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2015), the Class 0 disk candidate of NGC 1333 IRAS 4A
(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 particu-
lar, Stephens et al. (2014) used the Combined Array for
Research in Millimeter-wave Astronomy (CARMA) to
measure the 1.3 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 polariza-
tion morphology is actually consistent with that expected
from self-scattering (also see Pohl et al. 2016; Yang et
al. 2017). Indeed, several disks where polarization is
detected show consistency with the polarization mor-
phology expected from self-scattering rather than grains
aligned with the magnetic field. However, except for
the ALMA observations of HD 142527 (Kataoka et al.
2016) and HL Tau (Kataoka et al. 2017), the published
observations are too coarse to resolve more than a few
independent beams across the disk, making it di�cult
to distinguish between scattering and other polarization
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.
The polarization was radial throughout most of the disk,
which is expected for grains aligned with a toroidal field,
but toward the edges the morphology changed from ra-
dial to azimuthal, which is more consistent with scatter-
ing. Models in Kataoka et al. (2016) found that scatter-
ing can broadly reproduce the features observed in parts
of the disk – especially where the polarization orienta-
tions change sharply – but not everywhere. A complete
understanding of this interesting case is still missing.
HL Tau is one of the brightest Class I/II in the sky at

(sub)millimeter wavelengths, and thus the polarization
morphology can be determined at high resolution with
reasonable integration times. Kataoka et al. (2017) fol-
lowed up on the Stephens et al. (2014) observations with
3mm observations of HL Tau. Surprisingly, they found
that the polarization morphology was azimuthal, which
suggests grains aligned with their long axes perpendicu-
lar to the radiation field, as predicted by Tazaki et al.
(2017). Henceforth, we will call this grain alignment
mechanism “alignment with the radiation anisotropy.”
The very di↵erent polarization morphologies observed

at 1.3mm (0.006 resolution, Stephens et al. 2014) and 3mm
(0.004 resolution, Kataoka et al. 2017) suggest that the
morphology of the polarization emission is strongly de-
pendent on the wavelength. This Letter presents ALMA
observations at both 1.3 mm and 870µm at resolutions

Figure 1. ALMA polarimetric observations at 3mm (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 is
masked to only show 3� detections. Stokes I contours in each panel
are shown for [3, 10, 25, 50, 100, 200, 325, 500, 750, 1000]⇥�I , where
�I is 44, 154, and 460µJy bm�1 for 3mm, 1.3mm, and 870µm,
respectively.

of 0.003 and 0.004, respectively.
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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.
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Contours: 
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Figure 1. 870µm ALMA maps of the Class II protoplanetary disk IM Lup. The peak values of the total intensity (Stokes I), polarized
intensity (P ), and polarization fraction images are 120.74 mJy beam�1, 1.37 mJy beam�1, and 0.011, respectively. The rms noise values in
the total intensity and polarized intensity thermal dust emission images are �I = 100µJy beam�1 and �P = 22µJy beam�1, respectively.
The black ellipses in the lower-left corners of all panels represent the ALMA synthesized beam (resolution element), which measures 0.0050 ⇥
0.0040 at a position angle of 76.9�, corresponding to a linear resolution of ⇠ 72 au at a distance of 161 ± 10 pc (Gaia Collaboration et al. 2016).
Top: Polarization map of IM Lup. Contours are the total intensity thermal dust emission, plotted at 3, 8, 16, 32, 64, 128, 256, 512, 1024 ⇥�I .
Grayscale is the polarized thermal dust emission, plotted starting at 3�P . Line segments are the polarization orientation � of the
dust emission, with lengths proportional to the polarization fraction Pfrac. Bottom left: Grayscale is the total intensity thermal dust
emission; contours are the polarized intensity P , plotted at 0.06, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 ⇥ the peak of 1.37 mJy beam�1. Bottom
right: Grayscale is the total intensity thermal dust emission; contours are the polarization fraction Pfrac = P/I, plotted at levels of
0.005, 0.006, 0.007, 0.008, 0.009, 0.01. The coordinates and the grayscale are identical in the two bottom panels. The ALMA data used to
make this figure are available in the online version of this publication.

The transition of polarization morphologies from one
wavelength to another is also apparent in the StokesQ and U
images, as seen in Figure 2. Specifically, at 3.1 mm the
StokesQ image shows negative regions from north to south
and positive regions from east to west. At 1.3 mm, the negative
regions are much brighter than the positive regions, and at
870 μm, the positive regions almost completely disappear.
StokesU shows two positive and two negative regions at
3.1 mm. The negative blobs disappear at 1.3 mm, while the
positive regions connect, and at 870 μm, the positive regions
turn into a single, large region.
For the Stokes V images (Figure 2), 3.1 mm appears to be

purely noise. For both 1.3 mm and 870 μm, StokesV has a
negative flux blob offset to the top-right of the Stokes I
intensity, and this blob is significantly brighter in 870 μm.
Although circular polarization can in principle be produced by
scattering of linearly polarized light off non-spherical grains
(e.g., Tazaki et al. 2017), StokesV has not been well
characterized for ALMA, so its detection could be spurious
and will not be discussed in detail in this paper.
The central polarization vectors for 1.3 mm and 870 μm are

55°.4 ± 0°.96 and 55°.3 ± 0°.41, respectively. The major axis
of HL Tau’s disk is 138°.02 ±  0°.07 (ALMA Partnership et al.
2015), indicating the polarization vectors are ∼7° from being
perpendicular to the major axis. We would expect the
polarization to be perfectly perpendicular to the major axis.
The reason for this small 7° discrepancy is uncertain, but could
indicate asymmetry in the disk.
The right panels of Figure 2 show P for each wavelength.

For 1.3 mm and 870 μm, there is a slight asymmetry for P
along the major axis of the disk, with the southeast more
polarized than the northwest. For 1.3 mm, the absolute
difference between the two P peaks along the major axis is
0.0013 ±  0.0014, which is not statistically significant. The
asymmetry for 870 μm is more apparent, although the southeast
part of the disk does not peak (i.e., it is still increasing at the
edge of the detected polarized emission). The P peak toward
the northwest is 0.0077 ±  0.0010. Drawing a line from the
northwest peak through the center of the disk, at the same
radius on the southeast side, P=0.0094 ±  0.0010. P rises
to ∼0.0115 at the edge of the disk. Therefore, the P asymmetry
along the major axis for 870 μm is ∼0.002–0.004. These
asymmetries are relatively moderate, but the fact that they
appear both at 1.3 mm and 870 μm suggests they could
be a real feature. If we consider total polarization PT =

Q U V I2 2 2+ + , the asymmetry is similar; for 1.3 mm, it is
0.0012 ±  0.0014, while for 870 μm it is ∼0.001–0.004.
Yang et al. (2017) showed that asymmetry along the major

axis is not expected for scattering-induced polarization in an
axisymmetric disk, so axisymmetry must be broken if the
polarization is really due to scattering even though the total
intensity (Stokes I ) is highly axisymmetric. On the other hand,
the polarization along the minor axis is expected to be
asymmetric if the dust disk is optically thick and has a
significant angular width (for a cartoon illustration, see Figure 6
in Yang et al. 2017). HL Tau disk is known to be optically
thick at 870 μm (Carrasco-González et al. 2016), but no
asymmetry is detected along the minor axis. The lack of
asymmetry for P along the optically thick minor axis implies

Figure 1. ALMA polarimetric observations at 3.1 mm (top, Kataoka et al.
2017), 1.3 mm (middle), and 870 μm (bottom), where the red vectors show the
>3σ polarization morphology (i.e., vectors have not been rotated). Vector
lengths are linearly proportional to P. The color scale shows the polarized
intensity, which is masked to only show 3σ detections. Stokes I contours in
each panel are shown for [3, 10, 25, 50, 100, 200, 325, 500, 750, 1000] × Is ,
where Is is 44, 154, and 460 μJy bm−1 for 3.1 mm, 1.3 mm, and 870 μm,
respectively.
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Figure 2. Linearly polarized intensity P and polarization fraction p at 870 µm in the disks around CW Tau (panels (a),(b)),
and DG Tau (panels (c),(d)). Contours as in Fig. 1. Polarization angle, χ, is indicated with fixed-length vector bars. Arrows
indicate the jet orientation. Disk near-side lies towards the receding jet lobe (red arrow). Polarization fraction p is shown where
total intensity is I > 10 mJy beam−1 for CW Tau and I > 30 mJy beam−1 for DG Tau.

Piétu et al. (2014) and the one of jet, ijet = 49◦ reported
in Hartigan et al. (2004). The same fit gives a disk posi-
tion angle, PAdisk = 60.7◦±1.9◦, in good agreement with
PAdisk = 62◦ ± 3◦ (Piétu et al. 2014), and almost per-
pendicular to the jet PAjet =-29◦ (Hartigan et al. 2004).
For DG Tau, the integrated flux is 880.2 ± 9.4 mJy,

with peak intensity of 182.4 ± 1.4 mJy beam−1, located
at RA 4h 27m 4.7s, δ 26◦ 6′ 15.′′71. The integrated flux is
slightly lower (by 12%) than that extrapolated from 1.3
mm flux of Isella et al. (2010), adopting their spectral
index of 2.5. A 2D Gaussian fit deconvolved from the
beam provided a FWHM along the major and minor
axis of 0.′′45 and 0.′′36, respectively. The combination

of these values implies idisk ∼ 37◦, almost identical to
ijet = 38◦ (Eislöffel & Mundt 1998), and only slightly
higher than disk models of idisk = 24◦–32◦ (Isella et al.
2010). The 2D Gaussian fit gives PAdisk = 135.4◦±2.5◦,
almost perpendicular to PAjet = 46◦ (Eislöffel & Mundt
1998).

3.2. Polarized Emission

Figure 2 illustrates the polarization properties in our
targets.
For CW Tau, the map of linearly polarized intensity

P is centrally peaked and does not show any signifi-
cant asymmetry. The maximum value is 0.53 ± 0.14
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Figure 2. Linearly polarized intensity P and polarization fraction p at 870 µm in the disks around CW Tau (panels (a),(b)),
and DG Tau (panels (c),(d)). Contours as in Fig. 1. Polarization angle, χ, is indicated with fixed-length vector bars. Arrows
indicate the jet orientation. Disk near-side lies towards the receding jet lobe (red arrow). Polarization fraction p is shown where
total intensity is I > 10 mJy beam−1 for CW Tau and I > 30 mJy beam−1 for DG Tau.

Piétu et al. (2014) and the one of jet, ijet = 49◦ reported
in Hartigan et al. (2004). The same fit gives a disk posi-
tion angle, PAdisk = 60.7◦±1.9◦, in good agreement with
PAdisk = 62◦ ± 3◦ (Piétu et al. 2014), and almost per-
pendicular to the jet PAjet =-29◦ (Hartigan et al. 2004).
For DG Tau, the integrated flux is 880.2 ± 9.4 mJy,

with peak intensity of 182.4 ± 1.4 mJy beam−1, located
at RA 4h 27m 4.7s, δ 26◦ 6′ 15.′′71. The integrated flux is
slightly lower (by 12%) than that extrapolated from 1.3
mm flux of Isella et al. (2010), adopting their spectral
index of 2.5. A 2D Gaussian fit deconvolved from the
beam provided a FWHM along the major and minor
axis of 0.′′45 and 0.′′36, respectively. The combination

of these values implies idisk ∼ 37◦, almost identical to
ijet = 38◦ (Eislöffel & Mundt 1998), and only slightly
higher than disk models of idisk = 24◦–32◦ (Isella et al.
2010). The 2D Gaussian fit gives PAdisk = 135.4◦±2.5◦,
almost perpendicular to PAjet = 46◦ (Eislöffel & Mundt
1998).

3.2. Polarized Emission

Figure 2 illustrates the polarization properties in our
targets.
For CW Tau, the map of linearly polarized intensity

P is centrally peaked and does not show any signifi-
cant asymmetry. The maximum value is 0.53 ± 0.14

HD163296 submillimetre dust polarisation and opacity 3

Figure 1. Sub-mm continuum polarisation in HD163296. The top panels show (a) the total intensity and (b) the percentage polarisation
at band 7 in the central region. Superimposed as ellipses are representations of the three rings in the total intensity image marked 1 - 3 in
(b). Lower panels are (c) the polarised flux intensity and (d) the polarisation angle, both with the polarisation vectors superimposed. In
(c), the vectors are shown at their actual angle, whereas in (d) the vector rotation relative to the mean of 44.1� is multiplied by a factor
of 3, to emphasise the relative twist. Polarisation fraction and angle are truncated at polarised flux levels of 5� per beam (250µJy).
Images are 300 (315 au) across. The images have a resolution of 0.200 (beams are shown lower left). Polarization vectors have 1/2 beam
spacing, with lengths proportional to the polarization fraction.

(Isella et al. 2007). The relative flux calibrations across each
of the images are accurate to  1%, so the profile of ↵mm

in Fig.2b is well-determined. However, there may be an o↵-
set that depends on the absolute flux calibration in the two
bands. A conservative calibration error is 7%, which would
correspond to a spectral index o↵set of 0.3, illustrated by
the large errorbar in Fig.2b. So while the relative shape of
↵mm in Fig.2b is accurate, the range could change by ±0.3.

The total disk fluxes are 1.68Jy at band 7 and 0.70Jy at
band 6, giving ↵mm of 2.1 ± 0.3. This is in reasonable agree-
ment with that measured by Pinilla et al. (2014) (2.7±0.4),
but suggests an overall o↵set in ↵mm, marginally consistent
with the formal flux uncertainty. Another possibility could
be a ⇠ 20% decrease in luminosity in the interval between
the band 6 and 7 observations. Alternatively a hot core sur-
rounded by cool optically thick dust may also reduce ↵mm,
as proposed for some Class 0 objects (Li et al. 2017). In-
terestingly, TW Hya also showed ↵mm < 2.0 in the cen-
tre, marginally inconsistent with the calibration accuracy
(Huang et al. 2018).

4 DISCUSSION AND MODELING

The mm-wave polarisation vectors in the central region of
HD163296 are aligned within 1.5� of the disk minor axis.
This alignment is similar to that seen in IM Lup (Hull et al.
2018), HL Tau at 870µm (Stephens et al. 2017) and CW Tau
(Bacciotti et al. 2018), and is consistent with self-scattering
in an inclined disk (Kataoka et al. 2016a; Yang et al. 2016b).
Emission from non-spherical grains aligned either by mag-
netic or non-isotropic radiation fields can also give measur-
able mm polarisation, but for inclined disks like HD163296,
they do not predict the same vector orientation along the
minor axis in the centre (Yang et al. 2016b, 2017). At larger
radii and in the gaps between the rings in HD163296, the po-
larisation fraction increases and the vectors become more az-
imuthal. Can this also be explained by self-scattering alone?

To simulate scattering in a ringed system, we use the
radiative transfer code mcfost (Pinte et al. 2006, 2009),
building a disk density model by inverting the intensity im-
age with uniform clean weighting into a surface density
profile. We assume a passive disk with a 28L� central stellar
heating source and a Gaussian scale height of 10 au at 100 au
(de Gregorio-Monsalvo et al. 2013). Details are outlined in
Pinte et al. (2016) for HL Tau. Spherically symmetric dust

MNRAS 000, 1–5 (2018)

4.2.1. Uniform Magnetic Field Model

The first model that we test is one with grains aligned with a
uniform magnetic field threading the disk-like structure
approximately along its major axis, which would cause a
distribution of polarization vectors perpendicular to the field
(i.e., northeast–southwest, along the minor axis). This distribu-
tion of vectors has the same morphology as the large-scale

m850 m polarization observations (Matthews et al. 2009),
which traces a northeast–southwest parsec scale hour-glass-
shaped magnetic field, with a uniform distribution threading the
central protostar(s), including HW2. In general, field lines are
expected to be toroidal wrapped due to the rotation of the gas in
accretion disks, but it is feasible that in early stages and far
from the inner disk, the magnetic field can be almost uniform.

We make a weighted linear fit to the 1.3 mm polarization
observations (orientations of the polarization vectors only) with a
uniform field (Figure 3). The average fit orientation of the
uniform field is given by a polarization vector set with P.A. =
56 , implying a magnetic field oriented with a P.A. = 146 .
This is roughly consistent with the large-scale P.A. of 135 . As
indicated by the residuals (mostly below the s3 threshold of18 ),
the model is a good match to the observed data.

4.2.2. Toroidal Magnetic Field Model

The second model that we test is a simple one, with grains
aligned with a toroidal magnetic field. Toroidal fields are
proposed for MRI (magneto-rotational instability) dominated
disks of low-mass protostars (e.g., Cho & Lazarian 2007). It is
therefore an appropriate model to test against the CARMA
observations.
We fit the observations (orientation of the polarization

vectors only) allowing two free parameters: inclination (i) with
respect to the plane of the sky (0 means face-on and 90 is
edge-on) and position angle (more details of the model are
given in the Appendix). The best fit gives =i 45 and P.
A. = 141 (Figure 4). A visual comparison with the uniform
model fit clearly shows that the toroidal field is not a perfect
match to the observations, with most of the residuals over s3 ,
except for the region around the minor axis of the disk-like
structure.

4.2.3. Scattering in an Inclined Disk

For the third model, we test inclination-induced scattering as
the polarization mechanism (Yang et al. 2016a). We use a
phenomenological model which is described in the Appendix.

Table 1
Parameters of the Cepheus 1 mm Continuum Sources

Source R.A. Decl. Stokes I Peak Stokes I Flux Pa P%b P.A.c

J2000 J2000 (mJy beam−1) (mJy) (mJy) (%)

HW2 22 56 17. 989h m s ¢62 01 49. 60 423±10 863±20 9±1 2.0±0.4 57±6
HW3c 22 56 17. 976h m s ¢62 01 46. 10 68±10 160±6 L L L

Notes.
a Polarized intensity flux.
b Fraction of polarized emission (percentage average).
c Position angles of the polarized emission are measured counterclockwise.

Figure 2. Left: polarimetric map (polarization E-vectors) of the CepheusAHW2 disk-like structure. Fractional polarization red vectors over s3 displayed. Black
contours are Stokes I data with the same levels as in Figure 1. Green contours correspond to the VLA Cband continuum emission showing the radio jet at −6, −3, 3,
6, 10, 20, 40, 80, 100, and 140 times the rms noise level of the 6 cm radio map, m -28 Jy beam 1) associated with the HW2 massive protostar. The color scale shows the
polarized intensity over s3 . The synthesized beam of both CARMA (gray) and VLA (green) observations are shown at the bottom left corner. Right: same map as in
left panel but including orange vectors between s2 and s3 . The polarized intensity (color scale) also shows emission over s2 .
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Millimeter-wave polarization of disks

The transition of polarization morphologies from one
wavelength to another is also apparent in the StokesQ and U
images, as seen in Figure 2. Specifically, at 3.1 mm the
StokesQ image shows negative regions from north to south
and positive regions from east to west. At 1.3 mm, the negative
regions are much brighter than the positive regions, and at
870 μm, the positive regions almost completely disappear.
StokesU shows two positive and two negative regions at
3.1 mm. The negative blobs disappear at 1.3 mm, while the
positive regions connect, and at 870 μm, the positive regions
turn into a single, large region.
For the Stokes V images (Figure 2), 3.1 mm appears to be

purely noise. For both 1.3 mm and 870 μm, StokesV has a
negative flux blob offset to the top-right of the Stokes I
intensity, and this blob is significantly brighter in 870 μm.
Although circular polarization can in principle be produced by
scattering of linearly polarized light off non-spherical grains
(e.g., Tazaki et al. 2017), StokesV has not been well
characterized for ALMA, so its detection could be spurious
and will not be discussed in detail in this paper.
The central polarization vectors for 1.3 mm and 870 μm are

55°.4 ± 0°.96 and 55°.3 ± 0°.41, respectively. The major axis
of HL Tau’s disk is 138°.02 ±  0°.07 (ALMA Partnership et al.
2015), indicating the polarization vectors are ∼7° from being
perpendicular to the major axis. We would expect the
polarization to be perfectly perpendicular to the major axis.
The reason for this small 7° discrepancy is uncertain, but could
indicate asymmetry in the disk.
The right panels of Figure 2 show P for each wavelength.

For 1.3 mm and 870 μm, there is a slight asymmetry for P
along the major axis of the disk, with the southeast more
polarized than the northwest. For 1.3 mm, the absolute
difference between the two P peaks along the major axis is
0.0013 ±  0.0014, which is not statistically significant. The
asymmetry for 870 μm is more apparent, although the southeast
part of the disk does not peak (i.e., it is still increasing at the
edge of the detected polarized emission). The P peak toward
the northwest is 0.0077 ±  0.0010. Drawing a line from the
northwest peak through the center of the disk, at the same
radius on the southeast side, P=0.0094 ±  0.0010. P rises
to ∼0.0115 at the edge of the disk. Therefore, the P asymmetry
along the major axis for 870 μm is ∼0.002–0.004. These
asymmetries are relatively moderate, but the fact that they
appear both at 1.3 mm and 870 μm suggests they could
be a real feature. If we consider total polarization PT =

Q U V I2 2 2+ + , the asymmetry is similar; for 1.3 mm, it is
0.0012 ±  0.0014, while for 870 μm it is ∼0.001–0.004.
Yang et al. (2017) showed that asymmetry along the major

axis is not expected for scattering-induced polarization in an
axisymmetric disk, so axisymmetry must be broken if the
polarization is really due to scattering even though the total
intensity (Stokes I ) is highly axisymmetric. On the other hand,
the polarization along the minor axis is expected to be
asymmetric if the dust disk is optically thick and has a
significant angular width (for a cartoon illustration, see Figure 6
in Yang et al. 2017). HL Tau disk is known to be optically
thick at 870 μm (Carrasco-González et al. 2016), but no
asymmetry is detected along the minor axis. The lack of
asymmetry for P along the optically thick minor axis implies

Figure 1. ALMA polarimetric observations at 3.1 mm (top, Kataoka et al.
2017), 1.3 mm (middle), and 870 μm (bottom), where the red vectors show the
>3σ polarization morphology (i.e., vectors have not been rotated). Vector
lengths are linearly proportional to P. The color scale shows the polarized
intensity, which is masked to only show 3σ detections. Stokes I contours in
each panel are shown for [3, 10, 25, 50, 100, 200, 325, 500, 750, 1000] × Is ,
where Is is 44, 154, and 460 μJy bm−1 for 3.1 mm, 1.3 mm, and 870 μm,
respectively.
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Band 3
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Fig. 1. Stokes I (left panel), polarized intensity (middle panel) and polarization fraction (right panel) of our Band 3 (upper panels), Band 6 (middle
panels) and Band 7 (lower panels) ALMA data. The contours indicate the intensity levels of the Stokes I emission in each band, being 30, 60, 90,
120, 150,180 times the rms for bands of 3 and 6 (rmsBand 3 ⇠ 0.012 mJy beam�1 and rmsBand 6 ⇠ 0.15 mJy beam �1), and 30, 60, 90, 120 times
0.52 mJy beam�1, the rms for Band 7. The synthesized beams are 0.2200 ⇥ 0.1700 (position angle = �61.46�) for Band 3, 0.2600 ⇥ 0.1500 (position
angle = �85.65�) for Band 6 and 0.2100 ⇥ 0.1800 (position angle = �72.79�) for Band 7. The vector map indicates the orientation of the polarization
whose length is proportional to the polarization fraction. The vectors are sampled as one vector every two pixels. The two star-symbols at the
middle-lower panel indicate the position of the two continuum peaks detected in the 34 GHz VLA data, being VLA 5a the northern peak and VLA
5b the southern one (see also Fig. 2).

no extended polarized emission is detected at scales larger than
5.700, which corresponds to ⇠ 1

3⇥ of the primary beam in Band 7
(the smaller of the three bands).

2.2. VLA

We used the Karl G. Jansky Very Large Array (VLA) to observe
the continuum emission at 34.5 GHz (� ⇠ 8.7 mm, Ka band) in
its most extended configuration. The observations were carried
out on December 4 and 10, 2016. The total on-source time was
77 minutes. The calibration was performed using the standard
CASA VLA pipeline. The maps were obtained from the cali-
brated visibilities using a robust weighting of 0, which provided
a synthesized beam of 0.1000 ⇥ 0.0400 with a position angle of

12�(i.e. a spatial resolution of ⇠10 AU at the Pipe nebula dis-
tance). The rms noise of the map is 12 µJy beam�1.

Previous VLA lower angular resolution observations (⇠
300) at 3.6 cm detected the source VLA 5 near the cen-
ter of the disk of BHB07-11 (Dzib et al. 2013). The new
observations resolved VLA 5 in a binary system, VLA 5a
(RA = 17:11:23.1057, DEC = �27:24:32.818) and VLA 5b,
(17:11:23.1017, �27:24:32.985). The uncertainties in the po-
sitions are '4 mas. Their flux densities are 0.32 ± 0.03 and
0.23 ± 0.03 mJy, respectively. The two radio sources appear in-
side the disk, slightly o↵set of the dust millimeter continuum
peaks (Fig. 2).
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Fig. 1. Stokes I (left panel), polarized intensity (middle panel) and polarization fraction (right panel) of our Band 3 (upper panels), Band 6 (middle
panels) and Band 7 (lower panels) ALMA data. The contours indicate the intensity levels of the Stokes I emission in each band, being 30, 60, 90,
120, 150,180 times the rms for bands of 3 and 6 (rmsBand 3 ⇠ 0.012 mJy beam�1 and rmsBand 6 ⇠ 0.15 mJy beam �1), and 30, 60, 90, 120 times
0.52 mJy beam�1, the rms for Band 7. The synthesized beams are 0.2200 ⇥ 0.1700 (position angle = �61.46�) for Band 3, 0.2600 ⇥ 0.1500 (position
angle = �85.65�) for Band 6 and 0.2100 ⇥ 0.1800 (position angle = �72.79�) for Band 7. The vector map indicates the orientation of the polarization
whose length is proportional to the polarization fraction. The vectors are sampled as one vector every two pixels. The two star-symbols at the
middle-lower panel indicate the position of the two continuum peaks detected in the 34 GHz VLA data, being VLA 5a the northern peak and VLA
5b the southern one (see also Fig. 2).

no extended polarized emission is detected at scales larger than
5.700, which corresponds to ⇠ 1

3⇥ of the primary beam in Band 7
(the smaller of the three bands).

2.2. VLA

We used the Karl G. Jansky Very Large Array (VLA) to observe
the continuum emission at 34.5 GHz (� ⇠ 8.7 mm, Ka band) in
its most extended configuration. The observations were carried
out on December 4 and 10, 2016. The total on-source time was
77 minutes. The calibration was performed using the standard
CASA VLA pipeline. The maps were obtained from the cali-
brated visibilities using a robust weighting of 0, which provided
a synthesized beam of 0.1000 ⇥ 0.0400 with a position angle of

12�(i.e. a spatial resolution of ⇠10 AU at the Pipe nebula dis-
tance). The rms noise of the map is 12 µJy beam�1.

Previous VLA lower angular resolution observations (⇠
300) at 3.6 cm detected the source VLA 5 near the cen-
ter of the disk of BHB07-11 (Dzib et al. 2013). The new
observations resolved VLA 5 in a binary system, VLA 5a
(RA = 17:11:23.1057, DEC = �27:24:32.818) and VLA 5b,
(17:11:23.1017, �27:24:32.985). The uncertainties in the po-
sitions are '4 mas. Their flux densities are 0.32 ± 0.03 and
0.23 ± 0.03 mJy, respectively. The two radio sources appear in-
side the disk, slightly o↵set of the dust millimeter continuum
peaks (Fig. 2).

Article number, page 3 of 8

The transition of polarization morphologies from one
wavelength to another is also apparent in the StokesQ and U
images, as seen in Figure 2. Specifically, at 3.1 mm the
StokesQ image shows negative regions from north to south
and positive regions from east to west. At 1.3 mm, the negative
regions are much brighter than the positive regions, and at
870 μm, the positive regions almost completely disappear.
StokesU shows two positive and two negative regions at
3.1 mm. The negative blobs disappear at 1.3 mm, while the
positive regions connect, and at 870 μm, the positive regions
turn into a single, large region.
For the Stokes V images (Figure 2), 3.1 mm appears to be

purely noise. For both 1.3 mm and 870 μm, StokesV has a
negative flux blob offset to the top-right of the Stokes I
intensity, and this blob is significantly brighter in 870 μm.
Although circular polarization can in principle be produced by
scattering of linearly polarized light off non-spherical grains
(e.g., Tazaki et al. 2017), StokesV has not been well
characterized for ALMA, so its detection could be spurious
and will not be discussed in detail in this paper.
The central polarization vectors for 1.3 mm and 870 μm are

55°.4 ± 0°.96 and 55°.3 ± 0°.41, respectively. The major axis
of HL Tau’s disk is 138°.02 ±  0°.07 (ALMA Partnership et al.
2015), indicating the polarization vectors are ∼7° from being
perpendicular to the major axis. We would expect the
polarization to be perfectly perpendicular to the major axis.
The reason for this small 7° discrepancy is uncertain, but could
indicate asymmetry in the disk.
The right panels of Figure 2 show P for each wavelength.

For 1.3 mm and 870 μm, there is a slight asymmetry for P
along the major axis of the disk, with the southeast more
polarized than the northwest. For 1.3 mm, the absolute
difference between the two P peaks along the major axis is
0.0013 ±  0.0014, which is not statistically significant. The
asymmetry for 870 μm is more apparent, although the southeast
part of the disk does not peak (i.e., it is still increasing at the
edge of the detected polarized emission). The P peak toward
the northwest is 0.0077 ±  0.0010. Drawing a line from the
northwest peak through the center of the disk, at the same
radius on the southeast side, P=0.0094 ±  0.0010. P rises
to ∼0.0115 at the edge of the disk. Therefore, the P asymmetry
along the major axis for 870 μm is ∼0.002–0.004. These
asymmetries are relatively moderate, but the fact that they
appear both at 1.3 mm and 870 μm suggests they could
be a real feature. If we consider total polarization PT =

Q U V I2 2 2+ + , the asymmetry is similar; for 1.3 mm, it is
0.0012 ±  0.0014, while for 870 μm it is ∼0.001–0.004.
Yang et al. (2017) showed that asymmetry along the major

axis is not expected for scattering-induced polarization in an
axisymmetric disk, so axisymmetry must be broken if the
polarization is really due to scattering even though the total
intensity (Stokes I ) is highly axisymmetric. On the other hand,
the polarization along the minor axis is expected to be
asymmetric if the dust disk is optically thick and has a
significant angular width (for a cartoon illustration, see Figure 6
in Yang et al. 2017). HL Tau disk is known to be optically
thick at 870 μm (Carrasco-González et al. 2016), but no
asymmetry is detected along the minor axis. The lack of
asymmetry for P along the optically thick minor axis implies

Figure 1. ALMA polarimetric observations at 3.1 mm (top, Kataoka et al.
2017), 1.3 mm (middle), and 870 μm (bottom), where the red vectors show the
>3σ polarization morphology (i.e., vectors have not been rotated). Vector
lengths are linearly proportional to P. The color scale shows the polarized
intensity, which is masked to only show 3σ detections. Stokes I contours in
each panel are shown for [3, 10, 25, 50, 100, 200, 325, 500, 750, 1000] × Is ,
where Is is 44, 154, and 460 μJy bm−1 for 3.1 mm, 1.3 mm, and 870 μm,
respectively.

3

The Astrophysical Journal, 851:55 (6pp), 2017 December 10 Stephens et al.

1.3 mm

F. O. Alves et al.: Magnetic field in a circumbinary disk around a Class I YSO

Band 3

Band 7

Band 6

Fig. 1. Stokes I (left panel), polarized intensity (middle panel) and polarization fraction (right panel) of our Band 3 (upper panels), Band 6 (middle
panels) and Band 7 (lower panels) ALMA data. The contours indicate the intensity levels of the Stokes I emission in each band, being 30, 60, 90,
120, 150,180 times the rms for bands of 3 and 6 (rmsBand 3 ⇠ 0.012 mJy beam�1 and rmsBand 6 ⇠ 0.15 mJy beam �1), and 30, 60, 90, 120 times
0.52 mJy beam�1, the rms for Band 7. The synthesized beams are 0.2200 ⇥ 0.1700 (position angle = �61.46�) for Band 3, 0.2600 ⇥ 0.1500 (position
angle = �85.65�) for Band 6 and 0.2100 ⇥ 0.1800 (position angle = �72.79�) for Band 7. The vector map indicates the orientation of the polarization
whose length is proportional to the polarization fraction. The vectors are sampled as one vector every two pixels. The two star-symbols at the
middle-lower panel indicate the position of the two continuum peaks detected in the 34 GHz VLA data, being VLA 5a the northern peak and VLA
5b the southern one (see also Fig. 2).

no extended polarized emission is detected at scales larger than
5.700, which corresponds to ⇠ 1

3⇥ of the primary beam in Band 7
(the smaller of the three bands).

2.2. VLA

We used the Karl G. Jansky Very Large Array (VLA) to observe
the continuum emission at 34.5 GHz (� ⇠ 8.7 mm, Ka band) in
its most extended configuration. The observations were carried
out on December 4 and 10, 2016. The total on-source time was
77 minutes. The calibration was performed using the standard
CASA VLA pipeline. The maps were obtained from the cali-
brated visibilities using a robust weighting of 0, which provided
a synthesized beam of 0.1000 ⇥ 0.0400 with a position angle of

12�(i.e. a spatial resolution of ⇠10 AU at the Pipe nebula dis-
tance). The rms noise of the map is 12 µJy beam�1.

Previous VLA lower angular resolution observations (⇠
300) at 3.6 cm detected the source VLA 5 near the cen-
ter of the disk of BHB07-11 (Dzib et al. 2013). The new
observations resolved VLA 5 in a binary system, VLA 5a
(RA = 17:11:23.1057, DEC = �27:24:32.818) and VLA 5b,
(17:11:23.1017, �27:24:32.985). The uncertainties in the po-
sitions are '4 mas. Their flux densities are 0.32 ± 0.03 and
0.23 ± 0.03 mJy, respectively. The two radio sources appear in-
side the disk, slightly o↵set of the dust millimeter continuum
peaks (Fig. 2).
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The transition of polarization morphologies from one
wavelength to another is also apparent in the StokesQ and U
images, as seen in Figure 2. Specifically, at 3.1 mm the
StokesQ image shows negative regions from north to south
and positive regions from east to west. At 1.3 mm, the negative
regions are much brighter than the positive regions, and at
870 μm, the positive regions almost completely disappear.
StokesU shows two positive and two negative regions at
3.1 mm. The negative blobs disappear at 1.3 mm, while the
positive regions connect, and at 870 μm, the positive regions
turn into a single, large region.
For the Stokes V images (Figure 2), 3.1 mm appears to be

purely noise. For both 1.3 mm and 870 μm, StokesV has a
negative flux blob offset to the top-right of the Stokes I
intensity, and this blob is significantly brighter in 870 μm.
Although circular polarization can in principle be produced by
scattering of linearly polarized light off non-spherical grains
(e.g., Tazaki et al. 2017), StokesV has not been well
characterized for ALMA, so its detection could be spurious
and will not be discussed in detail in this paper.
The central polarization vectors for 1.3 mm and 870 μm are

55°.4 ± 0°.96 and 55°.3 ± 0°.41, respectively. The major axis
of HL Tau’s disk is 138°.02 ±  0°.07 (ALMA Partnership et al.
2015), indicating the polarization vectors are ∼7° from being
perpendicular to the major axis. We would expect the
polarization to be perfectly perpendicular to the major axis.
The reason for this small 7° discrepancy is uncertain, but could
indicate asymmetry in the disk.
The right panels of Figure 2 show P for each wavelength.

For 1.3 mm and 870 μm, there is a slight asymmetry for P
along the major axis of the disk, with the southeast more
polarized than the northwest. For 1.3 mm, the absolute
difference between the two P peaks along the major axis is
0.0013 ±  0.0014, which is not statistically significant. The
asymmetry for 870 μm is more apparent, although the southeast
part of the disk does not peak (i.e., it is still increasing at the
edge of the detected polarized emission). The P peak toward
the northwest is 0.0077 ±  0.0010. Drawing a line from the
northwest peak through the center of the disk, at the same
radius on the southeast side, P=0.0094 ±  0.0010. P rises
to ∼0.0115 at the edge of the disk. Therefore, the P asymmetry
along the major axis for 870 μm is ∼0.002–0.004. These
asymmetries are relatively moderate, but the fact that they
appear both at 1.3 mm and 870 μm suggests they could
be a real feature. If we consider total polarization PT =

Q U V I2 2 2+ + , the asymmetry is similar; for 1.3 mm, it is
0.0012 ±  0.0014, while for 870 μm it is ∼0.001–0.004.
Yang et al. (2017) showed that asymmetry along the major

axis is not expected for scattering-induced polarization in an
axisymmetric disk, so axisymmetry must be broken if the
polarization is really due to scattering even though the total
intensity (Stokes I ) is highly axisymmetric. On the other hand,
the polarization along the minor axis is expected to be
asymmetric if the dust disk is optically thick and has a
significant angular width (for a cartoon illustration, see Figure 6
in Yang et al. 2017). HL Tau disk is known to be optically
thick at 870 μm (Carrasco-González et al. 2016), but no
asymmetry is detected along the minor axis. The lack of
asymmetry for P along the optically thick minor axis implies

Figure 1. ALMA polarimetric observations at 3.1 mm (top, Kataoka et al.
2017), 1.3 mm (middle), and 870 μm (bottom), where the red vectors show the
>3σ polarization morphology (i.e., vectors have not been rotated). Vector
lengths are linearly proportional to P. The color scale shows the polarized
intensity, which is masked to only show 3σ detections. Stokes I contours in
each panel are shown for [3, 10, 25, 50, 100, 200, 325, 500, 750, 1000] × Is ,
where Is is 44, 154, and 460 μJy bm−1 for 3.1 mm, 1.3 mm, and 870 μm,
respectively.
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The circumstellar disk HD169142: gas, dust and planets acting in concert? 5

Figure 1. Left: J-band azimuthally polarized intensity image Q� in logarithmic scale for better visualization. Right: Q� ⇥ r2

in linear scale with annotations for the gap and ring structures. Each image pixel is multiplied with the square of its distance
to the star, r2, to compensate for the stellar illumination drop-o↵ with radius. All flux scales are normalized to half of the
brightest pixel along the inner ring. The region masked by the coronagraph is indicated by the gray circle. North is up, East
points towards left.

Figure 2. Left: zoom-in on the central 0.003 of the J-band Q� ⇥ r2 image. Right: polar map of the Q� ⇥ r2 image. The flux
scales are normalized to half of the brightest pixel along the ring. The horizontal dashed line indicates a radius of 0.0018.

with �, the position angle of the location of interest
(x, y) with respect to the star location. In this coordi-
nate system, the azimuthally polarized flux appears as
a positive signal in the Q� image, whereas the U� image
remains free of disk signal and can be used as an esti-
mate of the residual noise in the Q� image (Schmid et al.
2006). This is only valid for disks with face-on geome-
try since multiple scattering e↵ects in inclined disks can
cause a considerable physical signal in U� (e.g., TCha:
Pohl et al. 2017). The correction for instrumental po-

larization is done using a U� minimization, by subtract-
ing scaled versions of the total intensity frame from the
Stokes Q and U frames. The final data images were cor-
rected for the true North (by rotating them by 1.775� in
the counterclockwise direction, Maire et al. 2016). We
do not attempt to perform an absolute flux calibration
of our images due to the inherent problems with mea-
suring flux in PDI images.

3. POLARIZED INTENSITY IMAGES

example (face-on, PI)

Pohl et al. 2017
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Radiative transfer calculations
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Conditions of dust grains for polarization
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Grain size constraints by polarization

Polarization of protoplanetary disks 3

-0.2

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 0.001  0.01  0.1  1
-0.2

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4

P ω

Maximum grain size [cm]

λ=1.3 mm (ALMA Band 3)

 P
 ω

-0.2

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 0.001  0.01  0.1  1
-0.2

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4

P ω

Maximum grain size [cm]

λ=870 µm (ALMA Band 7)

 P
 ω

Fig. 3.— The polarization P at the scattering angle of 90� and the albedo ! = sca/(abs + sca) as a function of maximum grain size.
The size distribution is assumed to have power law of n(a) / a�3.5. The wavelengths are assumed to be 1.3 mm for the left panel and
870 µm for the right panel. The arrows indicate the maximum grain size which has the most e�cient polarization by 90� scattering.

TABLE 1
The sensitive grain size for observed

wavelengths

wavelengths � the sensitive grain size amax

7 mm 1 mm
3.1 mm 500 µm
870 µm 150 µm
340 µm 70 µm

tion due to 90� scattering.

2.4. Detectable grain size for each wavelength

We have demonstrated that the polarization due to 90�

scattering by dust grains can be significant only when the
grains are su�ciently large to have a large albedo (§2.2)
but small enough to show isotropic scattering (§2.3).
Thus, there is a sensitive grain size to be detected.
We investigate the dependence of polarization e�-

ciency on grain size especially in the case of wavelengths
are 870 µm and 3.1 mm, which correspond to ALMA
Band 7 and 3, respectively. Figure 3 shows both albedo
! = sca/(abs + sca) and polarization P at 90�.
The polarization at 90� scattering shows perfect po-

larization at small wavelengths. At specific wavelengths,
which is almost � ⇠ a/2⇡, the polarization drops to 0.
By contrast, the albedo ! increases with increasing grain
size. If ! is nearly unity, polarization is likely to be de-
tected.
Thus, the product of polarization and albedo, P!,

gives the grain size that contributes most to the polarized
emission at any observed wavelength. In other words,
P! represents a window function for the grain size de-
tactable in polarization observations. Figure 4 shows P!
at the wavelengths of � = 340 µm, 870 µm, 3.1 mm, and
7 mm. The most sensitive grain sizes are summarized in
table 1. This suggests that detection and non-detection
of polarization for a wide range of sub-mm, mm, and cm
wavelengths can put a strong constraint on the grain size.

2.5. A toy model to understand the self-scattering

The second condition of the polarization due to scatter-
ing is light sources to be scattered. This is also satisfied
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Fig. 4.— The polarization times the albedo P! against the max-
imum grain size. This figure represents the sensitive grain size
for detection of polarization. Each line corresponds to the wave-
lengths of 0.34 mm, 0.87 mm, 3.1, and 7 mm. The band numbers
correspond to the ALMA band numbers for each wavelength.

in some protoplanetary disks if thermal dust emission it-
self can play a role of light sources. In other words, we
consider the self-scattering of dust emission. If radiation
field has an anisotropic distribution, especially in the case
that the emission is strong from two opposite directions
and weak from 90� di↵erent directions, the final scatter-
ing is partially polarized. This polarization may occur
in protoplanetary disks in the case of recently discovered
protoplanetary disks which have lopsided surface bright-
ness (Casassus et al. 2013; van der Marel et al. 2013; Fuk-
agawa et al. 2013; Isella et al. 2013; Pérez et al. 2014). In
these disks, the sub-mm emission itself may play a role
of the light source of the polarization because of their
anisotropy. In this section, we demonstrate the polariza-
tion due to self-scattering with a simple toy model.
Hereafter, we will fix the maximum grain size and

wavelengths to be amax = 100 µm and � = 870 µm,
which is one of the best combination of the e�cient po-
larization, in order to investigate possibilities to detect
mm-wave polarization from protoplanetary disks. Note
that the calculated absorption and scattering opacities

Multi-wave polarization → constraints on the grain size

Expected polarization fraction (scalable)

Kataoka, et al., 2015
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1. Alignment of elongated dust grains with magnetic fields

Polarization mechanisms

Magnetic Field

Linear 
polarization

e.g., Lazarian and Hoang 2007

If B-fields have toroidal components only, 

it would produce radial polarization pattern.

taken over the line of sight (see Chiang & Goldreich 1999 for
details). The SED of the disk surface is obtained from the integral

Lsurfk /k
Z rmax

!rmax

dx

Z y(x)

!y(x)

dy
X

Bk(Tds)

; 1! exp ! !"s

jn̂ = l̂j

 !" #
exp (! #k); ð19Þ

where n̂ and l̂ are unit vectors normal to the surface and parallel
to the line of sight, respectively, "s is the Planck averaged dust
emissivity at the surface. The summation is performed whenever
the line of sight intersects the surface (see Chiang & Goldreich
1999 for details).

In our calculations, we explicitly take care of the fact that the
grain symmetric axis is changing along a given line of sight. We
follow the description in Roberge & Lazarian (1999; see also
Lee & Draine 1985) to calculate this effect and we obtain optical
depths with respect to the x- and y-directions in the above in-
tegrals (eqs. [17] and [19]).3 After calculating the optical depths,
we calculate Lk; x and Lk; y. We obtain the luminosity for two more
directions, which are at 45$ with respect to x- and y-directions.We
calculate the direction and degree of polarization based on the
luminosity for these four directions.
Figure 10 shows the effects of the disk inclination. We cal-

culate the polarized emission from the disk interior. The viewing
angle $ (the angle of disk inclination) is the angle between the

Fig. 9.—Radial energy distribution. (a) k ¼ 10 %m. Inner part of the disk emits
substantial amount of radiation. But it emits negligible amount of polarized radia-
tion. Note that when r < 1 AU, grains in the surface layer are not aligned and only
negligible fraction of grains are aligned in the interior (see Figs. 3 and 4). (b) k ¼
50 %m. (c) k ¼ 100 %m. (d ) k ¼ 850 %m. The result for k ¼ 450 %m (not shown)
is very similar to that for k ¼ 850 %m.

Fig. 10.—Simulated observations. Degree of polarization is calculated for the total radiation (i.e., interior þ surface) from the disk. The disk inclination angle $ is the
angle between disk symmetry axis and the line of sight.

3 Let the z-axis be the direction of the line of sight and the y0-axis the direction
along the projection of the magnetic field on to the plane of the sky. The x0-axis is
perpendicular to both axes. Then, the cross sections Cx0 and Cy0 are

Cx0 ¼ Cavg þ 1
3 R C? ! Ck
! "

1! 3 cos2&
! "

;

Cy0 ¼ Cavg þ 1
3 R C? ! Ck
! "

;

where Cavg ¼ (2C? þ Ck)/3, C? and Ck are cross sections with respect to the
magnetic field, and & is the angle between themagnetic field and the plane of the sky.
We assume the Rayleigh reduction factor, R, is 1. For the x- and y-axes that also lie
in the plane of the sky,

Cx ' Cx0 cos
2$ þ Cy0 sin

2$;

Cy ' Cx0 sin
2$ þ Cy0 cos

2$;

where $ is the angle between the x- and x0-axis.

CHO & LAZARIAN1092 Vol. 669

Cho and Lazarian 2007
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Alignment direction4 Kataoka et al.

Figure 1. The four panels show the step-by-step comparison of timescales of gas damping, Larmor precession, radiative
precession, and mechanical precession. Any alignment mechanism should have the shortest timescale in this figure to be
realized. Panel (a) shows only the gas damping and Larmor precession. Panel (b) is with the radiation precession timescale in
addition to the panel (a), which is the same figure as Figure 5 of Tazaki et al. 2017. Panel (c) is with the mechanical precession
timescale in addition to (b) in the case that the mechanical torque is strong. Panel (d) is the same as (c) but for the weak
mechanical alignment case.

fields, and those as large as centimeter size with the me-
chanical alignment. However, as shown in Figure 1(d),
if the mechanical alignment e�ciency is weak, it does
not change the view and the results are the same as the
panel (b), where the alignment is with magnetic fields
or radiation fields.
Therefore, we conclude that mechanical alignment

could be at work in protoplanetary disks, but this is
highly dependent on the grain size and on their helic-
ity of the dust grains. In addition, we note again that
the discussion above is just necessary condition for the
mechanical alignment. For example, the Mach number
should be high enough for the mechanical alignment to
work, and the threshold Mach number depends on the
helicity. While Hoang et al. 2018 estimated this to be
⇠ 0.1 for highly irregular shaped grains, the shape of
dust grains in protoplanetary disks may be much more
irregular because of the dust coagulation. The helicity
that we can obtain through the dust coagulation process
is one of the central question in mechanical alignment.

Although there are many caveats in the estimation
above, we are motivated more on phenomenological ap-
plication of mechanical alignments on polarization of
protoplanetary disks. We leave detailed discussion on
which mechanism to work for future studies, but rather
we focus on how the polarization due to mechanical
alignment could be seen in protoplanetary disks in the
next section.

3. DIRECTION OF POLARIZATION BY
MECHANICAL ALIGNMENT

While the discussion on the timescales suggests that
the mechanical grain alignment may be realized only
for a special case when the grains are large enough.
However, the discussion is only on one disk parameter
and the mechanical alignment is not unrealistic: it still
worths discussing what kind of morphology of polariza-
tion vectors can be realized if grains are aligned by the
gas flow. In the following sections, we focus on the phe-
nomenological discussion on polarized emission of me-
chanically aligned dust grains in protoplanetary disks.

4 Kataoka et al.
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not change the view and the results are the same as the
panel (b), where the alignment is with magnetic fields
or radiation fields.
Therefore, we conclude that mechanical alignment
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highly dependent on the grain size and on their helic-
ity of the dust grains. In addition, we note again that
the discussion above is just necessary condition for the
mechanical alignment. For example, the Mach number
should be high enough for the mechanical alignment to
work, and the threshold Mach number depends on the
helicity. While Hoang et al. 2018 estimated this to be
⇠ 0.1 for highly irregular shaped grains, the shape of
dust grains in protoplanetary disks may be much more
irregular because of the dust coagulation. The helicity
that we can obtain through the dust coagulation process
is one of the central question in mechanical alignment.

Although there are many caveats in the estimation
above, we are motivated more on phenomenological ap-
plication of mechanical alignments on polarization of
protoplanetary disks. We leave detailed discussion on
which mechanism to work for future studies, but rather
we focus on how the polarization due to mechanical
alignment could be seen in protoplanetary disks in the
next section.

3. DIRECTION OF POLARIZATION BY
MECHANICAL ALIGNMENT

While the discussion on the timescales suggests that
the mechanical grain alignment may be realized only
for a special case when the grains are large enough.
However, the discussion is only on one disk parameter
and the mechanical alignment is not unrealistic: it still
worths discussing what kind of morphology of polariza-
tion vectors can be realized if grains are aligned by the
gas flow. In the following sections, we focus on the phe-
nomenological discussion on polarized emission of me-
chanically aligned dust grains in protoplanetary disks.

Tazaki et al. 2017, modified

Small grains: magnetic-field alignment 
large grains: radiation-field alignment

Note: radiation for alignment is NOT the stellar radiation but those at λ ~ 100 µm
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Short summary

alignment with B-fields alignment with radiation

• depends on magnetic field 
components

self-scattering

(alignment with gas flow) wavelength 
dependent

wavelength 
independent

Two different grain size distributions 9

tions at the peak shown in Figure 8 may be due to the
high optical depth. Polarization from self-scattering and
that from radiative grain alignment are both caused by
anisotropic radiation. Therefore, the polarization frac-
tion in opaque regions decreases with optical depth be-
cause the radiation field becomes isotropic due to mul-
tiple scattering and absorption. The polarization of the
grain alignment with magnetic fields also decreases with
optical depth because the radiation gradients are impor-
tant for grain alignment. The previous observations did
not resolve the high optical depth regions and the po-
larization fraction was smoothed. In contrast, our high
resolution observations identify the region where the po-
larized intensity drops. Therefore, we find the low ratio
in these regions because of the high optical depth and
the high spatial resolution.

Yang et al. (2017) discussed the effect of optical depth
for both self-scattering and grain alignment assuming
an inclination angle of 45�. They showed that with
self-scattering, polarization decreases with optical depth
once ⌧ & 1 (it increases until ⌧ ⇠ 1) but it exists even
at a high optical depth (⌧ & 4). In contrast, aligned
grains cannot produce polarized emission in a high op-
tical depth region. According to these optical depth
dependences, the drops of the polarized intensity might
prefer the grain alignment. However, they assumed an
inclination angle of 45�. An inclined disk may have
caused polarization due to self-scattering even at a high
optical depths. In contrast, a face-on disk, such as our
target, may produce an isotropic radiation field and the
polarization may decrease due to self-scattering. Ac-
tually, scattering is suggested to become less dominant
with decreasing an inclination (Yang et al. 2016b, 2017).
Another possibility is that the depolarization occurs at
a smaller scale than our high spatial resolution. The
polarization may be canceled out by mixing the two
orthogonal polarization vectors within the beam size.
Therefore, the polarized intensity drops at the position
where the flip occurs.

The inner edge of the disk in Figure 8 also shows a high
ratio, indicating that the polarization fraction increases
with increasing spatial resolution. This may mean that
the polarized intensity has a steeper gradient than that
of the total intensity, assuming that the total intensity is
optically thin at the inner edge. We discuss the depen-
dence of the polarization fraction on spatial resolution
in Section 4.2.

4. DISCUSSION
We discuss the possible mechanisms of the polariza-

tion of the protoplanetary disk of HD 142527 in this sec-
tion. Three mechanisms for polarization in protoplane-

tary disks have been proposed: (1) grain alignment with
magnetic fields (e.g., Cho & Lazarian 2007), (2) grain
alignment with radiation gradients (e.g., Tazaki et al.
2017), and (3) self-scattering of thermal dust emission
(e.g., Kataoka et al. 2015). These three mechanisms
cause different patterns of polarization vectors and po-
larization degrees, as discussed in the following subsec-
tions. We compare the observed polarizations with the
polarization predicted by each theory and discuss the
polarization mechanisms.

4.1. Morphology of Polarization Vectors

We discuss whether the polarization in the disk is
due to grain alignment or self-scattering by investigating
the distributions of the polarization vectors. Magnetic
fields or radiation gradients can determine the direction
of grain alignment. Figure 9 shows schematic views of
the polarization vectors predicted by self-scattering and
grain alignment with magnetic fields in the disk of HD
142527. The theory of radiative grain alignment is dis-
cussed later.

Figure 9. Schematic views of polarization vectors predicted
by two mechanisms of polarization of thermal dust emission
in HD 142527. (a) Grain alignment with toroidal magnetic
fields and (b) self-scattering of thermal dust emission.

For self-scattering, Kataoka et al. (2015); K16b de-
rived the expected distributions of the polarization vec-
tors in the disk of HD 142527. The flip of the polar-
ization vectors should occur outside the entire disk be-
cause the anisotropy of the radiation field changes with
radius from the central star (Figure 9�a). The flip of
the polarization vectors in the northern region can be
explained by thermal dust scattering. As shown by Fig-
ure 3 of K16b, self-scattering predicts that a flip should
also occur in the southern region, similar to that in the
northern region, because the northern and southern in-
tensity profiles are similar (both Gaussian-like). K16b
show that the flip should be detected at r ⇠ 1.002 � 1.005
due to the changing of the anisotropic radiation field.

Kataoka et al. 2017, submitted, Ohashi et al. 2018
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Contours: 
Polarized Intensity P

Contours: 
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Figure 1. 870µm ALMA maps of the Class II protoplanetary disk IM Lup. The peak values of the total intensity (Stokes I), polarized
intensity (P ), and polarization fraction images are 120.74 mJy beam�1, 1.37 mJy beam�1, and 0.011, respectively. The rms noise values in
the total intensity and polarized intensity thermal dust emission images are �I = 100µJy beam�1 and �P = 22µJy beam�1, respectively.
The black ellipses in the lower-left corners of all panels represent the ALMA synthesized beam (resolution element), which measures 0.0050 ⇥
0.0040 at a position angle of 76.9�, corresponding to a linear resolution of ⇠ 72 au at a distance of 161 ± 10 pc (Gaia Collaboration et al. 2016).
Top: Polarization map of IM Lup. Contours are the total intensity thermal dust emission, plotted at 3, 8, 16, 32, 64, 128, 256, 512, 1024 ⇥�I .
Grayscale is the polarized thermal dust emission, plotted starting at 3�P . Line segments are the polarization orientation � of the
dust emission, with lengths proportional to the polarization fraction Pfrac. Bottom left: Grayscale is the total intensity thermal dust
emission; contours are the polarized intensity P , plotted at 0.06, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 ⇥ the peak of 1.37 mJy beam�1. Bottom
right: Grayscale is the total intensity thermal dust emission; contours are the polarization fraction Pfrac = P/I, plotted at levels of
0.005, 0.006, 0.007, 0.008, 0.009, 0.01. The coordinates and the grayscale are identical in the two bottom panels. The ALMA data used to
make this figure are available in the online version of this publication.

The transition of polarization morphologies from one
wavelength to another is also apparent in the StokesQ and U
images, as seen in Figure 2. Specifically, at 3.1 mm the
StokesQ image shows negative regions from north to south
and positive regions from east to west. At 1.3 mm, the negative
regions are much brighter than the positive regions, and at
870 μm, the positive regions almost completely disappear.
StokesU shows two positive and two negative regions at
3.1 mm. The negative blobs disappear at 1.3 mm, while the
positive regions connect, and at 870 μm, the positive regions
turn into a single, large region.
For the Stokes V images (Figure 2), 3.1 mm appears to be

purely noise. For both 1.3 mm and 870 μm, StokesV has a
negative flux blob offset to the top-right of the Stokes I
intensity, and this blob is significantly brighter in 870 μm.
Although circular polarization can in principle be produced by
scattering of linearly polarized light off non-spherical grains
(e.g., Tazaki et al. 2017), StokesV has not been well
characterized for ALMA, so its detection could be spurious
and will not be discussed in detail in this paper.
The central polarization vectors for 1.3 mm and 870 μm are

55°.4 ± 0°.96 and 55°.3 ± 0°.41, respectively. The major axis
of HL Tau’s disk is 138°.02 ±  0°.07 (ALMA Partnership et al.
2015), indicating the polarization vectors are ∼7° from being
perpendicular to the major axis. We would expect the
polarization to be perfectly perpendicular to the major axis.
The reason for this small 7° discrepancy is uncertain, but could
indicate asymmetry in the disk.
The right panels of Figure 2 show P for each wavelength.

For 1.3 mm and 870 μm, there is a slight asymmetry for P
along the major axis of the disk, with the southeast more
polarized than the northwest. For 1.3 mm, the absolute
difference between the two P peaks along the major axis is
0.0013 ±  0.0014, which is not statistically significant. The
asymmetry for 870 μm is more apparent, although the southeast
part of the disk does not peak (i.e., it is still increasing at the
edge of the detected polarized emission). The P peak toward
the northwest is 0.0077 ±  0.0010. Drawing a line from the
northwest peak through the center of the disk, at the same
radius on the southeast side, P=0.0094 ±  0.0010. P rises
to ∼0.0115 at the edge of the disk. Therefore, the P asymmetry
along the major axis for 870 μm is ∼0.002–0.004. These
asymmetries are relatively moderate, but the fact that they
appear both at 1.3 mm and 870 μm suggests they could
be a real feature. If we consider total polarization PT =

Q U V I2 2 2+ + , the asymmetry is similar; for 1.3 mm, it is
0.0012 ±  0.0014, while for 870 μm it is ∼0.001–0.004.
Yang et al. (2017) showed that asymmetry along the major

axis is not expected for scattering-induced polarization in an
axisymmetric disk, so axisymmetry must be broken if the
polarization is really due to scattering even though the total
intensity (Stokes I ) is highly axisymmetric. On the other hand,
the polarization along the minor axis is expected to be
asymmetric if the dust disk is optically thick and has a
significant angular width (for a cartoon illustration, see Figure 6
in Yang et al. 2017). HL Tau disk is known to be optically
thick at 870 μm (Carrasco-González et al. 2016), but no
asymmetry is detected along the minor axis. The lack of
asymmetry for P along the optically thick minor axis implies

Figure 1. ALMA polarimetric observations at 3.1 mm (top, Kataoka et al.
2017), 1.3 mm (middle), and 870 μm (bottom), where the red vectors show the
>3σ polarization morphology (i.e., vectors have not been rotated). Vector
lengths are linearly proportional to P. The color scale shows the polarized
intensity, which is masked to only show 3σ detections. Stokes I contours in
each panel are shown for [3, 10, 25, 50, 100, 200, 325, 500, 750, 1000] × Is ,
where Is is 44, 154, and 460 μJy bm−1 for 3.1 mm, 1.3 mm, and 870 μm,
respectively.

3

The Astrophysical Journal, 851:55 (6pp), 2017 December 10 Stephens et al.

4 F. Bacciotti et al.

(a) (b)

(c) (d)

Figure 2. Linearly polarized intensity P and polarization fraction p at 870 µm in the disks around CW Tau (panels (a),(b)),
and DG Tau (panels (c),(d)). Contours as in Fig. 1. Polarization angle, χ, is indicated with fixed-length vector bars. Arrows
indicate the jet orientation. Disk near-side lies towards the receding jet lobe (red arrow). Polarization fraction p is shown where
total intensity is I > 10 mJy beam−1 for CW Tau and I > 30 mJy beam−1 for DG Tau.

Piétu et al. (2014) and the one of jet, ijet = 49◦ reported
in Hartigan et al. (2004). The same fit gives a disk posi-
tion angle, PAdisk = 60.7◦±1.9◦, in good agreement with
PAdisk = 62◦ ± 3◦ (Piétu et al. 2014), and almost per-
pendicular to the jet PAjet =-29◦ (Hartigan et al. 2004).
For DG Tau, the integrated flux is 880.2 ± 9.4 mJy,

with peak intensity of 182.4 ± 1.4 mJy beam−1, located
at RA 4h 27m 4.7s, δ 26◦ 6′ 15.′′71. The integrated flux is
slightly lower (by 12%) than that extrapolated from 1.3
mm flux of Isella et al. (2010), adopting their spectral
index of 2.5. A 2D Gaussian fit deconvolved from the
beam provided a FWHM along the major and minor
axis of 0.′′45 and 0.′′36, respectively. The combination

of these values implies idisk ∼ 37◦, almost identical to
ijet = 38◦ (Eislöffel & Mundt 1998), and only slightly
higher than disk models of idisk = 24◦–32◦ (Isella et al.
2010). The 2D Gaussian fit gives PAdisk = 135.4◦±2.5◦,
almost perpendicular to PAjet = 46◦ (Eislöffel & Mundt
1998).

3.2. Polarized Emission

Figure 2 illustrates the polarization properties in our
targets.
For CW Tau, the map of linearly polarized intensity

P is centrally peaked and does not show any signifi-
cant asymmetry. The maximum value is 0.53 ± 0.14
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Figure 2. Linearly polarized intensity P and polarization fraction p at 870 µm in the disks around CW Tau (panels (a),(b)),
and DG Tau (panels (c),(d)). Contours as in Fig. 1. Polarization angle, χ, is indicated with fixed-length vector bars. Arrows
indicate the jet orientation. Disk near-side lies towards the receding jet lobe (red arrow). Polarization fraction p is shown where
total intensity is I > 10 mJy beam−1 for CW Tau and I > 30 mJy beam−1 for DG Tau.

Piétu et al. (2014) and the one of jet, ijet = 49◦ reported
in Hartigan et al. (2004). The same fit gives a disk posi-
tion angle, PAdisk = 60.7◦±1.9◦, in good agreement with
PAdisk = 62◦ ± 3◦ (Piétu et al. 2014), and almost per-
pendicular to the jet PAjet =-29◦ (Hartigan et al. 2004).
For DG Tau, the integrated flux is 880.2 ± 9.4 mJy,

with peak intensity of 182.4 ± 1.4 mJy beam−1, located
at RA 4h 27m 4.7s, δ 26◦ 6′ 15.′′71. The integrated flux is
slightly lower (by 12%) than that extrapolated from 1.3
mm flux of Isella et al. (2010), adopting their spectral
index of 2.5. A 2D Gaussian fit deconvolved from the
beam provided a FWHM along the major and minor
axis of 0.′′45 and 0.′′36, respectively. The combination

of these values implies idisk ∼ 37◦, almost identical to
ijet = 38◦ (Eislöffel & Mundt 1998), and only slightly
higher than disk models of idisk = 24◦–32◦ (Isella et al.
2010). The 2D Gaussian fit gives PAdisk = 135.4◦±2.5◦,
almost perpendicular to PAjet = 46◦ (Eislöffel & Mundt
1998).

3.2. Polarized Emission

Figure 2 illustrates the polarization properties in our
targets.
For CW Tau, the map of linearly polarized intensity

P is centrally peaked and does not show any signifi-
cant asymmetry. The maximum value is 0.53 ± 0.14

HD163296 submillimetre dust polarisation and opacity 3

Figure 1. Sub-mm continuum polarisation in HD163296. The top panels show (a) the total intensity and (b) the percentage polarisation
at band 7 in the central region. Superimposed as ellipses are representations of the three rings in the total intensity image marked 1 - 3 in
(b). Lower panels are (c) the polarised flux intensity and (d) the polarisation angle, both with the polarisation vectors superimposed. In
(c), the vectors are shown at their actual angle, whereas in (d) the vector rotation relative to the mean of 44.1� is multiplied by a factor
of 3, to emphasise the relative twist. Polarisation fraction and angle are truncated at polarised flux levels of 5� per beam (250µJy).
Images are 300 (315 au) across. The images have a resolution of 0.200 (beams are shown lower left). Polarization vectors have 1/2 beam
spacing, with lengths proportional to the polarization fraction.

(Isella et al. 2007). The relative flux calibrations across each
of the images are accurate to  1%, so the profile of ↵mm

in Fig.2b is well-determined. However, there may be an o↵-
set that depends on the absolute flux calibration in the two
bands. A conservative calibration error is 7%, which would
correspond to a spectral index o↵set of 0.3, illustrated by
the large errorbar in Fig.2b. So while the relative shape of
↵mm in Fig.2b is accurate, the range could change by ±0.3.

The total disk fluxes are 1.68Jy at band 7 and 0.70Jy at
band 6, giving ↵mm of 2.1 ± 0.3. This is in reasonable agree-
ment with that measured by Pinilla et al. (2014) (2.7±0.4),
but suggests an overall o↵set in ↵mm, marginally consistent
with the formal flux uncertainty. Another possibility could
be a ⇠ 20% decrease in luminosity in the interval between
the band 6 and 7 observations. Alternatively a hot core sur-
rounded by cool optically thick dust may also reduce ↵mm,
as proposed for some Class 0 objects (Li et al. 2017). In-
terestingly, TW Hya also showed ↵mm < 2.0 in the cen-
tre, marginally inconsistent with the calibration accuracy
(Huang et al. 2018).

4 DISCUSSION AND MODELING

The mm-wave polarisation vectors in the central region of
HD163296 are aligned within 1.5� of the disk minor axis.
This alignment is similar to that seen in IM Lup (Hull et al.
2018), HL Tau at 870µm (Stephens et al. 2017) and CW Tau
(Bacciotti et al. 2018), and is consistent with self-scattering
in an inclined disk (Kataoka et al. 2016a; Yang et al. 2016b).
Emission from non-spherical grains aligned either by mag-
netic or non-isotropic radiation fields can also give measur-
able mm polarisation, but for inclined disks like HD163296,
they do not predict the same vector orientation along the
minor axis in the centre (Yang et al. 2016b, 2017). At larger
radii and in the gaps between the rings in HD163296, the po-
larisation fraction increases and the vectors become more az-
imuthal. Can this also be explained by self-scattering alone?

To simulate scattering in a ringed system, we use the
radiative transfer code mcfost (Pinte et al. 2006, 2009),
building a disk density model by inverting the intensity im-
age with uniform clean weighting into a surface density
profile. We assume a passive disk with a 28L� central stellar
heating source and a Gaussian scale height of 10 au at 100 au
(de Gregorio-Monsalvo et al. 2013). Details are outlined in
Pinte et al. (2016) for HL Tau. Spherically symmetric dust
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4.2.1. Uniform Magnetic Field Model

The first model that we test is one with grains aligned with a
uniform magnetic field threading the disk-like structure
approximately along its major axis, which would cause a
distribution of polarization vectors perpendicular to the field
(i.e., northeast–southwest, along the minor axis). This distribu-
tion of vectors has the same morphology as the large-scale

m850 m polarization observations (Matthews et al. 2009),
which traces a northeast–southwest parsec scale hour-glass-
shaped magnetic field, with a uniform distribution threading the
central protostar(s), including HW2. In general, field lines are
expected to be toroidal wrapped due to the rotation of the gas in
accretion disks, but it is feasible that in early stages and far
from the inner disk, the magnetic field can be almost uniform.

We make a weighted linear fit to the 1.3 mm polarization
observations (orientations of the polarization vectors only) with a
uniform field (Figure 3). The average fit orientation of the
uniform field is given by a polarization vector set with P.A. =
56 , implying a magnetic field oriented with a P.A. = 146 .
This is roughly consistent with the large-scale P.A. of 135 . As
indicated by the residuals (mostly below the s3 threshold of18 ),
the model is a good match to the observed data.

4.2.2. Toroidal Magnetic Field Model

The second model that we test is a simple one, with grains
aligned with a toroidal magnetic field. Toroidal fields are
proposed for MRI (magneto-rotational instability) dominated
disks of low-mass protostars (e.g., Cho & Lazarian 2007). It is
therefore an appropriate model to test against the CARMA
observations.
We fit the observations (orientation of the polarization

vectors only) allowing two free parameters: inclination (i) with
respect to the plane of the sky (0 means face-on and 90 is
edge-on) and position angle (more details of the model are
given in the Appendix). The best fit gives =i 45 and P.
A. = 141 (Figure 4). A visual comparison with the uniform
model fit clearly shows that the toroidal field is not a perfect
match to the observations, with most of the residuals over s3 ,
except for the region around the minor axis of the disk-like
structure.

4.2.3. Scattering in an Inclined Disk

For the third model, we test inclination-induced scattering as
the polarization mechanism (Yang et al. 2016a). We use a
phenomenological model which is described in the Appendix.

Table 1
Parameters of the Cepheus 1 mm Continuum Sources

Source R.A. Decl. Stokes I Peak Stokes I Flux Pa P%b P.A.c

J2000 J2000 (mJy beam−1) (mJy) (mJy) (%)

HW2 22 56 17. 989h m s ¢62 01 49. 60 423±10 863±20 9±1 2.0±0.4 57±6
HW3c 22 56 17. 976h m s ¢62 01 46. 10 68±10 160±6 L L L

Notes.
a Polarized intensity flux.
b Fraction of polarized emission (percentage average).
c Position angles of the polarized emission are measured counterclockwise.

Figure 2. Left: polarimetric map (polarization E-vectors) of the CepheusAHW2 disk-like structure. Fractional polarization red vectors over s3 displayed. Black
contours are Stokes I data with the same levels as in Figure 1. Green contours correspond to the VLA Cband continuum emission showing the radio jet at −6, −3, 3,
6, 10, 20, 40, 80, 100, and 140 times the rms noise level of the 6 cm radio map, m -28 Jy beam 1) associated with the HW2 massive protostar. The color scale shows the
polarized intensity over s3 . The synthesized beam of both CARMA (gray) and VLA (green) observations are shown at the bottom left corner. Right: same map as in
left panel but including orange vectors between s2 and s3 . The polarized intensity (color scale) also shows emission over s2 .

4

The Astrophysical Journal, 832:200 (8pp), 2016 December 1 Fernández-López et al.

HD 142527; Kataoka et al. 2016, HL Tau; Stephens et al. 2017, IM Lup; Hull et al. 2018, CW Tau and DG Tau; Bacciotti et 
al. 2018, Cepheus A HW2 ; Fernández-Lopez  et al. 2016, HD 163296; Dent et al. 2019, HD100546; Pohl et al. in prep.

Inclined disks: self-scattering at 870 µm 
a lopsided disk: self-scattering at north and alignment at south

100 AU

Millimeter-wave polarization of disks



Millimeter-wave polarization of disks

The transition of polarization morphologies from one
wavelength to another is also apparent in the StokesQ and U
images, as seen in Figure 2. Specifically, at 3.1 mm the
StokesQ image shows negative regions from north to south
and positive regions from east to west. At 1.3 mm, the negative
regions are much brighter than the positive regions, and at
870 μm, the positive regions almost completely disappear.
StokesU shows two positive and two negative regions at
3.1 mm. The negative blobs disappear at 1.3 mm, while the
positive regions connect, and at 870 μm, the positive regions
turn into a single, large region.
For the Stokes V images (Figure 2), 3.1 mm appears to be

purely noise. For both 1.3 mm and 870 μm, StokesV has a
negative flux blob offset to the top-right of the Stokes I
intensity, and this blob is significantly brighter in 870 μm.
Although circular polarization can in principle be produced by
scattering of linearly polarized light off non-spherical grains
(e.g., Tazaki et al. 2017), StokesV has not been well
characterized for ALMA, so its detection could be spurious
and will not be discussed in detail in this paper.
The central polarization vectors for 1.3 mm and 870 μm are

55°.4 ± 0°.96 and 55°.3 ± 0°.41, respectively. The major axis
of HL Tau’s disk is 138°.02 ±  0°.07 (ALMA Partnership et al.
2015), indicating the polarization vectors are ∼7° from being
perpendicular to the major axis. We would expect the
polarization to be perfectly perpendicular to the major axis.
The reason for this small 7° discrepancy is uncertain, but could
indicate asymmetry in the disk.
The right panels of Figure 2 show P for each wavelength.

For 1.3 mm and 870 μm, there is a slight asymmetry for P
along the major axis of the disk, with the southeast more
polarized than the northwest. For 1.3 mm, the absolute
difference between the two P peaks along the major axis is
0.0013 ±  0.0014, which is not statistically significant. The
asymmetry for 870 μm is more apparent, although the southeast
part of the disk does not peak (i.e., it is still increasing at the
edge of the detected polarized emission). The P peak toward
the northwest is 0.0077 ±  0.0010. Drawing a line from the
northwest peak through the center of the disk, at the same
radius on the southeast side, P=0.0094 ±  0.0010. P rises
to ∼0.0115 at the edge of the disk. Therefore, the P asymmetry
along the major axis for 870 μm is ∼0.002–0.004. These
asymmetries are relatively moderate, but the fact that they
appear both at 1.3 mm and 870 μm suggests they could
be a real feature. If we consider total polarization PT =

Q U V I2 2 2+ + , the asymmetry is similar; for 1.3 mm, it is
0.0012 ±  0.0014, while for 870 μm it is ∼0.001–0.004.
Yang et al. (2017) showed that asymmetry along the major

axis is not expected for scattering-induced polarization in an
axisymmetric disk, so axisymmetry must be broken if the
polarization is really due to scattering even though the total
intensity (Stokes I ) is highly axisymmetric. On the other hand,
the polarization along the minor axis is expected to be
asymmetric if the dust disk is optically thick and has a
significant angular width (for a cartoon illustration, see Figure 6
in Yang et al. 2017). HL Tau disk is known to be optically
thick at 870 μm (Carrasco-González et al. 2016), but no
asymmetry is detected along the minor axis. The lack of
asymmetry for P along the optically thick minor axis implies

Figure 1. ALMA polarimetric observations at 3.1 mm (top, Kataoka et al.
2017), 1.3 mm (middle), and 870 μm (bottom), where the red vectors show the
>3σ polarization morphology (i.e., vectors have not been rotated). Vector
lengths are linearly proportional to P. The color scale shows the polarized
intensity, which is masked to only show 3σ detections. Stokes I contours in
each panel are shown for [3, 10, 25, 50, 100, 200, 325, 500, 750, 1000] × Is ,
where Is is 44, 154, and 460 μJy bm−1 for 3.1 mm, 1.3 mm, and 870 μm,
respectively.
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Band 3
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Fig. 1. Stokes I (left panel), polarized intensity (middle panel) and polarization fraction (right panel) of our Band 3 (upper panels), Band 6 (middle
panels) and Band 7 (lower panels) ALMA data. The contours indicate the intensity levels of the Stokes I emission in each band, being 30, 60, 90,
120, 150,180 times the rms for bands of 3 and 6 (rmsBand 3 ⇠ 0.012 mJy beam�1 and rmsBand 6 ⇠ 0.15 mJy beam �1), and 30, 60, 90, 120 times
0.52 mJy beam�1, the rms for Band 7. The synthesized beams are 0.2200 ⇥ 0.1700 (position angle = �61.46�) for Band 3, 0.2600 ⇥ 0.1500 (position
angle = �85.65�) for Band 6 and 0.2100 ⇥ 0.1800 (position angle = �72.79�) for Band 7. The vector map indicates the orientation of the polarization
whose length is proportional to the polarization fraction. The vectors are sampled as one vector every two pixels. The two star-symbols at the
middle-lower panel indicate the position of the two continuum peaks detected in the 34 GHz VLA data, being VLA 5a the northern peak and VLA
5b the southern one (see also Fig. 2).

no extended polarized emission is detected at scales larger than
5.700, which corresponds to ⇠ 1

3⇥ of the primary beam in Band 7
(the smaller of the three bands).

2.2. VLA

We used the Karl G. Jansky Very Large Array (VLA) to observe
the continuum emission at 34.5 GHz (� ⇠ 8.7 mm, Ka band) in
its most extended configuration. The observations were carried
out on December 4 and 10, 2016. The total on-source time was
77 minutes. The calibration was performed using the standard
CASA VLA pipeline. The maps were obtained from the cali-
brated visibilities using a robust weighting of 0, which provided
a synthesized beam of 0.1000 ⇥ 0.0400 with a position angle of

12�(i.e. a spatial resolution of ⇠10 AU at the Pipe nebula dis-
tance). The rms noise of the map is 12 µJy beam�1.

Previous VLA lower angular resolution observations (⇠
300) at 3.6 cm detected the source VLA 5 near the cen-
ter of the disk of BHB07-11 (Dzib et al. 2013). The new
observations resolved VLA 5 in a binary system, VLA 5a
(RA = 17:11:23.1057, DEC = �27:24:32.818) and VLA 5b,
(17:11:23.1017, �27:24:32.985). The uncertainties in the po-
sitions are '4 mas. Their flux densities are 0.32 ± 0.03 and
0.23 ± 0.03 mJy, respectively. The two radio sources appear in-
side the disk, slightly o↵set of the dust millimeter continuum
peaks (Fig. 2).
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Fig. 1. Stokes I (left panel), polarized intensity (middle panel) and polarization fraction (right panel) of our Band 3 (upper panels), Band 6 (middle
panels) and Band 7 (lower panels) ALMA data. The contours indicate the intensity levels of the Stokes I emission in each band, being 30, 60, 90,
120, 150,180 times the rms for bands of 3 and 6 (rmsBand 3 ⇠ 0.012 mJy beam�1 and rmsBand 6 ⇠ 0.15 mJy beam �1), and 30, 60, 90, 120 times
0.52 mJy beam�1, the rms for Band 7. The synthesized beams are 0.2200 ⇥ 0.1700 (position angle = �61.46�) for Band 3, 0.2600 ⇥ 0.1500 (position
angle = �85.65�) for Band 6 and 0.2100 ⇥ 0.1800 (position angle = �72.79�) for Band 7. The vector map indicates the orientation of the polarization
whose length is proportional to the polarization fraction. The vectors are sampled as one vector every two pixels. The two star-symbols at the
middle-lower panel indicate the position of the two continuum peaks detected in the 34 GHz VLA data, being VLA 5a the northern peak and VLA
5b the southern one (see also Fig. 2).

no extended polarized emission is detected at scales larger than
5.700, which corresponds to ⇠ 1

3⇥ of the primary beam in Band 7
(the smaller of the three bands).

2.2. VLA

We used the Karl G. Jansky Very Large Array (VLA) to observe
the continuum emission at 34.5 GHz (� ⇠ 8.7 mm, Ka band) in
its most extended configuration. The observations were carried
out on December 4 and 10, 2016. The total on-source time was
77 minutes. The calibration was performed using the standard
CASA VLA pipeline. The maps were obtained from the cali-
brated visibilities using a robust weighting of 0, which provided
a synthesized beam of 0.1000 ⇥ 0.0400 with a position angle of

12�(i.e. a spatial resolution of ⇠10 AU at the Pipe nebula dis-
tance). The rms noise of the map is 12 µJy beam�1.

Previous VLA lower angular resolution observations (⇠
300) at 3.6 cm detected the source VLA 5 near the cen-
ter of the disk of BHB07-11 (Dzib et al. 2013). The new
observations resolved VLA 5 in a binary system, VLA 5a
(RA = 17:11:23.1057, DEC = �27:24:32.818) and VLA 5b,
(17:11:23.1017, �27:24:32.985). The uncertainties in the po-
sitions are '4 mas. Their flux densities are 0.32 ± 0.03 and
0.23 ± 0.03 mJy, respectively. The two radio sources appear in-
side the disk, slightly o↵set of the dust millimeter continuum
peaks (Fig. 2).
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The transition of polarization morphologies from one
wavelength to another is also apparent in the StokesQ and U
images, as seen in Figure 2. Specifically, at 3.1 mm the
StokesQ image shows negative regions from north to south
and positive regions from east to west. At 1.3 mm, the negative
regions are much brighter than the positive regions, and at
870 μm, the positive regions almost completely disappear.
StokesU shows two positive and two negative regions at
3.1 mm. The negative blobs disappear at 1.3 mm, while the
positive regions connect, and at 870 μm, the positive regions
turn into a single, large region.
For the Stokes V images (Figure 2), 3.1 mm appears to be

purely noise. For both 1.3 mm and 870 μm, StokesV has a
negative flux blob offset to the top-right of the Stokes I
intensity, and this blob is significantly brighter in 870 μm.
Although circular polarization can in principle be produced by
scattering of linearly polarized light off non-spherical grains
(e.g., Tazaki et al. 2017), StokesV has not been well
characterized for ALMA, so its detection could be spurious
and will not be discussed in detail in this paper.
The central polarization vectors for 1.3 mm and 870 μm are

55°.4 ± 0°.96 and 55°.3 ± 0°.41, respectively. The major axis
of HL Tau’s disk is 138°.02 ±  0°.07 (ALMA Partnership et al.
2015), indicating the polarization vectors are ∼7° from being
perpendicular to the major axis. We would expect the
polarization to be perfectly perpendicular to the major axis.
The reason for this small 7° discrepancy is uncertain, but could
indicate asymmetry in the disk.
The right panels of Figure 2 show P for each wavelength.

For 1.3 mm and 870 μm, there is a slight asymmetry for P
along the major axis of the disk, with the southeast more
polarized than the northwest. For 1.3 mm, the absolute
difference between the two P peaks along the major axis is
0.0013 ±  0.0014, which is not statistically significant. The
asymmetry for 870 μm is more apparent, although the southeast
part of the disk does not peak (i.e., it is still increasing at the
edge of the detected polarized emission). The P peak toward
the northwest is 0.0077 ±  0.0010. Drawing a line from the
northwest peak through the center of the disk, at the same
radius on the southeast side, P=0.0094 ±  0.0010. P rises
to ∼0.0115 at the edge of the disk. Therefore, the P asymmetry
along the major axis for 870 μm is ∼0.002–0.004. These
asymmetries are relatively moderate, but the fact that they
appear both at 1.3 mm and 870 μm suggests they could
be a real feature. If we consider total polarization PT =

Q U V I2 2 2+ + , the asymmetry is similar; for 1.3 mm, it is
0.0012 ±  0.0014, while for 870 μm it is ∼0.001–0.004.
Yang et al. (2017) showed that asymmetry along the major

axis is not expected for scattering-induced polarization in an
axisymmetric disk, so axisymmetry must be broken if the
polarization is really due to scattering even though the total
intensity (Stokes I ) is highly axisymmetric. On the other hand,
the polarization along the minor axis is expected to be
asymmetric if the dust disk is optically thick and has a
significant angular width (for a cartoon illustration, see Figure 6
in Yang et al. 2017). HL Tau disk is known to be optically
thick at 870 μm (Carrasco-González et al. 2016), but no
asymmetry is detected along the minor axis. The lack of
asymmetry for P along the optically thick minor axis implies

Figure 1. ALMA polarimetric observations at 3.1 mm (top, Kataoka et al.
2017), 1.3 mm (middle), and 870 μm (bottom), where the red vectors show the
>3σ polarization morphology (i.e., vectors have not been rotated). Vector
lengths are linearly proportional to P. The color scale shows the polarized
intensity, which is masked to only show 3σ detections. Stokes I contours in
each panel are shown for [3, 10, 25, 50, 100, 200, 325, 500, 750, 1000] × Is ,
where Is is 44, 154, and 460 μJy bm−1 for 3.1 mm, 1.3 mm, and 870 μm,
respectively.
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Band 3

Band 7

Band 6

Fig. 1. Stokes I (left panel), polarized intensity (middle panel) and polarization fraction (right panel) of our Band 3 (upper panels), Band 6 (middle
panels) and Band 7 (lower panels) ALMA data. The contours indicate the intensity levels of the Stokes I emission in each band, being 30, 60, 90,
120, 150,180 times the rms for bands of 3 and 6 (rmsBand 3 ⇠ 0.012 mJy beam�1 and rmsBand 6 ⇠ 0.15 mJy beam �1), and 30, 60, 90, 120 times
0.52 mJy beam�1, the rms for Band 7. The synthesized beams are 0.2200 ⇥ 0.1700 (position angle = �61.46�) for Band 3, 0.2600 ⇥ 0.1500 (position
angle = �85.65�) for Band 6 and 0.2100 ⇥ 0.1800 (position angle = �72.79�) for Band 7. The vector map indicates the orientation of the polarization
whose length is proportional to the polarization fraction. The vectors are sampled as one vector every two pixels. The two star-symbols at the
middle-lower panel indicate the position of the two continuum peaks detected in the 34 GHz VLA data, being VLA 5a the northern peak and VLA
5b the southern one (see also Fig. 2).

no extended polarized emission is detected at scales larger than
5.700, which corresponds to ⇠ 1

3⇥ of the primary beam in Band 7
(the smaller of the three bands).

2.2. VLA

We used the Karl G. Jansky Very Large Array (VLA) to observe
the continuum emission at 34.5 GHz (� ⇠ 8.7 mm, Ka band) in
its most extended configuration. The observations were carried
out on December 4 and 10, 2016. The total on-source time was
77 minutes. The calibration was performed using the standard
CASA VLA pipeline. The maps were obtained from the cali-
brated visibilities using a robust weighting of 0, which provided
a synthesized beam of 0.1000 ⇥ 0.0400 with a position angle of

12�(i.e. a spatial resolution of ⇠10 AU at the Pipe nebula dis-
tance). The rms noise of the map is 12 µJy beam�1.

Previous VLA lower angular resolution observations (⇠
300) at 3.6 cm detected the source VLA 5 near the cen-
ter of the disk of BHB07-11 (Dzib et al. 2013). The new
observations resolved VLA 5 in a binary system, VLA 5a
(RA = 17:11:23.1057, DEC = �27:24:32.818) and VLA 5b,
(17:11:23.1017, �27:24:32.985). The uncertainties in the po-
sitions are '4 mas. Their flux densities are 0.32 ± 0.03 and
0.23 ± 0.03 mJy, respectively. The two radio sources appear in-
side the disk, slightly o↵set of the dust millimeter continuum
peaks (Fig. 2).
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The transition of polarization morphologies from one
wavelength to another is also apparent in the StokesQ and U
images, as seen in Figure 2. Specifically, at 3.1 mm the
StokesQ image shows negative regions from north to south
and positive regions from east to west. At 1.3 mm, the negative
regions are much brighter than the positive regions, and at
870 μm, the positive regions almost completely disappear.
StokesU shows two positive and two negative regions at
3.1 mm. The negative blobs disappear at 1.3 mm, while the
positive regions connect, and at 870 μm, the positive regions
turn into a single, large region.
For the Stokes V images (Figure 2), 3.1 mm appears to be

purely noise. For both 1.3 mm and 870 μm, StokesV has a
negative flux blob offset to the top-right of the Stokes I
intensity, and this blob is significantly brighter in 870 μm.
Although circular polarization can in principle be produced by
scattering of linearly polarized light off non-spherical grains
(e.g., Tazaki et al. 2017), StokesV has not been well
characterized for ALMA, so its detection could be spurious
and will not be discussed in detail in this paper.
The central polarization vectors for 1.3 mm and 870 μm are

55°.4 ± 0°.96 and 55°.3 ± 0°.41, respectively. The major axis
of HL Tau’s disk is 138°.02 ±  0°.07 (ALMA Partnership et al.
2015), indicating the polarization vectors are ∼7° from being
perpendicular to the major axis. We would expect the
polarization to be perfectly perpendicular to the major axis.
The reason for this small 7° discrepancy is uncertain, but could
indicate asymmetry in the disk.
The right panels of Figure 2 show P for each wavelength.

For 1.3 mm and 870 μm, there is a slight asymmetry for P
along the major axis of the disk, with the southeast more
polarized than the northwest. For 1.3 mm, the absolute
difference between the two P peaks along the major axis is
0.0013 ±  0.0014, which is not statistically significant. The
asymmetry for 870 μm is more apparent, although the southeast
part of the disk does not peak (i.e., it is still increasing at the
edge of the detected polarized emission). The P peak toward
the northwest is 0.0077 ±  0.0010. Drawing a line from the
northwest peak through the center of the disk, at the same
radius on the southeast side, P=0.0094 ±  0.0010. P rises
to ∼0.0115 at the edge of the disk. Therefore, the P asymmetry
along the major axis for 870 μm is ∼0.002–0.004. These
asymmetries are relatively moderate, but the fact that they
appear both at 1.3 mm and 870 μm suggests they could
be a real feature. If we consider total polarization PT =

Q U V I2 2 2+ + , the asymmetry is similar; for 1.3 mm, it is
0.0012 ±  0.0014, while for 870 μm it is ∼0.001–0.004.
Yang et al. (2017) showed that asymmetry along the major

axis is not expected for scattering-induced polarization in an
axisymmetric disk, so axisymmetry must be broken if the
polarization is really due to scattering even though the total
intensity (Stokes I ) is highly axisymmetric. On the other hand,
the polarization along the minor axis is expected to be
asymmetric if the dust disk is optically thick and has a
significant angular width (for a cartoon illustration, see Figure 6
in Yang et al. 2017). HL Tau disk is known to be optically
thick at 870 μm (Carrasco-González et al. 2016), but no
asymmetry is detected along the minor axis. The lack of
asymmetry for P along the optically thick minor axis implies

Figure 1. ALMA polarimetric observations at 3.1 mm (top, Kataoka et al.
2017), 1.3 mm (middle), and 870 μm (bottom), where the red vectors show the
>3σ polarization morphology (i.e., vectors have not been rotated). Vector
lengths are linearly proportional to P. The color scale shows the polarized
intensity, which is masked to only show 3σ detections. Stokes I contours in
each panel are shown for [3, 10, 25, 50, 100, 200, 325, 500, 750, 1000] × Is ,
where Is is 44, 154, and 460 μJy bm−1 for 3.1 mm, 1.3 mm, and 870 μm,
respectively.
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2015), the Class 0 disk candidate of NGC 1333 IRAS 4A
(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 particu-
lar, Stephens et al. (2014) used the Combined Array for
Research in Millimeter-wave Astronomy (CARMA) to
measure the 1.3 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 polariza-
tion morphology is actually consistent with that expected
from self-scattering (also see Pohl et al. 2016; Yang et
al. 2017). Indeed, several disks where polarization is
detected show consistency with the polarization mor-
phology expected from self-scattering rather than grains
aligned with the magnetic field. However, except for
the ALMA observations of HD 142527 (Kataoka et al.
2016) and HL Tau (Kataoka et al. 2017), the published
observations are too coarse to resolve more than a few
independent beams across the disk, making it di�cult
to distinguish between scattering and other polarization
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.
The polarization was radial throughout most of the disk,
which is expected for grains aligned with a toroidal field,
but toward the edges the morphology changed from ra-
dial to azimuthal, which is more consistent with scatter-
ing. Models in Kataoka et al. (2016) found that scatter-
ing can broadly reproduce the features observed in parts
of the disk – especially where the polarization orienta-
tions change sharply – but not everywhere. A complete
understanding of this interesting case is still missing.
HL Tau is one of the brightest Class I/II in the sky at

(sub)millimeter wavelengths, and thus the polarization
morphology can be determined at high resolution with
reasonable integration times. Kataoka et al. (2017) fol-
lowed up on the Stephens et al. (2014) observations with
3mm observations of HL Tau. Surprisingly, they found
that the polarization morphology was azimuthal, which
suggests grains aligned with their long axes perpendicu-
lar to the radiation field, as predicted by Tazaki et al.
(2017). Henceforth, we will call this grain alignment
mechanism “alignment with the radiation anisotropy.”
The very di↵erent polarization morphologies observed

at 1.3mm (0.006 resolution, Stephens et al. 2014) and 3mm
(0.004 resolution, Kataoka et al. 2017) suggest that the
morphology of the polarization emission is strongly de-
pendent on the wavelength. This Letter presents ALMA
observations at both 1.3 mm and 870µm at resolutions

Figure 1. ALMA polarimetric observations at 3mm (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 is
masked to only show 3� detections. Stokes I contours in each panel
are shown for [3, 10, 25, 50, 100, 200, 325, 500, 750, 1000]⇥�I , where
�I is 44, 154, and 460µJy bm�1 for 3mm, 1.3mm, and 870µm,
respectively.

of 0.003 and 0.004, respectively.
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of the disk – especially where the polarization orienta-
tions change sharply – but not everywhere. A complete
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lowed up on the Stephens et al. (2014) observations with
3mm observations of HL Tau. Surprisingly, they found
that the polarization morphology was azimuthal, which
suggests grains aligned with their long axes perpendicu-
lar to the radiation field, as predicted by Tazaki et al.
(2017). Henceforth, we will call this grain alignment
mechanism “alignment with the radiation anisotropy.”
The very di↵erent polarization morphologies observed
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(0.004 resolution, Kataoka et al. 2017) suggest that the
morphology of the polarization emission is strongly de-
pendent on the wavelength. This Letter presents ALMA
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Figure 1. ALMA polarimetric observations at 3mm (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 is
masked to only show 3� detections. Stokes I contours in each panel
are shown for [3, 10, 25, 50, 100, 200, 325, 500, 750, 1000]⇥�I , where
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Figure 2. Polarized intensity and polarization fraction maps color-corded on a logarithmic scale. The contours show the
continuum emission, and the green vectors are the polarization vectors. The polarization vectors and the polarization fraction
are shown where the polarized intensity is higher than 3�PI. Note that the lengths of the polarization vectors are set to be the
same.

Figure 3. Upper panel: Radial profile of the total intensity
(Stokes I, gray line) and the polarized intensity (red squares)
at 0.87 mm for P.A. = 32±2�. Lower panel: Radial profile of
the total intensity (Stokes I, gray line) and the polarization
angle (blue squares) for P.A. = 32 ± 2�. The gray shadow
represents the position angle. The horizontal bar denotes
a spatial resolution of 40 au, corresponding to ⇠ 0.0026. The
error bar represents 3� (3�I = 1.3⇥10�4 Jy beam�1, 3�PI =
8.7⇥ 10�5 Jy beam�1, and 3�PA = 7.5�).

along the position angles of P.A. = 32 ± 2�, 230 ± 2�,
and 319± 2� in Figures 3 � 5, respectively. These posi-

Figure 4. Same as Figure 3 but for P.A. = 319± 2�

tion angles correspond to the local peak and minimum
intensity directions shown in Figure 1.

Along the radial cuts at P.A. = 32± 2� and 319± 2�

(Figures 3 and 4), the total intensity distribution has
a single peak and the polarized intensity distribution
shows a double-peak profile. The inner peaks of the po-
larized intensity are four times brighter than the outer
peaks. The local minima of the polarized intensity coin-
cide with the peaks in the total intensity where high

Two different grain size distributions 9

tions at the peak shown in Figure 8 may be due to the
high optical depth. Polarization from self-scattering and
that from radiative grain alignment are both caused by
anisotropic radiation. Therefore, the polarization frac-
tion in opaque regions decreases with optical depth be-
cause the radiation field becomes isotropic due to mul-
tiple scattering and absorption. The polarization of the
grain alignment with magnetic fields also decreases with
optical depth because the radiation gradients are impor-
tant for grain alignment. The previous observations did
not resolve the high optical depth regions and the po-
larization fraction was smoothed. In contrast, our high
resolution observations identify the region where the po-
larized intensity drops. Therefore, we find the low ratio
in these regions because of the high optical depth and
the high spatial resolution.

Yang et al. (2017) discussed the effect of optical depth
for both self-scattering and grain alignment assuming
an inclination angle of 45�. They showed that with
self-scattering, polarization decreases with optical depth
once ⌧ & 1 (it increases until ⌧ ⇠ 1) but it exists even
at a high optical depth (⌧ & 4). In contrast, aligned
grains cannot produce polarized emission in a high op-
tical depth region. According to these optical depth
dependences, the drops of the polarized intensity might
prefer the grain alignment. However, they assumed an
inclination angle of 45�. An inclined disk may have
caused polarization due to self-scattering even at a high
optical depths. In contrast, a face-on disk, such as our
target, may produce an isotropic radiation field and the
polarization may decrease due to self-scattering. Ac-
tually, scattering is suggested to become less dominant
with decreasing an inclination (Yang et al. 2016b, 2017).
Another possibility is that the depolarization occurs at
a smaller scale than our high spatial resolution. The
polarization may be canceled out by mixing the two
orthogonal polarization vectors within the beam size.
Therefore, the polarized intensity drops at the position
where the flip occurs.

The inner edge of the disk in Figure 8 also shows a high
ratio, indicating that the polarization fraction increases
with increasing spatial resolution. This may mean that
the polarized intensity has a steeper gradient than that
of the total intensity, assuming that the total intensity is
optically thin at the inner edge. We discuss the depen-
dence of the polarization fraction on spatial resolution
in Section 4.2.

4. DISCUSSION
We discuss the possible mechanisms of the polariza-

tion of the protoplanetary disk of HD 142527 in this sec-
tion. Three mechanisms for polarization in protoplane-

tary disks have been proposed: (1) grain alignment with
magnetic fields (e.g., Cho & Lazarian 2007), (2) grain
alignment with radiation gradients (e.g., Tazaki et al.
2017), and (3) self-scattering of thermal dust emission
(e.g., Kataoka et al. 2015). These three mechanisms
cause different patterns of polarization vectors and po-
larization degrees, as discussed in the following subsec-
tions. We compare the observed polarizations with the
polarization predicted by each theory and discuss the
polarization mechanisms.

4.1. Morphology of Polarization Vectors

We discuss whether the polarization in the disk is
due to grain alignment or self-scattering by investigating
the distributions of the polarization vectors. Magnetic
fields or radiation gradients can determine the direction
of grain alignment. Figure 9 shows schematic views of
the polarization vectors predicted by self-scattering and
grain alignment with magnetic fields in the disk of HD
142527. The theory of radiative grain alignment is dis-
cussed later.

Figure 9. Schematic views of polarization vectors predicted
by two mechanisms of polarization of thermal dust emission
in HD 142527. (a) Grain alignment with toroidal magnetic
fields and (b) self-scattering of thermal dust emission.

For self-scattering, Kataoka et al. (2015); K16b de-
rived the expected distributions of the polarization vec-
tors in the disk of HD 142527. The flip of the polar-
ization vectors should occur outside the entire disk be-
cause the anisotropy of the radiation field changes with
radius from the central star (Figure 9�a). The flip of
the polarization vectors in the northern region can be
explained by thermal dust scattering. As shown by Fig-
ure 3 of K16b, self-scattering predicts that a flip should
also occur in the southern region, similar to that in the
northern region, because the northern and southern in-
tensity profiles are similar (both Gaussian-like). K16b
show that the flip should be detected at r ⇠ 1.002 � 1.005
due to the changing of the anisotropic radiation field.

Ohashi, Kataoka et al. 2018
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Fig. S2. Cartoon of the proposed disk structure of IRS 48. The brown spots represent the 
large and small grains as traced by the 0.44 millimeter ALMA continuum and VISIR 18.7 
micrometer emission, the large grains concentrated in the dust trap in the south. The blue 
represents the gas surface density as traced by CO 6-5 and fundamental rovibrational CO 
line as observed by CRIRES, with a gas hole carved out by the planet at 15-20 AU.  

 

 
 

and at a position angle orthogonal to that expected from close-in high-
velocity material in Keplerian rotation. Very blueshifted emission
could reach out to 0.2 arcsec from the star (channel at 22.4 km s21

in Supplementary Fig. 2, taking into account the beam). A blueshifted
CO(3–2) high-velocity component can also be seen at the base of this
feature, near the star (at 22.1 km s21 in Supplementary Fig. 5).

The non-Keplerian HCO1 is probably not consistent with a central
outflow. Stellar outflows are not observed27 in disks with inner cavities
and no molecular envelopes (that is, transition disks). For an outflow
orientation, the low velocities measured by the lines imply that the
filaments in HD 142527 would stand still and hover above the star
(Supplementary Information, section 3). Even the blueshifted emis-
sion is slow by comparison with the escape velocity. A slow disk wind
(for example one photoevaporative or magnetically driven) can also be
excluded on the basis of the high collimation shown by the HCO1

emission. Indeed, the CO 4.67-mm emission seen in the inner disk26 is
purely Keplerian, it does not bear the signature of the disk winds seen
in other systems and its orientation is the same as that of the outer
disk. An orthogonal inner disk can also be discounted on dynamical
grounds (Supplementary Information, section 3).

It is natural to interpret the filaments as planet-induced gap-
crossing accretion flows, or ‘bridges’. Because the eastern side is the
far side, the blueshifted part of the eastern bridge is directed towards
the star and is a high-velocity termination of the accretion flow onto
the inner disk. These bridges are predicted by hydrodynamical simula-
tions when applied to planet-formation feedback in HD 142527 (ref. 7).
In these simulations, the bridges straddle the protoplanets responsible
for the dynamical clearing of the large gap in HD 142527. They are
close to Keplerian rotation in azimuth, but have radial velocity com-
ponents of>0.1 of the azimuthal components. In our data, we see that
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Figure 1 | ALMA observations of HD 142527, with a horseshoe dust
continuum surrounding a gap that still contains gas. We see diffuse CO gas
in Keplerian rotation (coded in Doppler-shifted colours), and filamentary
emission in HCO1, with non-Keplerian flows near the star (comparison
models illustrative of Keplerian rotation are shown in Supplementary
Information). The near-infrared emission abuts the inner rim of the horseshoe-
shaped outer disk. The star is at the origin of the coordinates. North is up and
east is to the left. a, Continuum at 345 GHz, with specific intensity units in
Janskys per beam. It is shown on an exponential scale (colour scale). A beam
ellipse is shown in the bottom right of b, and contours are drawn at 0.01, 0.1, 0.3,
0.5, 0.75 and 0.9 times the peak value. The noise level is 1s 5 0.5 mJy per beam.
b, CO(3–2) line intensity shown by white contours at fractions of 0.3, 0.5, 0.75
and 0.95 of the peak intensity value, 2.325 3 10220 W per beam. The underlying
red–green–blue image also shows CO(3–2) line intensity, but integrated in
three different velocity bands, whose velocity limits are indicated in the spectra
of Supplementary Fig. 8. c, Near-infrared image from Gemini that traces
reflected stellar light, shown on a linear scale. We applied a circular intensity
mask to the stellar glare, some of which immediately surrounds the mask. See

Supplementary Fig. 1 for an overlay with the continuum. d, HCO1(4–3) line
intensity shown by white contours at fractions of 0.1, 0.3, 0.5, 0.75 and
0.95 of the peak intensity value, 0.40 3 10220 W per beam, overlaid on a
red–green–blue image of HCO1 intensity summed in three different colour
bands (see Supplementary Fig. 8 for definitions). Insets show magnified views
of the central features that cross the dust gap. The cross indicates the star at the
origin, with a precision of 0.05 arcsec, and the arrows point at the filaments.
Inset to a: same as in a, with a narrow exponential scale highlighting the
gap-crossing filaments. These features appear to grow from the eastern and
western sides of the horseshoe. Contours are at 0.0015 and 0.005 Janskys per
beam. Inset to d: deconvolved models (Supplementary Information) of the
HCO1 emission (green) at velocities where the gap-crossing filaments are seen,
that is, from 3.2 to 4.3 km s21. Intensity maps for the blue and red velocity
ranges (see Supplementary Fig. 8 for definitions) are shown in contours, with
levels at 0.5 and 0.95 times the peak values. These red and blue contours are an
alternative way to present the intensity field shown in d, but deconvolved for
ease of visualization.
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Table 1. Possible mechanisms for polarization

Polarization Northern region Southern region

Self-scattering likely unlikely (?)

Grain alignment with magnetic fields unlikely likely

Grain alignment with radiation gradients unlikely unlikely

Figure 14. Schematic diagram of the disk around HD
142527. The gray-scale intensity represents the lopsided in-
tensity distribution of the disk. The regions outlined in red
and blue are the polarized regions due to self-scattering and
grain alignment with toroidal magnetic fields, respectively.
These different polarization mechanisms can be explained
by the different grain size distributions.

(2010) reported that the dust opacity varies by a factor
of at most ⇠ 5 for a dust grain size in sub-micron to mil-
limeter range. Therefore, the density contrast would be
5 times lower than 40 � 70 assuming a maximum dust
grain size of ⇠ microns in the southern region. Thus,
the intensity contrast between the northern and south-
ern regions cannot be explained by only the dust opacity
variation with grain size. The surface density contrast
is still needed to explain the horseshoe-like structure of
the continuum emission.

4.4. Future Prospects

Our results demonstrate that magnetic fields can be
found based on millimeter polarization even in proto-
planetary disks if thermal emission is dominated by
small dust grains. However, it is very important to
estimate the dust grain size properly, and investigate
further the condition of grain alignment with magnetic
fields using theoretical/numerical calculations. In the
future, we distinguish the polarization caused by scat-
tering from that caused by grain alignment by observing
multiple millimeter wavelengths, because self-scattering
depends on the observation wavelength. Alves et al.

Figure 15. Line segments represent the magnetic field ori-
entations, rotated by 90� from dust polarization. The con-
tours are the same as those in Figure 1. The northern region
does not show magnetic fields because the polarization there
is not produced by grain alignment with magnetic fields.

(2018) have investigated multi-frequency polarization of
a circumbinary disk around a Class I source with ALMA
Band 3, 6, and 7 observations. They have shown that
polarization patterns remarkably consistent among all
three bands and have indicated that polarization in this
source is produced by magnetic fields. According to
these results, we predict that the polarization will not
significantly change in the southern region for other mil-
limeter wavelengths. We also predict that the polariza-
tion vectors will probably change in the northern re-
gion with longer-wavelength (e.g., 3 mm) polarization
observations because radiative grain alignment will be
efficient at such wavelengths. If the 3-mm continuum
emission is optically thin and the maximum grain size is
as large as 500 µm in the northern region, the polariza-
tion will be caused by a combination of self-scattering
and radiative grain alignment.

The possibility of mechanical grain alignment also
needs to be discussed. In this paper, we do not investi-
gate this mechanism because no polarization model for
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Table 1. Possible mechanisms for polarization

Polarization Northern region Southern region

Self-scattering likely unlikely (?)

Grain alignment with magnetic fields unlikely likely

Grain alignment with radiation gradients unlikely unlikely
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by the different grain size distributions.
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4.4. Future Prospects

Our results demonstrate that magnetic fields can be
found based on millimeter polarization even in proto-
planetary disks if thermal emission is dominated by
small dust grains. However, it is very important to
estimate the dust grain size properly, and investigate
further the condition of grain alignment with magnetic
fields using theoretical/numerical calculations. In the
future, we distinguish the polarization caused by scat-
tering from that caused by grain alignment by observing
multiple millimeter wavelengths, because self-scattering
depends on the observation wavelength. Alves et al.
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tours are the same as those in Figure 1. The northern region
does not show magnetic fields because the polarization there
is not produced by grain alignment with magnetic fields.
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Band 3, 6, and 7 observations. They have shown that
polarization patterns remarkably consistent among all
three bands and have indicated that polarization in this
source is produced by magnetic fields. According to
these results, we predict that the polarization will not
significantly change in the southern region for other mil-
limeter wavelengths. We also predict that the polariza-
tion vectors will probably change in the northern re-
gion with longer-wavelength (e.g., 3 mm) polarization
observations because radiative grain alignment will be
efficient at such wavelengths. If the 3-mm continuum
emission is optically thin and the maximum grain size is
as large as 500 µm in the northern region, the polariza-
tion will be caused by a combination of self-scattering
and radiative grain alignment.

The possibility of mechanical grain alignment also
needs to be discussed. In this paper, we do not investi-
gate this mechanism because no polarization model for

Consistent with dust trapping

Ohashi, Kataoka, et al., 2018

small grains
 - too small to emit scattering
 - aligned with B-fields
 - No wavelength dependence

large grains
 - emit scattering
 - strong wavelength dependence
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Figure 1. Sub-mm continuum polarization in HD163296. The top panels show (a) the total intensity and (b) the percentage polarization at band 7 in the central
region. Superimposed as ellipses are representations of the three rings in the total intensity image, marked 1–3 in (b). The lower panels are (c) the polarized
flux intensity and (d) the polarization angle, both with the polarization vectors superimposed. In (c), the vectors are shown at their actual angle, whereas in
(d) the vector rotation relative to the mean of 44.1◦ is multiplied by a factor of 3, to emphasize the relative twist. Polarization fraction and angle are truncated
at polarized flux levels of 5σ per beam (250µJy). Images are 3 arcsec (315 au) across. Resolution is ∼ 0.2 arcsec (beams are shown lower left). Polarization
vectors have 1/2 beam spacing, with lengths proportional to the polarization fraction.

sub-mm observations found an upper limit of 1 per cent to the
polarization fraction in a 1 arcsec beam (Hughes et al. 2009). Pinte
et al. (2018) and Teague et al. (2018) have also recently found
dynamical evidence of massive planets in the system.

In this paper, we present ALMA observations of polarized dust
emission of HD163296 at 870 µm with a resolution of ∼ 0.2arcsec –
sufficient to resolve the rings. We also combine the intensity images
with archival band 6 data to obtain spectral index maps. The results
are compared with a self-scattering model including the gaps and
rings.

2 O B S E RVAT I O N S

The observations were conducted in sessions on two nights: 2016
July 23 and August 13, with two consecutive executions of the
scheduling block on each night and 35–37 antennas in the array. The
polarization calibrator (J1751+0939) was observed every 30 min;
J1742-2527 was used as a complex gain calibrator and observed
every 7 min. J1733-1304 was used as a flux calibrator with assumed
fluxes of 1.52 and 1.67 Jy at 343.5 GHz on the two observing
nights; J1924-2914 was the bandpass calibrator. Checks showed
that the independently calibrated fluxes of both the bandpass and
polarization calibrators agreed with the measured values at that time
from the ALMA online calibrator data base to better than 5 per cent.

The total time on-source was 2 h, although some 15 min of data
were flagged in the second session while the target transited close
to the zenith.

The system was set up to observe continuum in band 7 at a
mean frequency of 343.5 GHz, with spectral windows at 336.494,
338.432, 348.494, and 350.494 GHz, each having 31.25 MHz chan-
nel spacing and 2 GHz nominal bandwidth, with a total usable
bandwidth of 7.5 GHz.

The calibrated data from the ALMA pipeline were examined,
further flagging applied, and the individual executions were used
to create self-calibrated solutions for the antenna phase and am-
plitude. The polarization was then calibrated for each day sepa-
rately, and the self-calibrated solutions applied. The two sessions
were combined and imaged using CLEAN in CASA (McMullin
et al. 2007), producing separate images of Stokes I, Q, U, and V.
These were combined and debiased to give the polarized percentage
P per cent = 100

!
Q2 + U 2 − rms2/I , where rms is the noise in

the Stokes Q and U images and I the total intensity. To maximize
the signal/noise, natural uv weighting was applied, giving a beam
of 0.21×0.19 arcsec at 81◦, and resulting in a final rms of ∼ 50 µJy
in the individual Stokes images.

To obtain the spectral index, we used the total intensity band
7 visibilities together with ALMA archive data taken in 2015 Au-
gust in band 6 (originally published by Isella et al. 2016). Data were
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Figure 1. Sub-mm continuum polarization in HD163296. The top panels show (a) the total intensity and (b) the percentage polarization at band 7 in the central
region. Superimposed as ellipses are representations of the three rings in the total intensity image, marked 1–3 in (b). The lower panels are (c) the polarized
flux intensity and (d) the polarization angle, both with the polarization vectors superimposed. In (c), the vectors are shown at their actual angle, whereas in
(d) the vector rotation relative to the mean of 44.1◦ is multiplied by a factor of 3, to emphasize the relative twist. Polarization fraction and angle are truncated
at polarized flux levels of 5σ per beam (250µJy). Images are 3 arcsec (315 au) across. Resolution is ∼ 0.2 arcsec (beams are shown lower left). Polarization
vectors have 1/2 beam spacing, with lengths proportional to the polarization fraction.

sub-mm observations found an upper limit of 1 per cent to the
polarization fraction in a 1 arcsec beam (Hughes et al. 2009). Pinte
et al. (2018) and Teague et al. (2018) have also recently found
dynamical evidence of massive planets in the system.

In this paper, we present ALMA observations of polarized dust
emission of HD163296 at 870 µm with a resolution of ∼ 0.2arcsec –
sufficient to resolve the rings. We also combine the intensity images
with archival band 6 data to obtain spectral index maps. The results
are compared with a self-scattering model including the gaps and
rings.

2 O B S E RVAT I O N S

The observations were conducted in sessions on two nights: 2016
July 23 and August 13, with two consecutive executions of the
scheduling block on each night and 35–37 antennas in the array. The
polarization calibrator (J1751+0939) was observed every 30 min;
J1742-2527 was used as a complex gain calibrator and observed
every 7 min. J1733-1304 was used as a flux calibrator with assumed
fluxes of 1.52 and 1.67 Jy at 343.5 GHz on the two observing
nights; J1924-2914 was the bandpass calibrator. Checks showed
that the independently calibrated fluxes of both the bandpass and
polarization calibrators agreed with the measured values at that time
from the ALMA online calibrator data base to better than 5 per cent.

The total time on-source was 2 h, although some 15 min of data
were flagged in the second session while the target transited close
to the zenith.

The system was set up to observe continuum in band 7 at a
mean frequency of 343.5 GHz, with spectral windows at 336.494,
338.432, 348.494, and 350.494 GHz, each having 31.25 MHz chan-
nel spacing and 2 GHz nominal bandwidth, with a total usable
bandwidth of 7.5 GHz.

The calibrated data from the ALMA pipeline were examined,
further flagging applied, and the individual executions were used
to create self-calibrated solutions for the antenna phase and am-
plitude. The polarization was then calibrated for each day sepa-
rately, and the self-calibrated solutions applied. The two sessions
were combined and imaged using CLEAN in CASA (McMullin
et al. 2007), producing separate images of Stokes I, Q, U, and V.
These were combined and debiased to give the polarized percentage
P per cent = 100

!
Q2 + U 2 − rms2/I , where rms is the noise in

the Stokes Q and U images and I the total intensity. To maximize
the signal/noise, natural uv weighting was applied, giving a beam
of 0.21×0.19 arcsec at 81◦, and resulting in a final rms of ∼ 50 µJy
in the individual Stokes images.

To obtain the spectral index, we used the total intensity band
7 visibilities together with ALMA archive data taken in 2015 Au-
gust in band 6 (originally published by Isella et al. 2016). Data were
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Summary
• Theories of millimeter-wave polarization 

1. Self-scattering - wavelength dependent. Parallel to the minor axis. 

2. Alignment 

• Large grains may be aligned with radiation while small 
grains with magnetic fields 

• Case studies - ALMA polarization observations 

• HL Tau: constraints on the grain size - 70 µm 

• HD 142527: different polarization due to the segregated grain 
population - magnetic fields are toroidal at south 

• HD 163296: evidence of dead zone


