the blue vectors indicate the percentage and direction of polarized flux at half-beam intervals. The center and bottom
rows compare the model prediction (center) with the observed SMA data (bottom) in each of the four Stokes parameters (I, Q, U, V, from left to right). Contour levels
are the same in both rows, either multiples of 10% of the peak flux (0.9 Jy beam−1) in Stokes I or in increments of 2σ for Q, U, and V, where σ is the rms noise of
2.4 mJy beam−1. The size and orientation of the synthesized beam are indicated in the lower left of each panel.
(A color version of this figure is available in the online journal.)

we should be able to detect it given that we recover most of
the Stokes I flux. Figures 2 and 3 compare the data with the
fiducial model predictions (described in Section 4.1 below).
The upper right panel of each figure displays the amount and
direction of observed polarized flux for each source, while the
bottom row presents contour maps for each of the individual
Stokes parameters. The emission in Stokes Q and U (linear
polarization), as well as in Stokes V (circular polarization), is
consistent with noise. As noted in Section 2, since Stokes V is
calculated as the difference between the measured right and left
(RR and LL) circular polarization, the difficulty of calibrating
the gains precisely enough to remove the influence of the bright
Stokes I emission raises the rms value in this Stokes parameter
relative to Stokes Q and U, which are calculated instead from
the crossed (RL and LR) polarization states.

We can rule out calibration errors as the reason for the lack
of polarized emission for the following three reasons. (1) The
point-like test quasars and the similarity of the visibility profiles
in Figure 1 with previous observations of these sources (see e.g.,
Isella et al. 2007; Hughes et al. 2008) illustrate both the success
of the atmospheric and instrumental gain calibration and the high
sensitivity of the data set. (2) The detection of polarized emission
from the test quasars in each of the data sets, with direction
consistent between sidebands, demonstrates the success of the

instrumental leakage calibration. Furthermore, (3) several of
the nights were shared with other SMA polarization projects,
and our solutions for the instrumental leakage between Stokes
parameters for the eight quarter-wave plates were effectively
identical to those derived by other observers, who successfully
detect polarization in their targets.

It is worth comparing the rms noise achieved here with the
limiting precision of the current SMA polarimeter. Errors in
alignment of the quarter-wave plates introduce instrumental
“leakage” between Stokes parameters, allowing some of the
flux from Stokes I to bleed into the linear Stokes parameters.
The instrumental leakage correction is quite small (!3%) and
can, to a large extent, be calibrated by observing a bright
point source as it rotates through 90◦ of parallactic angle.
Nevertheless, the uncertainty of this correction under typical
observing conditions is ∼ 0.2%, although this can be reduced
to !0.1% with parallactic angle rotation, provided the source
polarization does not vary with time (Marrone 2006). Given the
2 mJy beam−1 rms noise from our observations compared with
the peak Stokes I fluxes of 740 and 470 mJy beam−1 (∼ 0.3%),
our constraints on the polarized flux are approaching the limit
of what is achievable with the SMA polarimeter.

It is difficult to directly compare the observations presented
here with the Cho & Lazarian (2007) model predictions and

Hughes+2009
Hughes+2013 (incl. C. Hull)
Hughes+2009
Hughes+2013 (incl. C. Hull)

HD 163296
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Then came ALMA
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ALMA

Photo credit: C. Hull
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Image credit: Dana Berry, NRAO/AUI/NSF 

Press release:  public.nrao.edu/news/2017-alma-serp/

http://public.nrao.edu/news/2017-alma-serp/
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The ALMA era
Low-mass protostars 

Ser-emb 8: a source with a chaotic 
magnetic field
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AREPO simulations

B=1

Keep an eye on the magnetic field strength here (in microgauss)



3000 AU37350 AU [= 0.2 pc]1 million AU [= 5 pc]

B=1

≫JCMT scales JCMT/CARMA scales ALMA scales

Hull, Mocz, Burkhart+2017



B=100

3000 AU37350 AU [= 0.2 pc]1 million AU [= 5 pc]

Hull, Mocz, Burkhart+2017
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A statistical comparison shows that the ALMA observations 
best match the weakly magnetized simulations

We have shown an alternate mode of star formation where 
the small-scale magnetic field morphology is dictated by 

dynamical motions (e.g., turbulence) and not by the large-
scale magnetic field
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The ALMA era
Low-mass protostars 

Serpens SMM1: a source whose 
outflow shapes the magnetic field



Hull+2017b

Serpens SMM1



Outflow shaping the 
magnetic field

Hull+2017b
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The ALMA era
Low-mass protostars 

B335: magnetic field shaped by 
outflow and possible infall
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B335: magnetic field shaped by infall & outflow

 32

Magnetically regulated collapse in B335 3

Figure 1. Left: The background map and white contours show levels of the 1.29mm Stokes I emission (rms 120 µJy/beam, levels of 3,
5, 10, 20, 30, 40, 50, 100, 200, 300 �). The green dashed contours show levels of dust continuum emission at the core scale, as traced by
the ACA dataset from the ALMA archive (project 2013.1.00211.S, PI D. Mardones). Right: The background image shows the polarized
dust continuum emission. The superimposed line segments show the B-field (polarization angle rotated by 90�) where the polarized dust
continuum emission is detected at > 3�.

plane of the sky (polarization angle rotated by 90� where
the polarized intensity is detected at > 3�), is overlaid as
white/black line segments in the central panel.

4 DISCUSSION

4.1 Magnetic field topology in B335

Interferometric filtering picks up the most compact and
strongly polarized structures, hence the high density equa-
torial plane is preferentially traced by both the Stokes I
and the polarized dust continuum emission. The detection
of strongly polarized emission originating from the outflow
cavity walls is more puzzling. We propose that it can be ex-
plained by an e�cient dust grain alignment, favored along
the cavity walls because of stronger illumination from the
central protostar photons propagating in the cavity (Radia-
tive Torque Alignment, Lazarian & Hoang 2007; Hull et al.
2016). Strong irradiation of the B335 outflow cavity walls is
also supported by strong near-infrared emission along them
(see Spitzer map in Figure 9 of Stutz et al. 2008), and their
enhanced chemistry (molecular lines observed in our Cycle 4
program, in prep.). The detection of polarized emission im-
plies a high degree of organization of the B field locally and
along the line of sight: picking up only the polarized emis-
sion from the cavity wall surface and the equatorial plane
also suggests a highly organized field in these two areas de-
spite their di↵erent local properties (density, irradiation).

The magnetic field topology traced in our ALMA map,
shown in Figure 1, follows a very organized pattern, with the
equatorial plane permeated by a field aligned north-south,
while the outflow cavity walls trace a magnetic field mostly
aligned along the outflow axis (note that there is also re-
gions where both could be confused on the same line of
sight because of the small viewing angle from a perfectly
edge-on case for B335). In the right panel of Fig. 2 the his-
togram of the magnetic field position angles shows that the
magnetic field in B335 has two directions largely prevailing

at all scales 50-1000 au (two peaks at PA 74� and +164�).
Such a double-peaked distribution of B field line segments is
consistent with a scenarii of an organized, strongly pinched
magnetic field configuration (Galli et al. 2006) which large
scales were filtered, as briefly discussed with the help of
MHD models of protostellar collapse in section 4.3. This
scenario of strongly pinched magnetic field because of ex-
treme stretching of the field lines along the inflow at the
small scales probed here, deep in the potential well, is also
supported by large scale observations of the magnetic field in
B335: although they are a↵ected by large uncertainties they
suggest that the magnetic field orientation projected on the
plane of the sky changes from mostly poloidal at 10,000 au
(near-infrared polarization, Bertrang et al. 2014) to mostly
equatorial in the inner 1000 au (SCUBA, Wolf et al. 2003).

4.2 Magnetic field strength in B335

Our ALMA data have enough statistics (>300 indepen-
dent line segments) to attempt estimating the magnetic
field strength from the polarization maps, using the statisti-
cal Davis-Chandrasekhar-Fermi method (Davis 1951; Chan-

drasekhar & Fermi 1953, hereafter DCF method): | ÆB| =q
4 ⇡
3 ⇢Gas · vturb

�✓̄
, with ⇢Gas the gas density (g cm�3), vturb the

rms turbulence velocity (cm s�1), and �✓̄ the standard devi-
ation of the mean polarization angles (radians). The stan-
dard deviation of the mean orientation angle �✓̄ should be
estimated independently in each region of the hourglass to
avoid contamination by the gravitational field (producing
the two peaks separated by 90�), and compare only the tur-
bulent field to the magnetic field, as intended in the DCF
method. Here, we perform the DCF method using solely
data in the equatorial region: we find �✓̄ ⇠ 0.38 radians
(note that a very similar value is found when using the cav-
ity wall regions). If we use vturb from 0.1 kms�1 (similar to
the thermal linewidth) to 1 kms�1 (the typical broadening
due to infall velocity measured at scales 100 au, Evans et al.

MNRAS 000, 1–6 (2018)

Total intensity Magnetic field

Maury+2018

New ALMA observations of B335, an embedded, low-mass, Class 0 protostar with a 
magnetic field that lies along both the outflow cavity as well as the dense equatorial plane
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The ALMA era
Disk polarization
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Polarization from mm-wave scattering
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Kataoka 2015
See also Kataoka 2016a, 2016b

High optical depth at high resolution could lead to 
polarization from self-scattering by large dust grains

polarization

grain density distribution is assumed to be
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where r is the orbital radius. The mass of the central star is
taken to be M1.9 :. The adopted values are 0.6 g cm0

2S = - ,
r 173d = AU, w 27d = AU, and h r19.8 AU 173 AUg

1.5( )= ,
which corresponds to the isothermal disk of 36 K. The dust
mass of the disk is M5.0 10 3´ -

:. We confirm that the results
in the case of a power-law temperature distribution do not show
any significant difference from the constant temperature
adopted here (see Appendix B for more details).

These choices of parameters are motivated by recent results
of the modeling of HD 142527 (Muto et al.), although we use
different dust models. In addition, the dust density is assumed
to be zero if R 70< AU or if R 300> AU. We assume that
the target is at 140 pc and thus 1 arcsec = 140 AU. Note
that the optical depth at the peak is 0 abst k= S ´ =
0.6 g cm 0.51 cm g 0.312 2 1´ =- - . Thus, this object is opti-
cally thin.

Figure 7 shows the intensity, the polarized intensity, and the
polarization degree overlaid with polarization vectors. The
polarization degree has a double-ring structure. The polariza-
tion vectors are orientated to totally opposite directions in the
two rings. The vectors in the outer polarization ring are in the
azimuthal direction. This is because the background thermal
emission has a strong radial gradient at the location of the outer

polarized ring. This corresponds to point B in Figure 6. By
contrast, the vectors are in the radial direction in the inner
polarization ring. This is due to the net flux from the azimuthal
direction being larger than the net flux in the radial direction.
This corresponds to point A in Figure 6. This double-ring
pattern is a unique feature of the polarization due to dust
scattering, and thus this will be a clue to distinguish the
polarization mechanism.

3.2. Polarization from Lopsided Protoplanetary Disks

We now calculate the expected polarization from a lopsided
disk. To mimic the lopsided disk structure observed with
ALMA (e.g., Fukagawa et al. 2013), we further add an
azimuthally Gaussian distribution (e.g., Pérez et al. 2014) as
follows:
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Since the broad range of azimuthal contrast of dust
continuum emission has been reported so far (1.5 for
SAO206462, Pérez et al. 2014; 24 for HD 142527, Fukagawa
et al. 2013; 130 for IRS 48, van der Marel et al. 2013), we
consider two cases: model A for low azimuthal contrast and
model B for high azimuthal contrast. In model A, we use the

Figure 7. Same as Figure 5, but for the case of the ring-shaped protoplanetary disk.

Figure 8. Same as Figure 5, but for model A in the case of the lopsided protoplanetary disk. The object is optically thin everywhere.

5

The Astrophysical Journal, 809:78 (15pp), 2015 August 10 Kataoka et al.
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Polarization from mm-wave scattering
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Kataoka+2015

Comparison of model & data

polarization
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where r is the orbital radius. The mass of the central star is
taken to be M1.9 :. The adopted values are 0.6 g cm0

2S = - ,
r 173d = AU, w 27d = AU, and h r19.8 AU 173 AUg

1.5( )= ,
which corresponds to the isothermal disk of 36 K. The dust
mass of the disk is M5.0 10 3´ -

:. We confirm that the results
in the case of a power-law temperature distribution do not show
any significant difference from the constant temperature
adopted here (see Appendix B for more details).

These choices of parameters are motivated by recent results
of the modeling of HD 142527 (Muto et al.), although we use
different dust models. In addition, the dust density is assumed
to be zero if R 70< AU or if R 300> AU. We assume that
the target is at 140 pc and thus 1 arcsec = 140 AU. Note
that the optical depth at the peak is 0 abst k= S ´ =
0.6 g cm 0.51 cm g 0.312 2 1´ =- - . Thus, this object is opti-
cally thin.

Figure 7 shows the intensity, the polarized intensity, and the
polarization degree overlaid with polarization vectors. The
polarization degree has a double-ring structure. The polariza-
tion vectors are orientated to totally opposite directions in the
two rings. The vectors in the outer polarization ring are in the
azimuthal direction. This is because the background thermal
emission has a strong radial gradient at the location of the outer

polarized ring. This corresponds to point B in Figure 6. By
contrast, the vectors are in the radial direction in the inner
polarization ring. This is due to the net flux from the azimuthal
direction being larger than the net flux in the radial direction.
This corresponds to point A in Figure 6. This double-ring
pattern is a unique feature of the polarization due to dust
scattering, and thus this will be a clue to distinguish the
polarization mechanism.

3.2. Polarization from Lopsided Protoplanetary Disks

We now calculate the expected polarization from a lopsided
disk. To mimic the lopsided disk structure observed with
ALMA (e.g., Fukagawa et al. 2013), we further add an
azimuthally Gaussian distribution (e.g., Pérez et al. 2014) as
follows:
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Since the broad range of azimuthal contrast of dust
continuum emission has been reported so far (1.5 for
SAO206462, Pérez et al. 2014; 24 for HD 142527, Fukagawa
et al. 2013; 130 for IRS 48, van der Marel et al. 2013), we
consider two cases: model A for low azimuthal contrast and
model B for high azimuthal contrast. In model A, we use the

Figure 7. Same as Figure 5, but for the case of the ring-shaped protoplanetary disk.

Figure 8. Same as Figure 5, but for model A in the case of the lopsided protoplanetary disk. The object is optically thin everywhere.

5

The Astrophysical Journal, 809:78 (15pp), 2015 August 10 Kataoka et al.
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100 AU

Figure 1. In the left panel, the color scale represents the polarized intensity in units of mJy beam
�1

with a log scale,

the gray contours the continuum emission, and the white vectors show the polarization vectors. Note that the lengths of the

polarization vectors are set to be the same. The levels of the contours are (3, 10, 30, 100, 300, 600, 900, 1200, 1500, 1800) ⇥
�I(= 185 µJy beam

�1
) for Stokes I. Polarization vectors are plotted where the polarized intensity is larger than 3�PI =

0.128 mJy beam
�1

. In the right panel, the color scale displays the polarization fraction overlaid with the polarization vec-

tors. The gray contours display the continuum emission with the same levels of the left panel. The color scale is only shown

with the same threshold of the polarization vectors in the left panel.

distribution with azimuthal asymmetry, for which the
substructure is di↵erent from the continuum and also
shows two regions with azimuthal polarization. Al-
though the continuum emission has a peak at the north-
east region, the polarized intensity has a peak on the
east side. The peak emission of the polarized emission
is 5.22 mJy beam�1. The ring of the polarized intensity
is located slightly inside of the ring center of the contin-
uum. The maps of each Stokes component is shown in
Fig. 2.
The polarization vectors on the main ring of the polar-

ized emission have a radial direction everywhere. How-
ever, the polarization vectors are rotated by 90� in two
regions. The northeast region is ⇠ 1.300 from the star
toward the position angle of ⇠ 42� while the northwest
one is ⇠ 1.400 from the star toward the position angle of
⇠ �60�. The two regions are clearly seen in Fig. 2 as a
flip of the sign of Stokes Q or U from inside to outside.
Furthermore, the polarized intensity is relatively

bright in the southwest direction, where Stokes I is the
faintest. This causes high polarization fraction in the
south region. The right panel of Fig. 1 shows the po-
larization fraction overlaid with the polarization vectors
with the continuum as solid contours. The polarization
fraction is 3.26 ± 0.02 % at the peak of the polarized
intensity and as low as 0.220 ± 0.010 % at the peak of
the continuum. The polarization fraction has a peak at
the south-west region with a fraction of 13.9 ± 0.6 %,
which corresponds to around the local minimum of the
intensity of the main ring.
Here we note that the polarization maps at low signal-

to-noise ratio regions could be a↵ected by the positive
polarization bias (Vaillancourt 2006). The discussion in

this paper is concerning at the regions where the detec-
tion is larger than 5 �PI and thus the positive polariza-
tion bias does not a↵ect the results.

4. DISCUSSIONS

We have detected spatially resolved polarized contin-
uum emission from the disk around HD 142527. There
are three distinct observational signatures - (1) di↵er-
ence of the locations of the brightest emission between
Stokes I and PI, (2) 90� flip of the polarization vec-
tors in the northeast and northwest region, and (3) the
high fraction of polarization (13.9± 0.6%) in the south-
west region. Two possible mechanisms to produce po-
larized emission in protoplanetary disks are suggested
to date: grain alignment by the magnetic field or dust
self-scattering. In this section, we qualitatively discuss
which mechanism is more likely to take place in the disk
around HD 142527.

4.1. Grain alignment

Here we discuss the possibility that the polarization
is due to the grain alignment with magnetic fields. The
magnetic field direction is rotated by 90� from the polar-
ization vectors in the thermal emission regime. There-
fore, the morphology of the main polarization ring indi-
cates the presence of toroidal magnetic fields, which is
consistent with the common understanding of the mag-
netic field in disks (e.g., Brandenburg et al. 1995; Stone
et al. 1996).
The di↵erence between the peak position of the po-

larized intensity and the peak of the continuum could
be explained with the depolarization due to the high
optical depth at the peak of the continuum (e.g., Alves
et al. 2014). We will also discuss the e↵ects of the opti-

Kataoka+2016b

HD 142527 

E-field polarization, 
not inferred magnetic fields
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2

(Cox et al. 2015), the Herbig AE late-stage protoplane-
tary disk HD 142527 (Kataoka et al. 2016), and the disk
candidate of the high-mass protostar Cepheus A HW2
(Fernández-López et al. 2016). Polarization toward disks
have also been detected at mid-infrared wavelengths of
8.7, 10.3, and 12.5µm (Li et al. 2016, 2017). However,
polarized emission at mid-infrared wavelengths can occur
due to absorption, emission, and sometimes scattering,
causing di�culty in interpreting the polarization mor-
phology.
Despite these detections, the polarization morpholo-

gies usually were not consistent with what would be ex-
pected from magnetically aligned dust grains. In par-
ticular, Stephens et al. (2014) used the Combined Array
for Research in Millimeter-wave Astronomy (CARMA)
to measure the 1.25 mm polarization morphology in
HL Tau. The morphology was inconsistent with grains
aligned with the commonly-expected toroidal magnetic
fields (polarization/E-field vectors distributed radially in
the disk). Instead, the E-vectors were oriented more
or less along the minor axis of the disk. Kataoka et
al. (2015, 2016) and Yang et al. (2016) suggested that
the polarization morphology is actually consistent with
that expected from self-scattering (also see Pohl et al.
2016; Yang et al. 2017). Indeed, several disks where po-
larization is detected show consistency with the polar-
ization morphology expected from self-scattering rather
than grains aligned with the magnetic field. However, ex-
cept for the ALMA observations of HD 142527 (Kataoka
et al. 2016) and HL Tau (Kataoka et al. 2017), the pub-
lished observations are too coarse to resolve more than
a few independent beams across the disk, making it dif-
ficult to distinguish between scattering and other polar-
ization mechanisms.
The high-resolution ALMA observations of HD 142527

by Kataoka et al. (2016) resolved polarization for many
10s of independent resolution elements across the disk.
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dial to azimuthal, which is more consistent with scatter-
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of the disk – especially where the polarization orienta-
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Figure 1. ALMA polarimetric observations at 3.1mm (top,
Kataoka et al. 2017), 1.3mm (middle), and 870µm (bottom),
where the red vectors show the >3� polarization morphology (i.e.,
vectors have not been rotated). Vector lengths are linearly propor-
tional to P . The color scale shows the polarized intensity, which
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tary disk HD 142527 (Kataoka et al. 2016), and the disk
candidate of the high-mass protostar Cepheus A HW2
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As the premier instrument in the millimeter and sub-millimeter wavelengths, ALMA 
also  offers  polarization  capabilities.  For  the  current  cycle  (cycle-3),  ALMA  is 
offering:
•  Continuum linear polarization.
•  Arbitrary frequencies in TDM mode with single spectral windows per baseband 

and 64 channels per polarization product (XX, YY, XY, and YX).
As part of the Extension and Optimization of Capabilities (EOC), we are working on 
advancing the following ALMA polarization aspects:
•  Spectral-Line polarization at arbitrary frequencies and spectral resolutions
•  Increasing the field of view to the FWHM of the primary beam

The final set of capabilities will be announced at the call for proposals.

ALMA EOC Polarization Commissioning
P. C. Cortes1,2, S. Kameno1,3, K. Nakanishi3,  C. Hull2,7, G. Moellenbrock2, E. Fomalon2, 
E. Humphries4, W. D. Cotton2, R. Paladino5, J. M. Girart6, C. Brogan2, A. Remijan2.

Table 1. ALMA 3c286 science verification main results.
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Introduction

Continuum linear polarization

Figure 1.  Here the ALMA band 6 continuum linear polarization is shown. The Stokes I  is 
presented as color scale and the normalized line segment map is shown in green.

Parameter Value Error
I [mJy] 375.6 0.35
Q [mJy] 14.4 0.04
U [mJy] 60.1 0.09
P [mJy] 61.8 0.05
F [%] 16.45 0.02
χ [º] 38.2 0.02

The ALMA continuum polarization capabilities have been offered since cycle 2. The 
mode is offered with 64 channels per polarization product, with one spectral window 
(with and effective bandwidth of 1.75 GHz) per baseband. The ALMA continuum 
polarization have been demonstrated using the well known VLA calibrators 3c286 
and 3c138 (where [1] shows the VLA maps of 3c286 at 1.4, 4, and 8 GHz). The 
ALMA science verification observations were done in band 6 using session mode and 
the ALMA online query software (with the exception of the polarization calibrator). 
The data was calibrated and imaged using casa (see 3c286 online casaguide [2]). 
Figure 2 shows the ALMA band 6 continuum image for 3c286.

The ALMA results agree very well with the literature having a EVPA of 38.2 ��0.02�
and polarized intensity of 16.8 mJy. The detailed results are listed in Table 1. IRAM 
30  m  Telescope  observations  presented  results  of  single-dish  millimeter 
measurements of 3C286 [3]. Their observations at 1 mm (229 GHz) and 3 mm (86 
GHz)  produced  similar  results  to  ours,  later  confirmed  by  CARMA  polarization 
observations taken at 1 mm (225 GHz) [4,5].  These results are summarized in Table 
2.  Now,  the  uncertainties  quoted in  Table  1  are  purely  statistical.  The systematic 
errors will be larger, and include (but are not limited to) any net bias in the position 
angle of the linear feeds in the antennas, the details of different observations (at what 
parallactic angles, etc.), and other data quality variations (including source structure). 
We conservatively estimate the position angle uncertainty to be ± 2º. 

Parameter 1 mm 3 mm
FIRAM[%] 14.4 ± 1.8 13.5 ± 0.3
χIRAM [º] 33.1 ± 5.7 37.3 ± 0.8
χCARMA [º] 39.2 ± 1.0 -

Table 2. The IRAM results at 1 and 3 mm [3] are listed in rows 1 and 2. The CARMA results at 1 
mm are listed in row 3 [4,5] (only the EVPA was available).

ALMA cycle-2 has finalized and a significant number of polarization projects have 
been executed. Although still in best efforts, the improvements in the online software 
stability will allow us to increase our efficiency in cycle-3.

Spectral-line linear polarization

Figure 2. D-term plot for a representative antenna (DV22). Blue circles and red crosses show the 
D-term obtained with FDM, 0.9 MHz, 244, and 30.5 KHz channel resolution respectively.  

Figure  3.  (Right)  The  polarization  position  angle  from the  TDM (red),  FDM (black),  and 
averaged 64 channels FDM (yellow) for the J0522-364 calibrator is shown here. (Left) The 
fractional polarization as shown previously, same color code applies.

From  Figure  3  we  see  that  both  the  fractional  polarization  and  the  EVPA 
between the FDM 2 GHz and the TDM spectral windows agree well within 0.09 
degrees  in  the  mean  (or  about  0.1  %).  The  fractional  polarization  is  also 
displayed in Figure 3.  Here we also see very good agreement between the TDM 
and FDM 2 GHz spectral windows with a stable fractional polarization spectrum 
around a mean value of 5.69% for the calibrator.     

Figure 4. ALMA native channel maps (upper panel) and the ALMA smoothed data (lower panel). 
Note that the beam is also shown as a white filled ellipse.  The Stokes I emission is shown as color 
scale, the Rician debiased polarized intensity is shown in contours of  3.5, 7.1, 10.7, and 14.2  mJy/
beam for the native resolution data, and 20, 40, 60, and 80 mJy/beam for the smoothed data. The 
position angle and fractional polarization are shown as black line-segments. 

Wide-field linear polarization

Figure 6. The array is separated into two groups: tracking (T) and scanning (S). While the T 
antennas point to the target source on-axis, the S antennas scans a radial pattern centered in the 
source with 24 excursions to cover the off-axis points within the field of view. 

Figure 7. Histogram of the on-axis D-term values. The colors of cyan, sky blue, thistle, and violet 
red stand for ReDX, ReDY , ImDX, and ImDY.

Figure 5. (Left) The distribution of EVPA in our data is shown. (Right) The fractional 
polarization histogram  is shown with a peak distribution about 3%. The labels in the x  
axis do not corresponds to the actual data due to a bug in the CASA viewer. From the astro-holography analysis, D-terms were calculated for each point in 

the scanning pattern. The D-term distribution showed median values of 0.03 
and 0.05 for beam areas of -3 dB and -6 dB, respectively, while the D-term 
values at the beam center were 0.0049 (less than 1%). The D-term-corrected 
polarization measurements resulted in < 0.37% and < 0.75% departures from 
Stokes Q, U, and V within the beam areas of −3 dB and −6 dB, compared from 
the on-axis Stokes parameters. The -3 dB marks the 1/2xFWHM beam area and 
-6 dB the ���	 �FWHM level,  which is  important  for  mosaics  (results  are 
shown  in  Figure  8,  upper  panel  for  DA41).  The  11x11  custom  mosaic 
observations (also on 3c279), also mapped the primary beam but using a regular 
rectangular scanning pattern and only applying an on-axis D-term correction. 
The main results here are as follows: (1) After on-axis calibration of all offset 
pointings in all bands, and within the FWHM of the primary beam, the error in 
polarization fraction Ffrac,err = Ffrac,on - Ffrac,off < 0.01. The error in the EVPA χerr 
= χon - χoff < 4 degrees. (2) For all bands, all offset pointings, and all antennas, 
the off-axis leakage amplitudes are  |D| < 0.1 (for the astro-holography data, 
some antennas show large than 0.1 deviations off-axis ). (3) The differences in 
the  error  maps  are  negligible  for  the  two  types  of  antennas  (DA and  DV) 
present in the datasets (results are shown in Figure 8, lower panel).  The results 
obtained  by  both  test  are  consistent  between  each  other,  though,  astro-
holography  produced  slightly  better  error  maps.  The  next  step  in  our 
investigation  is  to  use  these  results  to  produce  detail  error  maps  that  the 
community can use to interpret the off-axis polarization results.

The SMA results on IKTau reported polarized emission only at channels 20, 25, 
and 35 km/s,  where their  EVPA are predominantly oriented north-south with 
values ranging from -10 to 10 degrees. Figure 4 shows our results for IKTau 
CO(2-1) polarized emission. The Stokes I image is superposed with the Rician 
debiased polarized intensity in contours, and the polarization line-segment maps. 
The Figure also shows the ALMA data convolved with the SMA beam. The 
Figure  5  shows the  histograms with  the  distribution  of  EVPA and fractional 
polarization from our data. The range of position angles in our channels goes 
from -10 to 0 degrees with a small tail reaching up to +10 degrees, which is in 
well agreement with [6] results. However, the fractional polarization reported by 
[6] is as large at 13%, which we do not reproduce. Nevertheless,  the ALMA 
values  agree  with  predictions  from  [7]  about  CO(2-1)  expected  fractional 
polarization.

Figure 8. D-term distribution for DA41 (top panel) from astro-holography measurements. 
Blue and green circles indicate the beam-width at -3 dB and -6 dB with respect to the beam 
center. The gray dots in the ImDY map indicate sampling points. The color indicator ranges 
±0.1 and white area stands for where |D| > 0.1. and derived error maps for Q,U, χ, and F from 
the 11x11 custom mosaic (bottom panel). The outer dotted line is the FWHM of the primary 
beam; the inner dotted line is 1/3 of the FWHM (the continuum linear polarization restriction 
in Cycles 2 and 3). In all cases the central value has been subtracted from all of the off-axis 
pixels. The contours trace out different levels of the residuals in the maps. Each pixel of the Q 
and U error maps was first normalized by dividing by the Stokes I value in the corresponding 
pixel.

We have conducted commissioning of the linear polarization capabilities with ALMA 
in  frequency  space.  The  evolved  star  IK-Tau,  which  has  been  mapped  in  linear 
polarization by [6] in both SiO(5-4) and CO(2-1) thermal linear polarization emission 
(Golreich-Kylafis  effect)  with  the  SMA,  was  used  as  target.  We  studied  the 
instrumental  polarization  properties  as  a  function  of  spectral  resolution  and, 
reproduced the SMA results  on this  source.  The Figure 3 shows the instrumental 
polarization solutions (D-terms) of a representative antenna (DV22) in band 3. The 
spectral shape of the D-term solution is smooth, uniform and no spur like structure is 
seen even in highest frequency resolution mode. The difference in amplitude is due to 
the  different  signal  to  noise  requirements  at  different  spectral  resolutions  (these 
solutions have been determined from data taken simultaneously at different channel 
resolutions). This demonstrates that the instrumental polarization is mostly spectral 
resolution independent for these datasets.    

The  ALMA  System  Technical  Requirements  defines  the  off-axis  cross 
polarization requirement as:
1.  For  the  antenna plus  front-end,  the  cross-polarization  shall  be  <  -20 dB 

before  calibration,  but  after  the  on-axis  cross  polarization  has  been 
substracted. This applies out to the -6 dB contour of the primary beam.

2.  Assuming a 10% calibration accuracy, this allows a cross-polarization of < 
-34 dB after calibration and after the on-axis cross-polarization has been 
removed.

The cycle-2 polarization commissioning campaign showed that some antennas 
violated requirement  (1)  with D-term levels  of   about  15% at  -3 dB beam, 
which  limited  the   FoV  to  1/3  FWHM.  For  the  EOC  campaign,  we  are 
attempting to characterize the polarization properties within a wider FoV of -6 
dB contour of the primary beam (���	 �FWHM) using the astro-holography 
technique on 3c279 using band 3 in continuum and custom mosaics of 11x11 
points done in the antenna frame. Figure 6 shows a description of the astro-
holography technique.  The Figure 7 shows the histogram for  the on-axis  D-
terms. The values are well within the specification.  

Cortés+2015, ALMA EOC memo

SMA

ALMA
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Fig. 14.— The Figure shows the instrumental the Stokes I (up) and V (bottom) maps obtained from HR
5907 when flagging out the extended arms and doing a phase calibration selfcal using a final interval of 60
seconds. The colorbar shows the flux emission in mJy/beam.

– 22 –

Fig. 10.— The Figure shows the comparison between ALMA and KVN KYS station auto-correlations
from VY CMA SiO (v=1, J=2-1) maser emission. The upper panel shows the ALMA Stokes I spectrum
produced from CASA imaging (blue), the ALMA K-S uv calibrated spectrum (red) and KVN KYS Station
spectrum (black) in Jy. The bottom panel shows the Stokes V spectra as the upper panel, but adding the
smoothed (black) and raw (yellow) KVN Stokes V results.

Circularly polarized star

Cortés+2017 (incl. C. Hull), ALMA EOC memo

~10% circular polarization

VY CMa

ALMA & KVN 
SiO maser spectra

Circular polarization

See also Vlemmings+2018
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• ALMA is confirming previous observations, and taking it to the 
next level with dramatic increases in sensitivity and resolution

• Progress in all areas of polarimetry: continuum & spectral-line; 
circular & linear; thermal & non-thermal; and beyond

• Opening new windows into our understanding not only of 
magnetic fields, but of dust scattering and other types of grain 
alignment

• The polarized universe is bright!
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