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0.12 pc

Figure 2. Left panel: an 850 µm continuum mosaic image taken with the SMA. White contours show the 5σ signal levels (i.e., 100 mJy beam−1). Orange open circles
and white open circles present the positions of protostars and T Tauri stars, respectively (Peterson & Megeath 2008). Right panel: the SMA 850 µm continuum mosaic
image (color) overlaid with the 850 µm continuum image taken with JCMT/SCUBA (contours referred from Johnstone & Bally 1999). The contour levels start at
0.3 Jy beam−1 with an interval of 0.6 Jy beam−1. The orange and white circles are the same as in the left panel. Black filled circles in the bottom right corner show
the JCMT and SMA beam sizes of 14′′ and 4.′′5, respectively. Thick contour (contour level of 1.5 Jy beam−1) presents a relatively well-defined edge of the small-scale
clump discussed in Section 4.2.3.

fields which include either SMM 2, SMM 3, SMM 8, or SMM
11 within their primary beams. Within the integration time of
4–18 minutes, the theoretical noise levels were estimated to be
13–25 mJy beam−1. After self-calibration, the theoretical noise
levels were achieved around SMM 2, SMM 3, and SMM 11.
Images around SMM 8 (i.e., nine mosaic points centered on
SMM 8) achieved 1.1–2.0 times theoretical noise levels. This
corresponds to a dynamic range of ∼200 around SMM 8.

After the CLEANing and self-calibration processes, the 85
images were imported into Miriad (Wright & Sault 1993) for pri-
mary beam corrections, and then combined into a single image
using the miriad task “linmos.” Since each image had slightly
different angular resolution, all the images were convolved to
the final beam size of 4.′′5 FWHM (corresponding to 1900 AU).
The achieved rms noise level for the entire mosaic image was
estimated to be 20 mJy on average.

3. RESULTS

3.1. Identification of SMA 850 µm
Compact Continuum Sources

Figure 2 shows the SMA 850 µm continuum in the left
panel, and in the right panel we compare the SMA image
with the previously published JCMT/SCUBE 850 µm image by
Johnstone & Bally (1999). We clearly detected 12 compact SMA
continuum sources embedded within the filament with a signal-
to-noise ratio greater than 5 (flux more than 100 mJy beam−1;
denoted by white contours in the right panel of Figure 2).
All the detected continuum sources are found along the main
ridge of the OMC-3 filament, with no detections off the main
ridge. This indicates that the relatively massive sources in this
region are likely formed only within the densest part of the
filaments. In order to measure the position, peak flux, total flux
density, and deconvolved size of the continuum source, two-
dimensional Gaussian fitting in AIPS (task “JMFIT”) was used.

The measured results and their uncertainties are listed in Table 3.
The spatial structures of the individual sources are presented in
Figure 3.

Eight out of the twelve SMA continuum peaks (SMM 1–6,
SMM 7, and SMM 10) coincide with (sub)millimeter con-
tinuum sources previously detected with the JCMT/SCUBA,
CSO/SHARC, and IRAM/MPIfR, to within the single-dish
positional accuracies of ∼ ±5′′ (Chini et al. 1997; Lis et al.
1998; Johnstone & Bally 1999). SMM 10 was detected in the
previous 3.3 mm interferometric observations at the 3σ level as
MMS 7-NE (Figure 2(a) of Takahashi et al. 2006). Figure 1 of
Takahashi et al. (2009) shows an image where SMM 7 (MMS
6-NE) is spatially resolved using SMA compact configuration
data with robust weighting. The sources SMM 9 and SMM 12
were detected for the first time with our SMA 850 µm contin-
uum observations. For the other eight sources, this is the first
time that they have been spatially resolved and positioned accu-
rately. On the assumption that the 850 µm emission comes from
optically thin dust emission and that the temperature distribu-
tion of the dust continuum emission is uniform, we can estimate
the source mass by

MH2 = Fλd
2

κλBλ(Tdust)
, (1)

where κλ is the mass-absorption coefficient of dust grains,
Bλ(T ) is the Planck function for a dust temperature Tdust, Fλ

is the total flux density of the continuum emission, and d
is the distance to the source (414 pc; Menten et al. 2007).
Adopting a dust opacity of κλ = 0.037 cm2 g−1 (λ/400 µm) −β

(Keene et al. 1982), β = 1.6 (Johnstone & Bally 1999),
a dust temperature of Tdust = 20 K (Cesaroni & Wilson
1994; Chini et al. 1997; Tatematsu et al. 2008), a gas-to-dust
ratio = 100, and measured total flux densities (Table 3), the
masses of the continuum sources are estimated to range from
0.3 to 5.7 M⊙. High mean molecular hydrogen volume densities
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Figure 19. Orion-KL. Same as above. (b) σI = 211.0 mJy beam−1. The full-
width half-maximum of the seven mosaic pointings are plotted as gray, dotted
circles. Their diameters (∼44′′) reflect the average primary beam size of the 6
and 10 m telescopes. There is no (a) plot because there were no spectral-line
data to plot.

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

et al. 1997b; Lis et al. 1998). More recent studies have modeled
several of its embedded sources as infalling protostars, young
stars with disks, and binaries comprising both types of objects
(Adams et al. 2012). More specifically, although OMC2-FIR4 is
well-modeled as a Class 0 protostar of approximately 50 L⊙ and
10−4M⊙ yr−1 mass infall rate (Adams et al. 2012), recent high
resolution measurements have resolved three spatially distinct
sources in its core (López-Sepulcre et al. 2013).

The polarization of the OMC2 region and the FIR3 and 4
sources was first investigated at 350 µm by Houde et al. (2004)
with Hertz at the CSO (see also Dotson et al. 2010). This region
is characterized by extremely low polarization levels as well
as a strong depolarization with increasing total intensity. For
example, OMC2-FIR4 was found to have a mean polarization of
0.35% ± 0.08% within region of approximately ±0.′3 from its

peak (200 Jy within a beam of 20′′ full-width-half-maximum at
350 µm), making it one of the most weakly polarized molecular
cloud complexes ever observed at that wavelength. Although
higher polarization was measured at 850 µm, the relatively low
polarization as compared with other sources within the integral-
shaped filament was confirmed by Matthews et al. (2009) and
Poidevin et al. (2010). OMC2-FIR4 was also observed to be a
region of transition in the orientation of the polarization. The
mean polarization angle goes from ∼115◦ south of it to ∼175◦

to the north at OMC2-FIR3, where the polarization angle is
relatively well-aligned with the filament. This transition region
is almost coincident with a location of intense outflow activity
reported by Williams et al. (2003).

The aforementioned low levels of polarization obtained with
single-dish measurements are in contrast with the results shown
in Table 1 and Figure 21, where mean polarization fractions
of ∼6%–8% are detected with CARMA, making FIR 3 and 4
two of the most polarized sources in our sample. This may be
reconciled by the fact that the magnetic field, as measured at
small scales with CARMA, significantly changes its orientation
within just a few arcseconds toward the center of the map (i.e., at
OMC2-FIR4). The change of nearly 90◦ observed could account
for the exceedingly low polarization observed with Hertz, if the
data were combined within a single Hertz beam (see Figure 21
for maps).

B.19. CB 54

CB 54 (LBN1042; Lynds 1965; Clemens & Barvainis 1988)
is a Bok globule at a distance of 1.1 kpc (Henning et al.
2001, and references therein). (Sub)millimeter and mid-infrared
observations reveal two Class I YSOs coincident with source
IRAS 07020−1618, with strong dust continuum emission and
one or two bipolar outflows (Yun & Clemens 1994; Zhou
et al. 1996; Ciardi & Gómez Martı́n 2007; de Gregorio-
Monsalvo et al. 2009; Launhardt et al. 2010). SCUBA 850 µm
measurements show weak polarization across the continuum
source, with changing orientation and increased strength in
the envelope (Henning et al. 2001; Matthews et al. 2009; see
Figure 22 for maps).

B.20. VLA 1623

VLA 1623 is the prototypical Class 0 source, discovered by
Andre et al. (1993). It is located in the southern edge of the
Ophiuchus A cloud at a distance of 125 pc (Loinard et al. 2008).
It has a highly collimated outflow, as is typical of Class 0 sources,
and this outflow extends over a large distance at a common P.A.
(Andre et al. 1990). The polarization toward VLA 1623 was
measured by Holland et al. (1996) using the single bolometer
UKT14, and the B-field was found to be perpendicular to the
CO outflow. Holland et al. (1996) note that this alignment of
the field implies that the large-scale field in the cloud cannot
therefore collimate the outflow. The single dish polarization data
from SCUBA (Matthews et al. 2009) and Hertz (Dotson et al.
2010) are consistent with this early picture, as are the CARMA
data, which show that the central region has a preferred B-field
orientation orthogonal to the outflow. This central region may be
a flattened pseudo-disk, as discussed for other Class 0 sources
by Davidson et al. (2011). The orientation of the field is aligned
along the major axis of this pseudo-disk and orthogonal to the
outflow, and even follows the emission extension to the NE.
While the field orientation on small scales might alone suggest
a toroidal field component, we note that in fact the CARMA
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Figure 3. (a) Polarization maps at 3 mm (black segments) and 1 mm (blue segments) obtained with BIMA (Rao et al. 1998) and at 870 µm (red segments; the same as in
Figure 2(c)) obtained with the SMA. The black contours are the 3 mm continuum emission strength at 3, 6, 9, . . . , 33, 36, 39 × 0.01 Jy beam−1. The 1 mm continuum
emission is shown in grayscale. The sizes of the synthesized beams are plotted in the lower-left corner in the corresponding color as indicated in the upper-right corner.
The length of the indicated segments in these three wavelengths represents the polarization percentage of 8%. The large circle in red dots marks the field of view of the
SMA. All the other symbols are the same as in Figure 1(a). (b) 870 µm dust continuum (grayscale) of the combined tracks with natural weighting and CO outflows
in blue and red contours by Zapata et al. (2009). The contours start from 8 and step in 24 Jy beam−1 km −1. The black dash square marks the presented region in
panel (a).

the gas-to-dust ratio is significantly higher than 100, or the
NH3 clumps are not in virial equilibrium. Based on the same
assumptions, Mgas in the compact dust ridge and the NW clump
are both in the range 0.6–4 M⊙. Note that the elongation of the
main dust ridge is perpendicular to the 0.5 pc B field direction
in the OMC-1 dust ridge as traced by Schleuning (1998) at a
wavelength of 100 µm.

3.2. Polarization

The linearly polarized emission (Ip) is detected and resolved
in the main dust ridge and in the southwest clumps (color scale
in Figure 2), and it is barely detected in the northwest clump.
Near IRc2 to the west of the main dust ridge, there is weak
or no Ip detected (Figure 2(b)). Ip is brightest in the south of
SMA 1.

The detected polarization exhibits significant deviations in
P.A.s between clumps. Among these, the polarization vectors
extending from source I toward the south have very different
P.A.s from the larger scale polarization direction at a mean P.A.
of 26◦ detected at a 0.5 pc scale (Vallée & Fiege 2007). The
rest of the vectors in the main dust ridge are consistent with
the larger scale polarization direction, indicating that the B field
is retained mainly on a larger scale but not in the cores. With
the combined data from the compact and subcompact arrays,
the polarization from the extended structures is better detected
(Figure 2(c)). The polarization in the northwest clump and in
between the three clumps is detected. Extending from the north-
west clump toward infrared source n and then toward the hot
core, the polarization direction appears to vary continuously and
smoothly. The polarization direction in the northwest clump, in
the west, and east of the main dust ridge is nearly parallel to

the field direction at the 0.5 pc scale. The most striking fea-
ture revealed with the 870 µm polarization data is that the P.A.s
vary smoothly and substantially across the main dust ridge,
from a P.A. of 10◦ in the northeast to a P.A. of 100◦ in the
south. With higher weighting toward more extended structures
(Figure 2(c)), the variation of polarization appears to be contin-
uous to the northwest clump and to the compact ridge.

3.3. Comparison of Polarization at 3 mm, 1.3 mm, and 0.87 mm

With BIMA, Rao et al. (1998) measured the polarized
emission at 3 mm and 1.3 mm with an angular resolution of
∼4′′ (Figure 3). The polarization at 3 mm and 1.3 mm extends
along the major axis of the OMC-1 dust ridge, where the P.A.s
are consistent with the 0.5 pc scale polarization direction. Apart
from the components along the dust ridge, there is one peculiar
extension detected at 3 mm from the main dust ridge toward
the southeast, where the direction of polarization (with P.A. of
∼70◦–∼100◦) is very different from the ones at other positions
(with P.A. of ∼30◦, roughly parallel to the 0.5 pc polarization).
Note that in Rao et al. (1998), the polarized emission at 3 mm
seems to have a more extended structure as compared to the
1.3 mm map. This is most likely due to the differences in
sensitivities at these two wavelengths.

With the higher angular resolution of the SMA, the polar-
izations north of source I and near IRc5 are clearly detected.
Previous BIMA maps appear to be depolarized here. At these
two locations, the P.A.s appear to vary significantly within the
dust ridge. We have tested the effects of differences in resolution
by convolving our CLEANed images of Stokes I, Q, and U maps
with θsyn of the BIMA measurements at 3 mm. Most polariza-
tion vectors disappeared near IRc5 and north of source I. The

SMA 0.87 mm 
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Tang et al. 2010
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SMA v.s. ALMA


�  ALMA Polarization 
�  Sources must be 

centered (no 
positional offsets 
allowed)  

�  FOV: 1/3 of  
primary beam 

�  The minimum 
detectable degree 
of  polarization is 
0.1% for compact 
source and 0.3% 
for extended 
source 

�  SMA polarization 
FOV ~ 30x ALMA 
FOV


SMA 32” FOV


ALMA 6” FOV




Off-axis polarization test


�  Measure a standard polarization calibrator (quasar) at off-axis positions on 
SMA primary beam 

�  Apply on-axis polarization calibration to the off-axis positions and compare 
the polarization detections 



Table 1: SMA o↵-axis polarization measurements of 3C279

Position
Stokes Values (Jy/beam)

Pol (%) PA (�)
Residual Polarization

I Q U �Pol (%) �PA (�)
1 10.27 -0.059 -0.434 4.26 ± 0.08 138.9 ± 0.5 – –
2 8.18 0.001 -0.373 4.56 ± 0.10 135.0 ± 0.6 0.30 ± 0.13 -3.9 ± 0.8
3 6.20 0.003 -0.277 4.47 ± 0.13 134.7 ± 0.8 0.21 ± 0.15 -4.2 ± 1.0
4 4.38 -0.033 -0.226 5.20 ± 0.18 139.2 ± 1.0 0.94 ± 0.20 0.3 ± 1.1
5 8.37 -0.062 -0.337 4.09 ± 0.10 140.2 ± 0.7 -0.17 ± 0.13 1.3 ± 0.8
6 9.14 -0.100 -0.380 4.30 ± 0.09 142.4 ± 0.6 0.04 ± 0.12 3.5 ± 0.8
7 9.98 -0.086 -0.471 4.79 ± 0.08 140.1 ± 0.5 0.53 ± 0.11 1.2 ± 0.7
8 8.45 -0.050 -0.376 4.49 ± 0.09 138.8 ± 0.6 0.23 ± 0.12 -0.2 ± 0.8

(a) model (zoom-in)

(b) model (d) Simulated JCMT+SMA

(c) Simulated SMA mosaic

Figure 1: (a) & (b): Model im-
ages computed from our MHD sim-
ulations of the collapse of a tur-
bulent, magnetized, rotating core.
Panel (a) is a zoom-in image of panel
(b). (c) Simulated SMA mosaic im-
age. (d) Simulated combined image
of JCMT and SMA mosaic obser-
vations. Color scale presents the
Stokes I intensity. Orange segments
denote the magnetic field orienta-
tions inferred from the polarization
orientation. White circles show the
SMA primary beams in a 7-pointing
mosaic.
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Figure 2: Polarization map of 3C279 at di↵erent positions in the SMA primary
beam. The blue and red bars show the center (on-axis) and o↵-axis polarizations
of 3C279 (see Table 1 for detail). To show the di↵erence between the on-axis
and o↵-axis polarizations, we overlap the blue bar onto the o↵-axis red bars.
The solid-line circle shows the SMA 32” primary beam at 870 µm. The gray
dots represent the proposed 18 o↵-axis positions, which are designed to cover
the primary beam uniformly.
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Figure 2: Polarization map of 3C279 at di↵erent positions in the SMA primary
beam. The blue and red bars show the center (on-axis) and o↵-axis polarizations
of 3C279 (see Table 1 for detail). To show the di↵erence between the on-axis
and o↵-axis polarizations, we overlap the blue bar onto the o↵-axis red bars.
The solid-line circle shows the SMA 32” primary beam at 870 µm. The gray
dots represent the proposed 18 o↵-axis positions, which are designed to cover
the primary beam uniformly.
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�  ΔP = 0.3 ± 0.1% 

�  ΔP.A. < 50 

�  Good performance of  off-axis 
polarization in inner rings


ASIC 345 GHz off-axis polarization




2016-05-27 230/240 GHz


�  Within a radius of  10”, the on-axis and off-axis polarization detections are consistent 

�  At a radius of  16”, the on-axis and off-axis polarization degrees can differ by 1-2% 

�  The SWARM polarization degrees are ~ 1% larger than ASIC 
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ALMA off-axis polarization


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. Paladino5,8, H. Nagai3, 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.  

ALMA Polarization Commissioning 
Credit: P. C. Cortes




Science Sources


�  At a positional offset of  16”  
�  ΔPA = 6o ± 3o  ~ PA err for 3-5σ polarization detection 
�  ΔPol = 0.5% ± 0.6%, in consistent with the 3C279 off-axis 

polarization test 

et al. 2000). In the wind-driven model, molecular outflows are
the ambient material sweptup by the wide-angle wind from a
young star. The intersection of the wind and the ambient gas
determines the shape and velocity of the outflow. For a
constant-velocity wind with its mass-loss rate ∝sin q-2 blowing
into an ambient medium with density profile ∝sin q2 -r 2, the
outflow has an approximately parabolic shape in which the
velocity increases with the distance from the star (Li &
Shu 1996). As a result, the shell of the parabolic outflow gives
rise to ellipse or parabolic shapes (depending on the inclination
angle of outflow) in channel maps and parabolic shapes in PV
diagrams.

Because the observed cone-like and parabolic features in
Figures 1 and 2 are similar to the structures predicted by the
wind-driven model, we adopted the simplified analytical model
in Lee et al. (2000) to study the driving mechanism of IRAS 4A
outflows. In the cylindrical coordinate system, the structure and
velocity of the outflow can be written as follows:

= = =z CR v v R v v z, , , 1R z
2

0 0 ( )

where z is the distance along the outflow axis,R is the radial
size of the outflow perpendicular to z,andC and v0 are free
parameters that describe the spatial and velocity distributions of
the outflow shell, respectively. The observed features of 4A1

and 4A2 outflows are reproduced by the models of
C= 3 arcsec−1, v0= 5 km s−1 arcsec−1, and an inclination of
14° (with respect to the plane of the sky) for the 4A1 outflow,
and C= 2 arcsec−1, v0= 3 km s−1 arcsec−1, and an inclination
of 20° for the 4A2 outflow. The predicted PV structures are
shown in Figure 2. In the 4A1 and 4A2 PV diagrams, our
models show that the blueshifted parabolic structures are
associated with the wind-driven outflows. The displacement
between the redshifted emission and the models is probably
caused by the distortion of merging the 4A1 and 4A2 redshifted
outflows. In the 4A1 PV diagram, the fast linear structure
cannot be modeled by the wind-driven outflows. The
coexistence of a fast linear component and a slow parabolic
component in the 4A1 outflows is similar to the HH 211 and
L1448C outflows (Palau et al. 2006; Lee et al. 2007; Hirano
et al. 2010), in which the fast component is interpreted as a
collimated jetand the slow parabolic component is modeled as
a wind-driven outflow. The coexistence of jet and outflow is
consistent with MHD models of protostellar winds (e.g., Shang
et al. 2006; Machida 2014): the highly collimated jet
corresponds to the on-axis density enhancement of the wide-
opening angle wind, whereas the outflowmostly consistsof
swept-up ambient material.

Figure 4. Composite map of CO J = 3–2, J = 2–1, and 870 μm dust polarization maps. The CO J = 3–2 polarization maps are integrated over
ΔV = ± 3.5–12.0 km s−1 with respect to the systematic velocity of IRAS 4A. The contour levels of CO J = 3–2 emission are −10, −5, 5, 10, 40, 70, 100, 130,
160, and 190 times σ = 0.48 Jy beam−1 km s−1. The red and blue segments represent the CO J = 3–2 polarizations in the redshifted and blueshifted emission. The
green segments represent the CO J = 2–1 polarizations (Girart et al. 1999). The black segments show the magnetic fields inferred from dust polarizations. The length
of the segments is unified. (a) CO polarization map of IRAS 4A outflows. The gray scale shows the CO J = 3–2 polarized intensity in units of Jy beam−1 km s−1. (b)
CO polarization map overlapped with the dust polarization map in the central region. The gray scale represents the dust Stokes I emission.
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�  At a distance of  25”, ΔPA = 9o


– 42 –

Fig. 2.— JCMT and SMA combined 880 µm continuum maps of the Cyg-N38, Cyg-N44, and

Cyg-N48. (a) The gray scale and the contours show the combined dust Stokes I emission.

The contours are plotted at 5%, 10%, 15%, 25%,..., 95% of the peak. The dotted circles

represent the SMA primary beams of the sources. The synthesized beam of the combined

map is plotted as a filled grey circle. The red, orange, and blue segments are the segments in

Figure 1 with equal length (please note that we do NOT combine the JCMT and SMA Stokes

Q and U maps). (b) The structures selected by the dendrogram overlaid on the JCMT and

SMA combined map. The contours show the cuto↵s of the structures, and the ellipses are

plotted using the major FWHM, minor FWHM, and ✓core computed by the dendrogram. For

each source, the red (or orange if S/N between 2–3) and blue segments show the orientations

of ✓JCMT and ✓SMA, respectively.

Girart et al. 2013 
Ching et al. in prep.
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1016 A. Chrysostomou et al.: The magnetic field structure in W51A

Fig. 1. SCUBA polarimetry of the W51A region. The intensity image is taken from our data and is plotted on a linear scale.
The source to the east of the field is the submillimetre core associated with W51e1 and e2, and the source to the west is W51d.
The polarisation vectors have been rotated by 90◦ and plotted such that their position angles delineate the direction of the
magnetic field averaged along the column and projected onto the plane of the sky. The white dots represent the positions of the
brightest Hii regions in the field (see Table 1). They are, from right-to-left: W51d (IRS2), W51e (IRS1), W51e1 and W51e2 (e1
is south of e2). Right ascension and Declination are at epoch 2000.

Table 1. Brightest Hii regions and their positions in the W51A
cloud. Positions obtained from the SIMBAD database.

Object RA (J2000) Dec. (J2000)
W51d (IRS2) 19 23 39.9 +14 31 08
W51e (IRS1) 19 23 41.9 +14 30 36
W51e1 19 23 43.8 +14 30 25.9
W51e2 19 23 43.9 +14 30 34.8

3. Results and discussion

3.1. Submillimetre polarimetry

The final results are tabulated in Table 2 and shown in
Fig. 1. The greyscale shows the submillimetre emission
which is dominated by two bright sources. To the east
is the core which was mapped by Jaffe et al. (1984) at
400 µm and is associated with the W51e1 and e2 com-
pact Hii regions (Mehringer 1994). The submillimetre core
to the north-west is associated with the W51d Hii re-
gion and with the IR source IRS2 (Goldader & Wynn-
Williams 1994). Both cores are known sites of maser activ-
ity (Genzel & Downes 1977). Fainter and more extended
emission is also seen, occupying the region between the
two cores, and an extended arm of emission is seen to
reach out to the south-west from IRS2.

Figure 1 shows polarisation vectors overlaid onto the
submillimetre emission. These vectors have been rotated
by 90◦ to depict the column-averaged direction of the mag-
netic field projected onto the plane of the sky. This field
direction towards the W51e1/e2 core is at a position an-
gle of ∼100–110◦, consistent with recent interferometer
polarimetry at 1.3 mm with BIMA (Lai et al. 2001). In
an atlas of mid-infrared spectropolarimetry of young stel-
lar objects, Smith et al. (2000) observed W51d(IRS2) and
deconvolved emissive and absorptive components to the
spectropolarimetry. The emissive (E-vector) component
was at 36◦ ± 3◦ implying a field direction in the hotter
regions at or near the Hii region (there is a clear [NeII]
line in the spectrum) where the 10 µm emission peaks
of 126◦. The absorptive component of the E-vector, and
therefore equivalent to the B-vector, is at a position angle
of 136◦, a difference of ∼40◦ when compared to our mea-
surement of ∼0◦. Being absorptive, the dust responsible
for the mid-infrared polarisation is also probably largely
responsible for the submillimetre emission. This difference
in the inferred magnetic field directions is most likely due
to structure in the magnetic field being sampled to differ-
ent optical depths at the two wavelengths (and the differ-
ent beam sizes to some extent).

Scatter plots of the polarisation data (Fig. 2) show
that the degree of polarisation has a maximum of ∼5%

W51$North

W51$e2/e8

W51$e2/e8 W51$North

�  SMA 2016A 2016B proposals PI: T.-C. Ching 
�  W51 e2/e8 & W51 north 

�  Orion BN/KL 



SMA Mosaic Polarization observations


�  Science topics 
�  B-field structures from clouds to cores 
�  The relative importance between B-field and turbulence 
�  Dust property in ISM 
�  Outflow and B-field interaction 
�  Galaxy, CMZ ? 

�  The advantage of  SMA 
�  The off-axis instrumental polarization of  SMA is 

comparable to ALMA 
�  FOV is 30x ALMA FOV 
�  wSMA 4x bandwidth 
�  JCMT polarization data is ready 
�  ALMA full polarization in Cycle 6




Table 1: SMA o↵-axis polarization measurements of 3C279

Position
Stokes Values (Jy/beam)

Pol (%) PA (�)
Residual Polarization

I Q U �Pol (%) �PA (�)
On-axis 9.70 0.227 -0.314 3.96 ± 0.52 -27.1 ± 3.7 – –

2 8.92 0.165 -0.259 3.40 ± 0.56 -28.8 ± 4.7 -0.56 ± 0.76 -1.7 ± 6.0
3 8.04 0.217 -0.240 3.98 ± 0.62 -23.9 ± 4.5 0.02 ± 0.81 3.2 ± 5.8
4 9.06 0.252 -0.375 4.96 ± 0.55 -28.0 ± 3.2 1.00 ± 0.76 -0.9 ± 4.9
6 9.05 0.198 -0.301 3.94 ± 0.55 -28.3 ± 4.0 -0.02 ± 0.76 -1.2 ± 5.4
7 9.90 0.229 -0.316 3.91 ± 0.51 -27.1 ± 3.7 -0.05 ± 0.73 0.0 ± 5.2
8 9.81 0.369 -0.297 4.80 ± 0.51 -19.4 ± 3.0 0.84 ± 0.73 7.7 ± 4.8
9 7.93 0.313 -0.221 4.79 ± 0.63 -17.6 ± 3.8 0.83 ± 0.82 9.5 ± 5.3
10 6.74 0.180 -0.243 4.43 ± 0.74 -26.7 ± 4.8 0.47 ± 0.90 0.4 ± 6.1
11 7.44 0.083 -0.344 4.71 ± 0.68 -38.2 ± 4.1 0.75 ± 0.86 -11.1 ± 5.5
12 9.72 0.125 -0.434 4.62 ± 0.52 -37.0 ± 3.2 0.66 ± 0.74 -9.9 ± 4.9
13 10.42 0.145 -0.454 4.55 ± 0.48 -36.2 ± 3.0 0.59 ± 0.71 -9.1 ± 4.8
14 10.27 0.159 -0.251 2.85 ± 0.49 -28.8 ± 4.9 -1.11 ± 0.71 -1.7 ± 6.1
15 6.64 0.118 -0.116 2.37 ± 0.75 -22.2 ± 9.1 -1.59 ± 0.91 4.9 ± 9.8
16 4.40 0.085 -0.137 3.48 ± 1.14 -29.0 ± 9.4 -0.48 ± 1.25 -1.9 ± 10.1
17 4.86 0.133 -0.258 5.88 ± 1.04 -31.4 ± 5.0 1.92 ± 1.16 -4.3 ± 6.2
18 7.57 0.273 -0.371 6.05 ± 0.67 -26.8 ± 3.1 2.09 ± 0.85 0.3 ± 4.8

(a) model (zoom-in)

(b) model (d) Simulated JCMT+SMA

(c) Simulated SMA mosaic

Figure 1: (a) & (b): Model images computed from our MHD
simulations of the collapse of a turbulent, magnetized, rotating core.
Panel (a) is a zoom-in image of panel (b). (c) Simulated SMA
mosaic image. (d) Simulated combined image of JCMT and SMA
mosaic observations. Color scale presents the Stokes I intensity.
Orange segments denote the magnetic field orientations inferred
from the polarization orientation. White circles show the SMA
primary beams in a 7-pointing mosaic.
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Figure 2: SWARM 230 GHz Polarization map of 3C273 at di↵erent
positions in the SMA primary beam. The red and blue bars show
the center (on-axis) and o↵-axis polarizations of 3C273 (see Table 1
for detail). To show the di↵erence between the on-axis and o↵-axis
polarizations, we overlap the blue bars onto the on-axis red bar.
The solid-line circle shows the SMA 32” primary beam at 870 µm.
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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. Paladino5,8, H. Nagai3, 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.  

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. Paladino5,8, H. Nagai3, 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.  

ALMA D-terms
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�  Full Polarization measurements using TDM and FDM modes will be 
offered in Cycle 4 for 12-m Array observations only in Bands 3, 6 and 7. 
This is a non-standard mode, limiting the total time available for such 
observations. Sources must be centered (no positional offsets allowed) 
and have a user-specified largest angular structure that is less than one-
third of  the 12-m Array primary beam at the frequency of  the planned 
observations. The expected minimum detectable degree of  polarization 
is 0.1%(1%) for compact sources and 0.3%(3%) for extended sources 
for TDM (FDM) observations, respectively. Observations must be single-
field, but measurements of  several individual sources within one Science 
Goal are possible (one field per source; see below). Full polarization is 
not offered in spectral scan mode. The frequency settings for continuum 
polarization measurements can be specified by the user, but the OT 
supplies default setups as detailed in Table A.5. For FDM mode 
polarization observations any frequency setting within Bands 3, 6 and 7 
is allowed, and the spectral setup has to be the same for the polarization 
calibrator and the science target. 



�  ambitious, 連自己人都不懂 polarization observation, 
mosiac observation 

�  what interferometer polarization mosaic can do 

�  sma fov and alma fov 

�  alma D-terms, 1%(0.1%) restrict, 3% (0.3%) 

�  sma off-axis leakage test 

�  sma off-axis D-terms 

�  sma science results 

�  future works 


