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Figure 1. 870 µm 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 = 100 µJy beam 1 and P = 22 µJy beam 1 , respectively.
The black ellipses in the lower-left corners of all panels represent the ALMA synthesized beam (resolution element), which measures 0.00 50 ⇥
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a position
angle of 76.9Black
, corresponding to a linear resolution of ⇠ 72 au at a distance of 161 ± 10 pc (Gaia Collaboration et al. 2016).
3s displayed.
ft: polarimetric map (polarization E-vectors) of the CepheusAHW2 disk-like structure. Fractional polarization red vectors
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 .
Stokes I data with the same levels as in Figure 1. Green contours correspond to the VLA Cband continuum emission showing
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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
corner.
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make this figure are available in the online version of this publication.
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proportional to the polarization fraction. The vectors are sampled as one vector every two pixels. The two star-symbols at the
nel indicate the position of the two continuum peaks detected in the 34 GHz VLA data, being VLA 5a the northern peak and VLA
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See also Kataoka et al. 2016a

of the disc closer to the observer (the right half) brighter. The polarization fraction is, however, higher on the far side (especially
towards the outer part of the disc) because the polarization degree
of the scattered light is higher for backward scattering than for
forward scattering (see Fig. 6). The most striking difference between this case and the Rayleigh scattering case shown in Fig. 5
lies in the polarization direction. The difference comes from the
polarization reversal in the large grain case, which yields an intrinsic (or face-on) polarization direction in the radial (as opposed to
azimuthal) direction and an inclination-induced polarization along
the major (rather than minor) axis. The interplay between the intrinsic and inclination-induced polarization leads to polarization
directions in the region of high polarized intensity (the most easily
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Yang, Li, et al. 2016
(disk, edge-on view)

Figure 7. Scattering-induced polarization by large grains. As in Fig. 5,
plotted are the polarized intensity (colour map) and polarization vectors
(line segments, with length proportional to the polarization fraction). Note
the strong asymmetry with respect to the major axis in both the polarized
intensity and the polarization vectors. The polarization along the major axis
in the central region is due to polarization reversal, which may be a robust
indicator of scattering by large, mm/cm-sized, grains. The near side of the
disc is on the right.
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Multi-wave polarization → constraints on the grain size
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times
Akimasa
Kataokathe
(NAOJ)albedo P ! against the max-

magnetic field, and & is the angle between the magnetic 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,

X

l̂j

Bk (Tds )
!#

Polarization mechanisms
Cx ' Cx 0 cos2 $ þ Cy 0 sin2 $;

exp ( ! #k );

ð19Þ

Cy ' Cx 0 sin2 $ þ Cy 0 cos2 $;

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

1. Alignment of elongated dust grains with magnetic fields
Magnetic Field

Linear
polarization
e.g., Lazarian and Hoang 2007

If B-fields have toroidal components only,
it would produce radial polarization pattern.
Cho and Lazarian 2007

of polarization is calculated for the total radiation (i.e., interior þ surface) from the disk. The disk inclination angle $ is the
e of sight.
Akimasa Kataoka (NAOJ)

Alignment direction

precession timescale (years)

Kataoka et al.

Tazaki et al. 2017, modified

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

Small grains: magnetic-field alignment
large grains: radiation-field alignment
Akimasa Kataoka (NAOJ)

tion in opaque regions decreases with optical depth be(e.g., Kataoka et al. 2015). The
cause the radiation field becomes isotropic due to mulcause diﬀerent patterns of polariz
tiple scattering and absorption. The polarization of the
larization degrees, as discussed in
grain alignment with magnetic fields also decreases with
tions. We compare the observed p
optical depth because the radiation gradients are imporpolarization predicted by each th
polarization mechanisms.
tant for grain alignment. The previous observations did
not resolve the high optical depth regions and the poself-scattering
4.1. Morphology of Polari
larization fraction was smoothed. In contrast, our high
We discuss whether the polari
resolution observations identify the region where the podue to grain alignment or self-scatt
larized intensity
drops. Therefore,
we find
the low ratio
alignment with B-fields
alignment
with
radiation
the distributions of the polarizati
in these regions because of the high optical depth and
fields or radiation gradients can de
the high spatial resolution.
of grain alignment. Figure 9 show
Yang et al. (2017) discussed the eﬀect of optical depth
the polarization vectors predicted
for both self-scattering and grain alignment assuming
grain alignment with magnetic fie
an inclination angle of 45 . They showed that with
142527. The theory of radiative g
self-scattering, polarization decreases with optical depth
cussed later.
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 optical depth region. According to these optical depth
dependences, the drops of the polarized intensity might
• depends on magnetic field
prefer the grain alignment. However, they assumed an
components
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. Actually, scattering is suggested to become less dominant
with decreasing an inclination (Yang et al. 2016b, 2017).
wavelength
(alignment with
gaspossibility
flow) is that the wavelength
Another
depolarization occurs at
Figure 9. Schematic views of polariz
a smaller scale than our high independent
spatial resolution. The
dependent
by two
mechanisms of polarization o
polarization may be canceled out by mixing the two
in HD 142527. (a) Grain alignment
Kataoka
et al. size.
2017, submitted,
et al. 2018
orthogonal polarization vectors within
the beam
fields and Ohashi
(b) self-scattering
of therm
Therefore, the polarized
intensity
Akimasa
Kataokadrops
(NAOJ)at the position

Short summary

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 4the two P peaks along the major axis is
0.0013 ±  0.0014, which is not statistically signiﬁcant. The
HD163296 submillimetre dust
asymmetry
for
4
Hull et
al. 870 μm is more apparent, although the southeast
part of the disk does not peak (i.e., it is still increasing at the
IM Lup 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
hysical Journal, 832:200 (8pp), 2016 December 1
Fernández-López et al.
to ∼0.0115 at the edge of the disk. Therefore, the P asymmetry
Table 1
along the major axis for 870 μm is ∼0.002–0.004. These
Parameters of the Cepheus 1 mm Continuum Sources
asymmetries are relatively moderate, but the fact that they
P%b
P.A.c
R.A.
Decl.
Stokes I Peak
Stokes I Flux
Pa
appear both at 1.3 mm and 870 μm suggests they could
J2000
J2000
(mJy beam−1)
(mJy)
(mJy)
(%)
be a real feature. If we consider total polarization PT =
62 01¢49. 60
22h56 m17.s 989
423±10
863±20
9±1
2.0±0.4
57±6
Q 2 + U 2 + V 2 I , the asymmetry is similar; for 1.3 mm, it is
22h56 m17.s 976
62 01¢46. 10
68±10
160±6
L
L
L
0.0012 ±  0.0014, while for 870 μm it is ∼0.001–0.004.
Yang et al. (2017) showed that asymmetry along the major
1%
ntensity ﬂux.
axis is not expected for scattering-induced polarization in an
polarized emission (percentage average).
(a) if the
axisymmetric disk, 200
so AU
axisymmetry must be broken
gles of the polarized emission are measured counterclockwise. 100 AU
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
Figure 1. ALMA polarimetric observations at 3.1 mm (top, Kataoka et al.
asymmetric if the dust disk is optically thick and has a
2017), 1.3 mm (middle), and 870 μm (bottom), where the red vectors show the
signiﬁcant angular width (for a cartoon illustration, see(a)
Figure 6
>3σ polarization morphology (i.e., vectors have not been rotated). Vector
lengths are linearly proportional to P. The color scale shows the polarized
in Yang et al. 2017). HL Tau disk is known to be optically
intensity, which is masked to only show 3σ detections. Stokes I contours in
thick at 870 μm (Carrasco-González et al. 2016), but no
each panel are shown for [3, 10, 25, 50, 100, 200, 325, 500, 750, 1000] × sI ,
asymmetry is detected along the minor axis. The lack of
where sI is 44, 154, and 460 μJy bm−1 for 3.1 mm, 1.3 mm, and 870 μm,
asymmetry for P along the optically thick minor axis implies
respectively.

Millimeter-wave polarization of disks

3 Contours:

Polarized Intensity P

F

polarisat

Contours:
Polarization fraction Pfrac

Figure 1. 870 µm 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 = 100 µJy beam 1 and P = 22 µJy beam 1 , respectively.
The black ellipses in the lower-left corners of all panels represent the ALMA synthesized beam (resolution element), which measures 0.00 50 ⇥
0.00 40 atover
a position
angle of 76.9Black
, corresponding to a linear resolution of ⇠ 72 au at a distance of 161 ± 10 pc (Gaia Collaboration et al. 2016).
3s displayed.
ft: polarimetric map (polarization E-vectors) of the CepheusAHW2 disk-like structure. Fractional polarization red vectors
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 .
Stokes I data with the same levels as in Figure 1. Green contours correspond to the VLA Cband continuum emission showing
the radio
at −6,thermal
−3, 3,dust emission, plotted starting at 3 P . Line segments are the polarization orientation of the
Grayscale
is the jet
polarized
dust emission,
with
lengths
proportional
to the polarization fraction Pfrac . Bottom left: Grayscale is the total intensity thermal dust
The color
scale
shows
the
80, 100, and 140 times the rms noise level of the 6 cm radio map, 28 m Jy beam-1) associated with the HW2 massive protostar.
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
corner.
Right:issame
mapintensity
as in thermal dust emission; contours are the polarization fraction Pfrac = P/I, plotted at levels of
ensity over 3s . The synthesized beam of both CARMA (gray) and VLA (green) observations are shown at the bottom leftright:
Grayscale
the total
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
t including orange vectors between 2s and 3s . The polarized intensity (color scale) also shows emission over 2s .
make this figure are available in the online version of this publication.

HD 142527; Kataoka et al. 2016, HL Tau; Stephens
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Figure
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intensityet
and (b)
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4.2.2. Toroidal Magnetic
Field
Model
of 3, to
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are(c),(d)).
truncated
at polarised
00
00
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lies towards
are 3 one,
(315
across. The images have a resolution
of jet
0.2 orientation.
(beams areDisk
shown
lower left).
Polariza
The second model that we Images
test is a simple
withau)
grains
−1
total
intensity is I > 10 mJy beam for CW Tau and
aligned with a toroidal magnetic
ﬁeld.with
Toroidal
ﬁeldsproportional
are
spacing,
lengths
to the polarization
fraction.
proposed for MRI (magneto-rotational instability) dominated
(c)
◦

Inclined disks: self-scattering at 870 µm
et al. (2014) and the one
jet, i = 49
a lopsided disk: self-scattering at north andPiétu
alignment
atofsouth

4.2.1. Uniform Magnetic Field Model

t model that we test is one with grains aligned with a
magnetic ﬁeld threading the disk-like structure
tely along its major axis, which would cause a
n of polarization vectors perpendicular to the ﬁeld
east–southwest, along the minor axis). This distribuctors has the same morphology as the large-scale

disks of low-mass protostars (e.g., Cho & Lazarian 2007). It is
therefore an appropriate model to test against the CARMA
(Isella et al. 2007). The relative
observations.

repo
Hartigan
et al. 4
(2004).
Theintensity
same fitPAND
gives
disk p
inacross
2.
Linearly
polarized
and apolariz
flux calibrationsFigure
each
DISCUSSION
MOD
jet
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The central polarization vectors for 1.3 mm and 870 μm are
55°. 4 ± 0°. 96 and 55°. 3 ± 0°. 41, respectively. The StokesQ
major axisimage shows negative regions from no
and positive
of HL Tau’s disk is 138°. 02 ±  0°. 07 (ALMA Partnership
et al. regions from east to west. At 1.3 mm,
regions
are much brighter than the positive regi
2015), indicating the polarization vectors are ∼7° from being
870 μm,thethe positive regions almost completely
perpendicular to the major axis. We would expect
StokesU
polarization to be perfectly perpendicular to the major
axis.shows two positive and two negative
The negative blobs disappear at 1.3 mm
The reason for this small 7° discrepancy is uncertain,3.1
butmm.
could
positive
regions
connect, and at 870 μm, the posi
indicate asymmetry in the disk.
turn into a single, large region.
The right panels of Figure 2 show P for each wavelength.
ForfortheP Stokes V images (Figure 2), 3.1 mm ap
For 1.3 mm and 870 μm, there is a slight asymmetry
purely
noise. For both 1.3 mm and 870 μm, Sto
along the major axis of the disk, with the southeast more
polarized than the northwest. For 1.3 mm, thenegative
absoluteﬂux blob offset to the top-right of th
intensity,
difference between the two P peaks along the major axis isand this blob is signiﬁcantly brighter
F. O. Alves et al.: Magnetic
field±in
a circumbinary
disk
around asigniﬁcant.
Class
I YSO
Although
polarization can in principle be p
0.0013
 0.0014,
which is not
statistically
Thecircular
The Astrophysical
Journal,
851:55
(6pp), polarized
2017 December
10 off non-sphe
scattering
of
linearly
light
asymmetry for 870 μm is more apparent, although the southeast
(e.g.,at Tazaki
et al. 2017), StokesV has not
part of the disk does not peak (i.e., it is still increasing
the
characterized
for
ALMA, so its detection could
edge of the detected polarized emission). The P peak toward
willthe
not be discussed in detail in this paper.
the northwest is 0.0077 ±  0.0010. Drawing a lineand
from
6
The
central
polarization vectors for 1.3 mm and
Band 3
northwest peak through the center of the disk, at the same
55°
.
4
±
0°
.
96
and
55°. 3 ± 0°. 41, respectively. The
radius on the southeast side, P=0.0094 ±  0.0010. P rises
of HL Tau’s disk is 138°. 02 ±  0°. 07 (ALMA Partn
to ∼0.0115 at the edge of the disk. Therefore, the P asymmetry
2015),
indicating the polarization vectors are ∼7°
along the major axis for 870 μm is ∼0.002–0.004. These
to the major axis. We would
asymmetries are relatively moderate, but the factperpendicular
that they
polarization
to
be perfectly perpendicular to the
appear both at 1.3 mm and 870 μm suggests they could
The reason
PT = for this small 7° discrepancy is uncertai
be a real feature. If we consider total polarization
indicate
asymmetry in the disk.
Q 2 + U 2 + V 2 I , the asymmetry is similar; for 1.3 mm, it is
The right panels of Figure 2 show P for each
0.0012 ±  0.0014, while for 870 μm it is ∼0.001–0.004.
For 1.3 mm and 870 μm, there is a slight asymm
Yang et al. (2017) showed that asymmetry along the major
along the major axis of the disk, with the sou
axis is not expected for scattering-induced polarization in an
polarized than the northwest. For 1.3 mm, th
axisymmetric disk, so axisymmetry must be broken if the
difference in
between the two P peaks along the m
O.toAlves
et al.:
polarization is reallyF.due
scattering
evenMagnetic
though thefield
total a circumbinary disk around a
0.0013 ±  0.0014, which is not statistically sign
intensity (Stokes I ) is highly axisymmetric.
other
hand, Stephens et al. 2017
KataokaOnettheal.
2017,
asymmetry
for 870 μm is more apparent, although t
the polarization along the minor axis is expected to be
Figure 1. ALMA polarimetric observations at 3.1 mm (top, Kataoka et al.
part of the disk does not peak (i.e., it is still incre
asymmetric if the dust disk is optically thick and has a
2017), 1.3 mm (middle), and 870 μm (bottom), where the red vectors show the
edge of the detected polarized emission). The P p
signiﬁcant angular width (for a cartoon illustration, see Figure 6
>3σ polarization morphology (i.e., vectors have not been rotated). Vector
the northwest is 0.0077 ±  0.0010. Drawing a li
lengths areBand
linearly 6
proportional to P. The color scale shows the polarized
Band 3in Yang et al. 2017). HL Tau disk is known to benorthwest
optically
7
peak through the center of the disk,
intensity, which is masked to only show 3σ detections. Stokes I contours in
thick at 870 μm (Carrasco-González et al. 2016), but no
each panel are shown for [3, 10, 25, 50, 100, 200, 325, 500, 750, 1000] × sI ,
radius on the southeast side, P=0.0094 ±  0.00
asymmetry is detected along the minor axis. The lack of
where sI is 44, 154, and 460 μJy bm−1 for 3.1 mm, 1.3 mm, and 870 μm,
to ∼0.0115 at the edge of the disk. Therefore, the P
asymmetry for P along the optically thick minor axis implies
respectively.
along the major axis for 870 μm is ∼0.002–0
asymmetries are relatively moderate, but the fa
appear both at 1.3 mm and 870 μm suggests
be a real feature. If we consider total polariz
Q 2 + U 2 + V 2 I , the asymmetry is similar; for
3
0.0012 ±  0.0014, while for 870 μm it is ∼0.001–
Yang et al. (2017) showed that asymmetry alon
axis is not expected for scattering-induced polari
axisymmetric disk, so axisymmetry must be br
polarization is really due to scattering even thou
intensity (Stokes I ) is highly axisymmetric. On the
Alves et al. 2018
the polarization along the minor axis is expe
Figure 1. ALMA polarimetric observations at 3.1 mm (top, Kataoka et al.
(left panel), polarized intensity (middle panel) and polarization fraction (right
panel) of our Band 3 (upper panels), Band 6 (middle asymmetric if the dust disk is optically thick
2017), 1.3 mm (middle), and 870 μm (bottom), where the red vectors show the
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Millimeter-wave polarization of disks
0.87 mm

1.3 mm

Self-scattering + alignment

HL Tau
(Class I-II)

BHB07-11
(Class 0)

Alignment only

) for Band 6 and 0.21 ⇥ 0.18 (position angle = 72.79 ) for Band 7. The vector map indicates the orientation of the polarization

3.1 mm

Talk outline
•

Two pages to take a glance of recent ALMA polarimetric observations

•

Theories of polarization
1. Self-scattering
2. Alignment
• with B-fields, radiation, or (gas flow)

•

Case studies
•

HL Tau: constraints on the grain size

•

HD 142527: different polarization due to the segregated grain
population

•

HD 163296: evidence of dead zone

Case study - HL Tau
self-scattering

alignment with rad./gas

Class 0 disk candidate of NGC 1333 IRAS 4A
2015), the Herbig AE late-stage protoplaneHD 142527 (Kataoka et al. 2016), and the disk
of the high-mass protostar Cepheus A HW2
-López et al. 2016). Polarization toward disks
been detected at mid-infrared wavelengths of
and 12.5 µm (Li et al. 2016, 2017). However,
mission at mid-infrared wavelengths can occur
orption, emission, and sometimes scattering,
fficulty in interpreting the polarization mor-

these detections, the polarization morpholoy were not consistent with what would be exm magnetically aligned dust grains. In particuns et al. (2014) used the Combined Array for
n Millimeter-wave Astronomy (CARMA) to
e 1.3 mm polarization morphology in HL Tau.
hology was inconsistent with grains aligned
commonly-expected toroidal magnetic fields
on/E-field vectors distributed radially in the
ead, the E-vectors were oriented more or less
minor axis of the disk. Kataoka et al. (2015,
Yang et al. (2016) suggested that the polarizaology is actually consistent with that expected
cattering (also see Pohl et al. 2016; Yang et
Indeed, several disks where polarization is
how consistency with the polarization morpected from self-scattering rather than grains
th the magnetic field. However, except for
observations of HD 142527 (Kataoka et al.
HL Tau (Kataoka et al. 2017), the published
ns are too coarse to resolve more than a few
nt beams across the disk, making it difficult
ish between scattering and other polarization
s.
-resolution ALMA observations of HD 142527
a et al. (2016) resolved polarization for many
ure 1.
ALMA polarimetric observations
at 3 mm (top,
Stephens,…,
Kataoka,
pendent
elements
across
disk.
aoka
et al. resolution
2017), 1.3 mm
(middle),
and the
870 µm
(bottom),
zation
was
radial
throughout
most of the
disk, (i.e.,
re the red
vectors
show
the >3 polarization
morphology
ors
have not
rotated).
are linearly
pected
for been
grains
alignedVector
withlengths
a toroidal
field, proporalthe
to Pedges
. The color
scale shows thechanged
polarized from
intensity,
the morphology
ra- which is

100 AU

et al. 2017
Akimasa Kataoka (NAOJ)

Kataoka et al. 2017

What can we learn? - grain size

Kataoka, et al., 2017
The maximum grain size is ~ 70 µm
Akimasa Kataoka (NAOJ)

larized intensity drops. Therefore, we find the low ratio
the distributions of the polarization vectors. Magnetic
in these regions because of the high optical depth and
fields or radiation gradients can determine the direction
the high spatial resolution.
of grain alignment. Figure 9 shows schematic views of
Yang et al. (2017) discussed the eﬀect of optical depth
Two different grainthe
size
distributions
5
polarization vectors predicted by self-scattering and
for both self-scattering and grain alignment assuming
grain alignment with magnetic fields in the disk of HD
an inclination angle of 45 . They showed that with
142527. The theory of radiative grain alignment is disself-scattering, polarization decreases with optical depth
cussed later.
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 optical 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. Actually, scattering is suggested to become less dominant
with decreasing an inclination (Yang et al. 2016b, 2017).
Another possibility is that the depolarization occurs at
Kataoka
et predicted
al. 2018
Figure 9. Schematic viewsOhashi,
of polarization
vectors
a smaller scale than our high spatial resolution. The
by two mechanisms of polarization of thermal dust emission
polarization may be canceled out by mixing the two
in HD 142527. (a) Grain alignment with toroidal magnetic
orthogonal polarization vectors within the beam size.
fields and (b) self-scattering of thermal dust emission.
Therefore,
the
polarized intensity drops
at the position
•
Morphological
discussion
Figure
2. flip
Polarized
where the
occurs.intensity and polarization fraction maps color-corded on a logarithmic scale. The contours show the
For self-scattering,
Kataoka
al.the
(2015);
K16b decontinuum emission, and the green vectors are the polarization vectors.
The polarization
vectorsetand
polarization
fraction
The inner edge of the disk in Figure 8 also shows a high
are shown where the polarized intensity is higher than 3 PI . Note
thatthe
theexpected
lengths ofdistributions
the polarization
vectors
are set vecto be the
rived
of the
polarization
• North:
ratio, indicating
that the polarization
fraction
increases
consistent
with
self-scattering
same.
tors in the disk of HD 142527. The flip of the polarwith increasing spatial resolution. This may mean that
ization vectors should occur outside the entire disk bethe polarized intensity has a steeper gradient than that
cause the anisotropy of the radiation field changes with
• South:
not
consistent
with
of the total intensity,
assuming
that
the total intensity
is either of self-scattering, alignment
radius from the central star (Figure 9 a). The flip of
optically thin atwith
the inner
edge. We discuss
depenradiation,
nor the
with
gas flow
-> B-field alignment.
the polarization vectors in the northern region can be
dence of the polarization fraction on spatial resolution
by thermal dust scattering. As shown by FigAkimasa Kataokaexplained
(NAOJ)
in Section 4.2.

Case study - HD 142527
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2013,
vanofder
2013spots represent t
2013, 2016, Perez
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2014
intensity
shown
by white contours at fractions of large
0.1, 0.3,and
0.5, 0.75
and grains as traced by the 0.44 millimeter ALMA continuum and VISIR 1
small
220

f HD 142527, with a horseshoe dust
hat still contains gas. We see diffuse CO gas
oppler-shifted colours), and filamentary
plerian flows near the star (comparison
otation are shown in Supplementary
mission abuts the inner rim of the horseshoehe origin of the coordinates. North is up and
t 345 GHz, with specific intensity units in
an exponential scale (colour scale). A beam

beam, overlaid
on a
0.95 of the peak intensity value, 0.40 3 10 W per
micrometer
emission,
the large grains concentrated in the dust trap in the south. The bl
1
red–green–blue image of HCO intensity summed in three different colour
represents
the gasviews
surface density as traced by CO 6-5 and fundamental rovibrational C
bands (see Supplementary Fig. 8 for definitions). Insets
show magnified
of the central features that cross the dust gap. The line
cross indicates
the star at
as observed
bytheCRIRES, with a gas hole carved out by the planet at 15-20 AU.
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
Akimasa
Kataoka
(NAOJ)
gap-crossing filaments. These features appear
to grow from
the eastern
and

Polarization

Northern region

Consistent with dust trapping
Self-scattering

Two different grain size distributions
Table 1. Possible mechanisms for polarization

Grain alignment
with magnetic fields
Polarization

Northern region

Self-scattering with radiation gradients
likely
Grain alignment
Grain alignment with magnetic fields

large grains
Grain alignment with radiation gradients
- emit scattering
- strong wavelength dependence

re 14.

unlikely

unlikely

likely

Sout
15

un

unlikely

Southern region
unlikely (?)
unlikely
likely

unlikely

Figure 14. Schematic diagram of the disk around HD
142527. The gray-scale intensity represents the lopsided intensity distribution of the disk. The regions outlined in red
small grains
and blue are the polarized regions due to self-scattering and
grain alignment with toroidal
fields,
respectively.
- toomagnetic
small to
emit
scattering
These diﬀerent polarization mechanisms can be explained
Figure 15. Line segments represent the magnetic field orialigned
with
B-fields
by the diﬀerent grain size distributions.
entations, rotated by 90 from dust polarization. The con- No wavelength dependencetours are the same as those in Figure 1. The northern region
not show magnetic fields because the polarization there
(2010)
reported that
the dust opacity
varies
by a factor
Schematic
diagram
of the
disk
around does
HD
is not produced by grain alignment with magnetic fields.
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Case study - HD 163296
R. F. Dent et al.

Figure 1. Sub-mm continuum polarization in HD163296. The top panels show
region. Superimposed as ellipses are representations of the three rings in the to
Dent et al. 2019
flux intensity and (d) the polarization angle, both with the polarization vectors
(d) the vector rotation relative to the mean of 44.1◦ is multiplied by a factor of
at polarized flux levels of 5σ per beam (250µJy). Images are 3 arcsec (315 au
Akimasa Kataoka (NAOJ)

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

