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The transition of polarization morphologies from one
wavelength to another is also apparent in the StokesQ and U
images, as seen in Figure 2. Specifically, at 3.1 mm the
StokesQ 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.
StokesU 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, StokesV 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), StokesV 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 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.
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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 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

CW Tau
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total intensity is I > 10 mJy beam−1 for CW Tau and I > 30 mJy beam−1 for DG Tau.
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pendicular to the jet PAjet =-29◦ (Hartigan et al. 2004).
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axis of 0.′′45 and 0.′′36, respectively. The combination

of these values implies idisk ∼ 37◦, almost identical to
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2010). The 2D Gaussian fit gives PAdisk = 135.4◦±2.5◦,
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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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possibility is the difference in the grain size and its effects on
the alignment efficiency; the radiative torque efficiency
decreases with decreasing grain size if the grain size is smaller
than the wavelength. Therefore, if the peak emission of Stokes I
is mainly coming from grains smaller than the wavelengths, it
would decrease the alignment efficiency and thus the polariza-
tion fraction (e.g., Cho & Lazarian 2007; Lazarian &
Hoang 2007).

The azimuthal direction of the polarization vectors as shown
in the outer regions indicates the poloidal magnetic field
configuration, while the radial direction on the inner ring
indicates the toroidal magnetic field. There has been no
mechanism locally to rotate the direction of the magnetic field
by 90°. Therefore, at least at that position, the mechanism
should be different from the grain alignment.

The polarization fraction in the south region is as high as
13.9±0.7%, which is higher than the predicted value (e.g.,
Cho & Lazarian 2007). The high fraction of polarization means
that the alignment efficiency maybe higher than expected or the
long-to-short axis ratio of elongated dust grains is larger than
the assumed value (Cho & Lazarian 2007). Alternatively, the
high polarization fraction observed in the southwest region
could be due to interferometric filtering effects, where the
Stokes I and the Stokes Q, Umaps are resolved out differently.

Here, we also note that the high polarization fraction
observed in the southwest region could be due to interfero-
metric effects where the Stokes I and the Stokes Q, Umaps are
resolved out.

4.2. Self-scattering

4.2.1. Model Prediction

Another possible explanation for the millimeter-wave
polarization is the self-scattering of the thermal dust emission
at the observed wavelengths (Kataoka et al. 2015). We model
the intensity with a simple model and perform radiative transfer
calculations with RADMC-3D10 to see the model prediction of
the self-scattering. We assume that the dust grains have a

power-law size distribution with a power of −3.5 and the
maximum grain size 150 μm, which is the most efficient grain
size to scatter the thermal emission and make it polarized at the
observed wavelength of λ = 0.87 mm. The density distribution
is based on a previous modeling of the continuum at the same
wavelength (Muto et al. 2015). The density distribution of dust
grains Σd is taken to be a Gaussian distribution in radial and
azimuthal direction as
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where r and θ are the radial and azimuthal coordinates, S0,max

and S0,min are the maximum and minimum surface density at
the center of the ring, θd and fd represent the center and width
of the vortex in the azimuthal direction, and rc and rw represent
the center and width of the vortex in the radial direction. The
values are taken to be Σ0,max=0.6 g cm−2, Σ0,

min=0.008 g cm−2, θd=30°, fd=60°, rc=170 au, and
rw=27 au. The dust temperature is set to 36 K. In the
calculations of RADMC-3D, we set the inclination of the disk
to be 27° (Fukagawa et al. 2013) and the position angle to be
71°. Here, we do not aim to model the intensity and the
polarization perfectly, but to investigate the morphology and
the strength of the polarization with a simple model of an
inclined lopsided-disk to understand that feature can be
explained with the simple model.
Here, we summarize the model prediction by the self-

scattering model. Figure 3 shows the intensity, the polarized
intensity, and the polarization fraction of the model. The
polarized intensity shows the main ring inside with radial
polarization vectors and the ring outside with azimuthal
polarization vectors. The polarization fraction is up to ∼2%
in the inner ring while ∼5% in the outer ring. Also, the
polarized intensity is weaker at the peak of the continuum than
in other regions because the dust thermal emission is optically
thick at the peak of the continuum. The reason is as follows.

Figure 1. In the left panel, the colorscale represents the polarized intensity in units of mJy beam−1 with a log scale, the gray contours show the continuum emission,
and the white vectors show the polarization vectors. Note that the lengths of the polarization vectors are set to be the same. The levels of the contours are (3, 10, 30,
100, 300, 600, 900, 1200, 1500, 1800)×σI(=185 μJy beam−1) for Stokes I. Polarization vectors are plotted where the polarized intensity is larger than
3σPI=0.128 mJy beam−1. In the right panel, the colorscale displays the polarization fraction overlaid with the polarization vectors. The gray contours display the
continuum emission with the same levels of the left panel. The colorscale is only shown with the same threshold of the polarization vectors in the left panel.

10 RADMC-3D is an open code of radiative transfer calculations. The code is
available online: http://www.ita.uni-heidelberg.de/~dullemond/software/
radmc-3d/.
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Figure 2. Comparison between the Cho & Lazarian (2007) model and the SMA 340 GHz observations of HD 163296. The top row shows the prediction for the model
at full resolution (left), a simulated observation of the model with the SMA (center), and the 2008 SMA observations (right). The gray scale shows either the total flux
(left) or the polarized flux (center, right), and the blue vectors indicate the percentage and direction of polarized flux at half-beam intervals. The center and bottom
rows compare the model prediction (center) with the observed SMA data (bottom) in each of the four Stokes parameters (I, Q, U, V, from left to right). Contour levels
are the same in both rows, either multiples of 10% of the peak flux (0.9 Jy beam−1) in Stokes I or in increments of 2σ for Q, U, and V, where σ is the rms noise of
2.4 mJy beam−1. The size and orientation of the synthesized beam are indicated in the lower left of each panel.
(A color version of this figure is available in the online journal.)

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

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

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

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

It is difficult to directly compare the observations presented
here with the Cho & Lazarian (2007) model predictions and
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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.
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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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High definition study of the HD 163296 disk 3
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Figure 1. Map of the HD 163296 disk recorded in the 1.25 mm continuum. The angular resolution of the observations is

0.03800⇥0.04800and is indicated by the white ellipse in the bottom left corner of the left panel. At the source distance of 101

pc, the spatial resolution is 3.8au⇥4.8au. Inset (a) and (b) show zoom-in view of two asymmetric features revealed by the

observations. The rms noise is 0.023 mJy beam�1. The horizontal segments indicate a spatial scale of 10 au.

tude self-calibration on both short and long baseline
data. The self-calibration procedure resulted in an im-
provement of 43% in the peak signal-to-noise ratio in
the dust continuum image. A complete description of
the DSHARP data calibration procedure is presented
in Andrews et al. (2018), while the CASA script used
to calibrate and image HD 163296 data, including the
manual flagging and flux rescaling, is available online at
https://almascience.org/alma-data/lp/DSHARP. The
1.25 mm dust continuum emission was imaged using the
CASA task tclean and a robust parameter of -0.5 result-
ing in a synthesized beam FWHM of 0.03800⇥0.04800,
corresponding to a spatial resolution of 3.8⇥4.8 au at
the distance of the source. The rms noise is 0.023 mJy
beam�1, and the peak signal to noise ratio is 185.
The complex gain solutions of the self-calibration of

the continuum emission were then applied to the 12CO
data. The line was observed at the same angular resolu-
tion of the continuum (⇠0.0400), but we imaged it using
Briggs robust=0.5 (no uv-tapering) to achieve higher

signal-to-noise ratio (see Andrews et al. 2018 for more
details about CO imaging). The FWHM of the synthe-
sized beam of the presented CO maps is 0.10400⇥0.09500,
which is about half the beam of the CO observations
published in Isella et al. (2016), and about 7 times
smaller than the resolution of the ALMA science verifi-
cation data (Rosenfeld et al. 2013; de Gregorio-Monsalvo
et al. 2013). Channels are spaced in velocity by 0.32 km
s�1, but, due to Hanning smoothing, the velocity reso-
lution is 0.64 km s�1. The velocity grid for HD 163296
slightly di↵ers from the fiducial channel spacing of 0.35
km s�1 adopted for the other DSHARP sources. The
rms noise per channel is 0.84 mJy beam�1.

3. DUST CONTINUUM EMISSION

The map of the 1.25 mm continuum emission (Fig-
ure 1) features two bright elliptical rings previously re-
ported by Isella et al. (2016), as well as three new mor-
phological features: an arc of emission inside the first
ring (inset a), an inner dark gap and bright ring at about

Isella et al. 2018

Stokes I

Polarized emission

Dent et al. 2019
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unclear. The most favored mechanisms include planet-
disk interactions (e.g. Dong & Fung 2017), radial pres-
sure variations due to zonal flows in MHD turbulent
disks (Johansen et al. 2009), and snowline-induced gaps
(Zhang et al. 2015).
While the presence of substructures seems common, a

larger sample of disks is needed to fully characterize the
prevalence and configuration of such substructures, and
constrain the physical or chemical processes responsible
for them. This is the motivation of the Disk Substruc-
tures at High Angular Resolution Project (DSHARP),
one of the large programs carried out with the Atacama
Large Millimeter Array (ALMA) in Cycle 4. The goal
of the project is to characterize in an homogeneous way
the substructures of 20 nearby protoplanetary disks, by
mapping the 240 GHz dust continuum emission at a res-
olution of 35 mas, corresponding to 5 au (Andrews et al.
2018). One of the main outcomes of this survey is that
bright rings and relatively faint gaps are an extremely
common feature of disks, but the configuration (posi-
tion and contrast) of the rings varies substantially from
source to source (Huang et al. 2018a).
In this paper we focus on one of the most unusual

DSHARP sources, the disk around the classical T Tauri
star AS 209. The large number of rings, the narrow-
ness of the rings, and the wide gaps in the outer disk
make AS 209 especially intricate compared to the vast
majority of disks observed at high-angular resolution.
The star is located to the northeast of the main Ophi-
uchus star-forming region, at a distance of 121 ± 2 pc
(Gaia Collaboration et al. 2018). The star has a spec-
tral type K5, a mass of 0.9 M�, and an age of 1.6 Myr
(see Table 1 in Andrews et al. 2018). Observations at
di↵erent wavelengths clearly show the e↵ect of radial
drift of larger grains, as the emission is noticeably more
compact at longer wavelengths (Pérez et al. 2012; Taz-
zari et al. 2016). The surface density profile has been
characterized with 870 µm observations at 0.003 angular
resolution (Andrews et al. 2009). More recently, Fedele
et al. (2018) presented ALMA observations of the disk
at ⇠0.0017 angular resolution. The emission was char-
acterized by a bright central component and the pres-
ence of two weaker dust rings near 75 and 130 au, and
two gaps near 62 and 103 au. No obvious substruc-
ture was observed in the inner 60 au disk, except for a
kink around 20 � 30 au. Fedele et al. (2018) also pre-
sented hydro-dynamical simulations and found that the
gap near 100 au located between the two outer rings
could be produced by a Saturn-like planet.
The disk has also been observed in molecular line emis-

sion. Huang et al. (2016) presented observations of the
three main CO isotopologues at 0.006 angular resolution.
While the emission from the most abundant isotopo-
logue, 12CO, was found to be centrally peaked and de-
creasing monotonically with radius, the 13CO and C18O
emission showed evidence of an outer ring or bump cen-
tered at 150 au, near the millimeter dust edge.

Figure 1. The dust continuum emission map (upper panel),

and the deprojected emission shown in polar coordinates

(bottom panel), using an inclination of 34.88� and a posi-

tion angle of 85.76�. The beam of 0.0003 ⇥ 0.0004 is shown

in the bottom left, corresponding to a spatial resolution of

3.6 ⇥ 4.8 au. The white vertical bars in the bottom panel

locate the position of the rings.

In this work we present 1.25 mm dust continuum and
12CO 2 � 1 line observations in the AS 209 disk. The
observations and data reduction are presented in section
2. The results of the dust continuum emission and the
12CO line emission are described in section 3. A discus-
sion is presented in section 4 and a summary is given in
section 5.

2. OBSERVATIONS

The observations presented here are part of the
DSHARP ALMA Large Program (2016.1.00484.L). The
AS 209 disk was observed with ALMA in Band 6 in
September 2017 in configurations C40-8/9. Shorter-

Guzman et al. 2018

Mori, Kataoka, et al. submitted
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Figure 1. Upper left (a): The total intensity (Stokes I) of the continuum emission at 870 µm. The solid contours represent
total intensity with levels of 100�10000 ⇥ �I (=60 µJy beam�1) in log space. The beam with the size of 0.0094 ⇥ 0.0062 and
position angle of �75.�3 is shown in the bottom left with the white ellipse. Upper right (b): Polarized intensity on a linear scale.
The solid contour levels are (3, 5, 7, 10) ⇥ �PI (= 27 µJy beam�1). The polarization vectors are presented where polarized
intensity is larger than 3�PI . We set the length of the polarization vectors to be the same. Lower left (c): The polarization
fraction overlaid with the vectors. The solid contours show polarized intensity as with the PI map. The polarization fraction
where polarized intensity is less than 3�PI is removed. The synthesized beam is also presented with the black ellipse. Lower
right (d): The 1� polarization angle error in the color scale. The synthesized beam and polarization vectors are also overlaid.
The overlaid circle at the center represents the boundary of the inner and outer regions with the radius of 0.005.

ALMA Band 7, continuum polarization
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Figure 1. Upper left (a): The total intensity (Stokes I) of the continuum emission at 870 µm. The solid contours represent
total intensity with levels of 100�10000 ⇥ �I (=60 µJy beam�1) in log space. The beam with the size of 0.0094 ⇥ 0.0062 and
position angle of �75.�3 is shown in the bottom left with the white ellipse. Upper right (b): Polarized intensity on a linear scale.
The solid contour levels are (3, 5, 7, 10) ⇥ �PI (= 27 µJy beam�1). The polarization vectors are presented where polarized
intensity is larger than 3�PI . We set the length of the polarization vectors to be the same. Lower left (c): The polarization
fraction overlaid with the vectors. The solid contours show polarized intensity as with the PI map. The polarization fraction
where polarized intensity is less than 3�PI is removed. The synthesized beam is also presented with the black ellipse. Lower
right (d): The 1� polarization angle error in the color scale. The synthesized beam and polarization vectors are also overlaid.
The overlaid circle at the center represents the boundary of the inner and outer regions with the radius of 0.005.

Mori, Kataoka, et al. submitted

• Inner regions:  

• the vectors are parallel to the disk 

minor axis.  

• Polarization fraction is ~0.2% 

• Outer regions: 

• the vectors are in the azimuthal 

direction 

• Polariztation fraction ~ 1%

Inner part: self-scattering 
Ourter part: ??

(beam size) : 0.ʹʹ94 × 0.ʹʹ62 (∼114 × 75 au) 
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Figure 1. Upper left (a): The total intensity (Stokes I) of the continuum emission at 870 µm. The solid contours represent
total intensity with levels of 100�10000 ⇥ �I (=60 µJy beam�1) in log space. The beam with the size of 0.0094 ⇥ 0.0062 and
position angle of �75.�3 is shown in the bottom left with the white ellipse. Upper right (b): Polarized intensity on a linear scale.
The solid contour levels are (3, 5, 7, 10) ⇥ �PI (= 27 µJy beam�1). The polarization vectors are presented where polarized
intensity is larger than 3�PI . We set the length of the polarization vectors to be the same. Lower left (c): The polarization
fraction overlaid with the vectors. The solid contours show polarized intensity as with the PI map. The polarization fraction
where polarized intensity is less than 3�PI is removed. The synthesized beam is also presented with the black ellipse. Lower
right (d): The 1� polarization angle error in the color scale. The synthesized beam and polarization vectors are also overlaid.
The overlaid circle at the center represents the boundary of the inner and outer regions with the radius of 0.005.
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Figure 1. The ring state: self-consistent radiative transfer simulations of the polarized emission of aligned aspherical dust grains at 1.3 mm (top row),
and simulated ALMA observations (bottom row; CASA v5.4.2, band 6, configuration C40-5, 1.5 h integration time; minimal displayed polarization degree is
1 per cent, i.e. the 3σ level of ALMA) at three different disc orientations (left: face-on, centre: 45◦, right: edge-on). The colour map shows the total (unpolarized)
intensity which is overplotted by polarization vectors.The vectors are plotted with the spatial resolution indicated by the beam size given as white ellipses. The
toroidal magnetic field topology is traced by its characteristic polarization structure in all of the three orientations in the simulated ALMA observation.

calculate for the dust polarization emission. The resulting synthetic
images are then post-processed with the Common Astronomy Soft-
ware Applications (CASA) software package (v4.5.2) to obtain realis-
tic Atacama Large Millimeter/submillimeter Array (ALMA) maps.

The 3D global non-ideal stratified MHD simulations were per-
formed using the Fast Advection in Rotating Gaseous Objects
(FARGO) MHD code PLUTO (Mignone et al. 2012; Flock et al. 2015).

The radiative transfer simulations are performed with an extended
version of the code MC3D (Bertrang & Wolf 2016; Wolf, Henning
& Stecklum 1999; Wolf 2003). We use the MHD models as input
for the dust density distribution and magnetic field topology, and
compute the temperature distribution, and anisotropy of the radia-
tion field self-consistently. We assume aspherical dust grains with
an axis ratio of 1: 1.3. We further assume here that the grains are
perfectly aligned by the magnetic field. Based on these assump-
tions, we compute an upper limit for the polarized dust emission for
aspherical grains.

Finally, to compare our MHD simulations with ALMA obser-
vations, we apply the CASA software package (v4.5.2). We simulate
observations of 1.5h integration time at Band 6 (7.5GHz bandwidth)
with the antennas configuration C40-5 and a spatial resolution of
0.16 arcsec. ALMA is able to detect the degree of polarization for
resolved sources down to 0.3 per cent, along with an uncertainty of
6◦ in the polarization angle (ALMA Technical Handbook 2016).

2.2 Disc model

The disc model for the global 3D non-ideal MHD simulations fol-
lows an initial gas surface density of " = 5.94g cm−2( 100 au

R ), with
the cylindrical radius R. Temperature and density profiles are in

fully radiation hydrostatic equilibrium. The simulation domain in
spherical coordinates spans from 20 to 100 au in radius, #θ = 0.72
rad in θ and full 2π in azimuth. We include an initial vertical mag-
netic field with a 1/R profile in radius. The initial resistivity profile
is calculated using the dust chemistry method by Dzyurkevich et al.
(2013), including HCO+ as dominant ion, electrons, and charged
dust. For more details, we refer to model D2G_e-2 by Flock et al.
(2015) (Section 2 and Fig. 1 therein).

For the radiative transfer simulations, we take two typical states
of the global MHD simulations as input for the dust density structure
and the magnetic field topology: the ring state, a state in which a
axisymmetric gap and jump structure is present, and the vortex state,
in which the ring shows a vortex and an enhanced density clump.
Both states are emerging at the dead-zone edge, and for more details
on the setup and models, we refer the reader to our previous works
(Flock et al. 2015; Ruge et al. 2016). The model parameters are
summarized in Table 1.

3 R ESULTS

We aim at exploring the feasibility of high-angular resolution po-
larimetric observations and their interpretation to validate MHD
predictions on magnetic fields in protoplanetary discs (for a dis-
cussion of the unpolarized dust emission, see Flock et al. 2015;
Ruge et al. 2016). The questions arising from our MHD results are:
can these magnetic field structures actually be traced? How can
the differences between these models be detected to determine the
physics taking place in a certain observational object? To answer
these questions, we focus on simulated 1.3 mm maps of our models.
We assume a distance to the disc of 100pc.
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Figure 7. Polarization degree is shown with the color scale and the direction of E-vector is plotted as the white bar. Left and right panels represent mid-infrared
wavelength (λ = 12 µm) and millimeter wavelength (λ = 870 µm.), respectively. The dust grains are assumed to be magnetically poor ( fp = 0.01 and φsp = 0).
The maximum grain size is amax = 1000µm. Turbulent strength and the fhigh−J -parameter are assumed to be α = 10−3 and fhigh−J = 0.5, respectively.

are aligned with respect to the magnetic field. On the other
hand, at the inner disk, micron-sized grains being alignedwith
the radiative flux are present at the disk surface layer. Since
micron-sized grains dominate the opacity at mid-infrared, we
observe the azimuthal polarization vector. As a result, we see
alignment with the radiation direction at the inner disk and
with the magnetic field at the outer disk. When we increase
the number of magnetic inclusions, the boundary radius be-
tween the radial and the azimuthal polarization vectors de-
creases. This is because increasing the number of magnetic
inclusions increases the maximum grain size aligned with
magnetic field. It should be noted that in this case, the disk
polarization is less than 1%, while Figure 7 shows a larger
polarization degree. This is because the direction of the ra-
diation anisotropy is perpendicular to the toroidal magnetic
field; hence, the emission arising from grains aligned with the
magnetic field depolarizes the emission arising from grains
aligned with the direction of radiation.
In the presence of superparamagnetic inclusions ( fp = 0.1,
φsp = 0.03), dust grains align with the magnetic field all over
the disk at mid-infrared.
At millimeter wavelength, even in the presence of super-

paramegnetic inclusions, dust grains become aligned with the
radiation direction, not with the magnetic field as one can be
expected from Figure 5.

5.5. Grain size and wavelength dependence
Figure 10 shows the degree of polarization against the max-

imum grain size assuming fhigh−J = 0.5. The degree of polar-
ization is integrated over the whole radius of the disk. At λ =
850 µm, with increasing the maximum grain size, the degree
of polarization decreases. This is because grains larger than
the observing wavelength radiate unpolarized light; hence,
with increasing the maximum grain size, more grains emit
unpolarized light, and then the degree of polarization is re-
duced. At mid-infrared wavelength, only (sub-)micron-sized
grains at the surface layer contribute to the polarized emission
because the disk is optically thick. As a result, the maximum

grain size does not strongly affect on the resultant polarization
degree. This result implies that as the grain growth occurs,
the degree of polarization can be small at all wavelengths, in
particular for the (sub-)mm. The expected degree of polariza-
tion is much smaller than that presented in CL07, who show a
36% of degree of polarization for amax = 100 µm which drops
to 8% for amax = 1000 µm at λ = 850µm. This difference
is mostly due to the fact that CL07 assumed perfect internal
alignment.
Figure 11 shows the wavelength dependence of the de-

gree of polarization assuming the maximum grain size to be
1000 µm. At around λ = 40 µm, a strong feature appears
corresponding to the ice, where refractive index changes sig-
nificantly. At millimeter wavelength, the degree of polar-
ization increases with increasing wavelength because more
larger grains can contribute to the polarized emission for a
long observing wavelength. The observed degree of polariza-
tion depends on the parameter of fhigh−J . If 90 % of the grains
become aligned with low-J attractors, then the degree of po-
larization will be less than 1 % at all wavelengths. This is
because at low-J attractors, internal alignment of the grains
is poor, and then the degree of alignment is reduced signifi-
cantly.

6. DISCUSSION
6.1. Constraint on magnetic field strength

As was discussed in Lazarian (2007) the transition from the
grain alignment with respect to radiative flux to that with re-
spect to magnetic field can be a way of determining the mag-
netic field (see A. Lazarian & T. Hoang 2017, in preparation).
Using this approach we can place an upper limit on the mag-
netic field strength if we know the radiation field, and also
know that the dust is aligned with respect to the radiation.
Using Equations (7 and 18), the Larmor precession timescale
becomes longer than the radiative precession timescale when

B ≤ 5.9 nG a
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Figure 1. Upper left (a): The total intensity (Stokes I) of the continuum emission at 870 µm. The solid contours represent
total intensity with levels of 100�10000 ⇥ �I (=60 µJy beam�1) in log space. The beam with the size of 0.0094 ⇥ 0.0062 and
position angle of �75.�3 is shown in the bottom left with the white ellipse. Upper right (b): Polarized intensity on a linear scale.
The solid contour levels are (3, 5, 7, 10) ⇥ �PI (= 27 µJy beam�1). The polarization vectors are presented where polarized
intensity is larger than 3�PI . We set the length of the polarization vectors to be the same. Lower left (c): The polarization
fraction overlaid with the vectors. The solid contours show polarized intensity as with the PI map. The polarization fraction
where polarized intensity is less than 3�PI is removed. The synthesized beam is also presented with the black ellipse. Lower
right (d): The 1� polarization angle error in the color scale. The synthesized beam and polarization vectors are also overlaid.
The overlaid circle at the center represents the boundary of the inner and outer regions with the radius of 0.005.

12 Tazaki et al.

Figure 7. Polarization degree is shown with the color scale and the direction of E-vector is plotted as the white bar. Left and right panels represent mid-infrared
wavelength (λ = 12 µm) and millimeter wavelength (λ = 870 µm.), respectively. The dust grains are assumed to be magnetically poor ( fp = 0.01 and φsp = 0).
The maximum grain size is amax = 1000µm. Turbulent strength and the fhigh−J -parameter are assumed to be α = 10−3 and fhigh−J = 0.5, respectively.

are aligned with respect to the magnetic field. On the other
hand, at the inner disk, micron-sized grains being alignedwith
the radiative flux are present at the disk surface layer. Since
micron-sized grains dominate the opacity at mid-infrared, we
observe the azimuthal polarization vector. As a result, we see
alignment with the radiation direction at the inner disk and
with the magnetic field at the outer disk. When we increase
the number of magnetic inclusions, the boundary radius be-
tween the radial and the azimuthal polarization vectors de-
creases. This is because increasing the number of magnetic
inclusions increases the maximum grain size aligned with
magnetic field. It should be noted that in this case, the disk
polarization is less than 1%, while Figure 7 shows a larger
polarization degree. This is because the direction of the ra-
diation anisotropy is perpendicular to the toroidal magnetic
field; hence, the emission arising from grains aligned with the
magnetic field depolarizes the emission arising from grains
aligned with the direction of radiation.
In the presence of superparamagnetic inclusions ( fp = 0.1,
φsp = 0.03), dust grains align with the magnetic field all over
the disk at mid-infrared.
At millimeter wavelength, even in the presence of super-

paramegnetic inclusions, dust grains become aligned with the
radiation direction, not with the magnetic field as one can be
expected from Figure 5.

5.5. Grain size and wavelength dependence
Figure 10 shows the degree of polarization against the max-

imum grain size assuming fhigh−J = 0.5. The degree of polar-
ization is integrated over the whole radius of the disk. At λ =
850 µm, with increasing the maximum grain size, the degree
of polarization decreases. This is because grains larger than
the observing wavelength radiate unpolarized light; hence,
with increasing the maximum grain size, more grains emit
unpolarized light, and then the degree of polarization is re-
duced. At mid-infrared wavelength, only (sub-)micron-sized
grains at the surface layer contribute to the polarized emission
because the disk is optically thick. As a result, the maximum

grain size does not strongly affect on the resultant polarization
degree. This result implies that as the grain growth occurs,
the degree of polarization can be small at all wavelengths, in
particular for the (sub-)mm. The expected degree of polariza-
tion is much smaller than that presented in CL07, who show a
36% of degree of polarization for amax = 100 µm which drops
to 8% for amax = 1000 µm at λ = 850µm. This difference
is mostly due to the fact that CL07 assumed perfect internal
alignment.
Figure 11 shows the wavelength dependence of the de-

gree of polarization assuming the maximum grain size to be
1000 µm. At around λ = 40 µm, a strong feature appears
corresponding to the ice, where refractive index changes sig-
nificantly. At millimeter wavelength, the degree of polar-
ization increases with increasing wavelength because more
larger grains can contribute to the polarized emission for a
long observing wavelength. The observed degree of polariza-
tion depends on the parameter of fhigh−J . If 90 % of the grains
become aligned with low-J attractors, then the degree of po-
larization will be less than 1 % at all wavelengths. This is
because at low-J attractors, internal alignment of the grains
is poor, and then the degree of alignment is reduced signifi-
cantly.

6. DISCUSSION
6.1. Constraint on magnetic field strength

As was discussed in Lazarian (2007) the transition from the
grain alignment with respect to radiative flux to that with re-
spect to magnetic field can be a way of determining the mag-
netic field (see A. Lazarian & T. Hoang 2017, in preparation).
Using this approach we can place an upper limit on the mag-
netic field strength if we know the radiation field, and also
know that the dust is aligned with respect to the radiation.
Using Equations (7 and 18), the Larmor precession timescale
becomes longer than the radiative precession timescale when

B ≤ 5.9 nG a
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Figure 1. The ring state: self-consistent radiative transfer simulations of the polarized emission of aligned aspherical dust grains at 1.3 mm (top row),
and simulated ALMA observations (bottom row; CASA v5.4.2, band 6, configuration C40-5, 1.5 h integration time; minimal displayed polarization degree is
1 per cent, i.e. the 3σ level of ALMA) at three different disc orientations (left: face-on, centre: 45◦, right: edge-on). The colour map shows the total (unpolarized)
intensity which is overplotted by polarization vectors.The vectors are plotted with the spatial resolution indicated by the beam size given as white ellipses. The
toroidal magnetic field topology is traced by its characteristic polarization structure in all of the three orientations in the simulated ALMA observation.

calculate for the dust polarization emission. The resulting synthetic
images are then post-processed with the Common Astronomy Soft-
ware Applications (CASA) software package (v4.5.2) to obtain realis-
tic Atacama Large Millimeter/submillimeter Array (ALMA) maps.

The 3D global non-ideal stratified MHD simulations were per-
formed using the Fast Advection in Rotating Gaseous Objects
(FARGO) MHD code PLUTO (Mignone et al. 2012; Flock et al. 2015).

The radiative transfer simulations are performed with an extended
version of the code MC3D (Bertrang & Wolf 2016; Wolf, Henning
& Stecklum 1999; Wolf 2003). We use the MHD models as input
for the dust density distribution and magnetic field topology, and
compute the temperature distribution, and anisotropy of the radia-
tion field self-consistently. We assume aspherical dust grains with
an axis ratio of 1: 1.3. We further assume here that the grains are
perfectly aligned by the magnetic field. Based on these assump-
tions, we compute an upper limit for the polarized dust emission for
aspherical grains.

Finally, to compare our MHD simulations with ALMA obser-
vations, we apply the CASA software package (v4.5.2). We simulate
observations of 1.5h integration time at Band 6 (7.5GHz bandwidth)
with the antennas configuration C40-5 and a spatial resolution of
0.16 arcsec. ALMA is able to detect the degree of polarization for
resolved sources down to 0.3 per cent, along with an uncertainty of
6◦ in the polarization angle (ALMA Technical Handbook 2016).

2.2 Disc model

The disc model for the global 3D non-ideal MHD simulations fol-
lows an initial gas surface density of " = 5.94g cm−2( 100 au

R ), with
the cylindrical radius R. Temperature and density profiles are in

fully radiation hydrostatic equilibrium. The simulation domain in
spherical coordinates spans from 20 to 100 au in radius, #θ = 0.72
rad in θ and full 2π in azimuth. We include an initial vertical mag-
netic field with a 1/R profile in radius. The initial resistivity profile
is calculated using the dust chemistry method by Dzyurkevich et al.
(2013), including HCO+ as dominant ion, electrons, and charged
dust. For more details, we refer to model D2G_e-2 by Flock et al.
(2015) (Section 2 and Fig. 1 therein).

For the radiative transfer simulations, we take two typical states
of the global MHD simulations as input for the dust density structure
and the magnetic field topology: the ring state, a state in which a
axisymmetric gap and jump structure is present, and the vortex state,
in which the ring shows a vortex and an enhanced density clump.
Both states are emerging at the dead-zone edge, and for more details
on the setup and models, we refer the reader to our previous works
(Flock et al. 2015; Ruge et al. 2016). The model parameters are
summarized in Table 1.

3 R ESULTS

We aim at exploring the feasibility of high-angular resolution po-
larimetric observations and their interpretation to validate MHD
predictions on magnetic fields in protoplanetary discs (for a dis-
cussion of the unpolarized dust emission, see Flock et al. 2015;
Ruge et al. 2016). The questions arising from our MHD results are:
can these magnetic field structures actually be traced? How can
the differences between these models be detected to determine the
physics taking place in a certain observational object? To answer
these questions, we focus on simulated 1.3 mm maps of our models.
We assume a distance to the disc of 100pc.
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unclear. The most favored mechanisms include planet-
disk interactions (e.g. Dong & Fung 2017), radial pres-
sure variations due to zonal flows in MHD turbulent
disks (Johansen et al. 2009), and snowline-induced gaps
(Zhang et al. 2015).
While the presence of substructures seems common, a

larger sample of disks is needed to fully characterize the
prevalence and configuration of such substructures, and
constrain the physical or chemical processes responsible
for them. This is the motivation of the Disk Substruc-
tures at High Angular Resolution Project (DSHARP),
one of the large programs carried out with the Atacama
Large Millimeter Array (ALMA) in Cycle 4. The goal
of the project is to characterize in an homogeneous way
the substructures of 20 nearby protoplanetary disks, by
mapping the 240 GHz dust continuum emission at a res-
olution of 35 mas, corresponding to 5 au (Andrews et al.
2018). One of the main outcomes of this survey is that
bright rings and relatively faint gaps are an extremely
common feature of disks, but the configuration (posi-
tion and contrast) of the rings varies substantially from
source to source (Huang et al. 2018a).
In this paper we focus on one of the most unusual

DSHARP sources, the disk around the classical T Tauri
star AS 209. The large number of rings, the narrow-
ness of the rings, and the wide gaps in the outer disk
make AS 209 especially intricate compared to the vast
majority of disks observed at high-angular resolution.
The star is located to the northeast of the main Ophi-
uchus star-forming region, at a distance of 121 ± 2 pc
(Gaia Collaboration et al. 2018). The star has a spec-
tral type K5, a mass of 0.9 M�, and an age of 1.6 Myr
(see Table 1 in Andrews et al. 2018). Observations at
di↵erent wavelengths clearly show the e↵ect of radial
drift of larger grains, as the emission is noticeably more
compact at longer wavelengths (Pérez et al. 2012; Taz-
zari et al. 2016). The surface density profile has been
characterized with 870 µm observations at 0.003 angular
resolution (Andrews et al. 2009). More recently, Fedele
et al. (2018) presented ALMA observations of the disk
at ⇠0.0017 angular resolution. The emission was char-
acterized by a bright central component and the pres-
ence of two weaker dust rings near 75 and 130 au, and
two gaps near 62 and 103 au. No obvious substruc-
ture was observed in the inner 60 au disk, except for a
kink around 20 � 30 au. Fedele et al. (2018) also pre-
sented hydro-dynamical simulations and found that the
gap near 100 au located between the two outer rings
could be produced by a Saturn-like planet.
The disk has also been observed in molecular line emis-

sion. Huang et al. (2016) presented observations of the
three main CO isotopologues at 0.006 angular resolution.
While the emission from the most abundant isotopo-
logue, 12CO, was found to be centrally peaked and de-
creasing monotonically with radius, the 13CO and C18O
emission showed evidence of an outer ring or bump cen-
tered at 150 au, near the millimeter dust edge.

Figure 1. The dust continuum emission map (upper panel),

and the deprojected emission shown in polar coordinates

(bottom panel), using an inclination of 34.88� and a posi-

tion angle of 85.76�. The beam of 0.0003 ⇥ 0.0004 is shown

in the bottom left, corresponding to a spatial resolution of

3.6 ⇥ 4.8 au. The white vertical bars in the bottom panel

locate the position of the rings.

In this work we present 1.25 mm dust continuum and
12CO 2 � 1 line observations in the AS 209 disk. The
observations and data reduction are presented in section
2. The results of the dust continuum emission and the
12CO line emission are described in section 3. A discus-
sion is presented in section 4 and a summary is given in
section 5.

2. OBSERVATIONS

The observations presented here are part of the
DSHARP ALMA Large Program (2016.1.00484.L). The
AS 209 disk was observed with ALMA in Band 6 in
September 2017 in configurations C40-8/9. Shorter-
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We would observe systematic rotation of polarization vectors from the azimuthal direction

Gas-flow alignment polarization

Kataoka, et al. 2019
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AS 209 - polarization from a ring

Slight deviation from the azimuthal direction -> gas-flow alignment?
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Figure 3. (a) Comparison between the polarization vectors and circular tangents in the outer 0.005 region. The green and white
lines represent the polarization vectors and circular tangents, respectively. (b) Comparison between the polarization vectors and
elliptical tangents. The green and white lines are represented as with (a). (c) The histogram of the angular di↵erences between
the polarization vectors and the circular tangents, both of which are presented in (a). The best-fitted Gaussian is overlaid to
the histogram. The blue straight line represents the center of the distribution. The gray dotted line represents the �✓circle =
0� position. (d) The histogram of the angular di↵erences between the polarization vectors and the ellipse, both of which are
presented (b). The best-fitted Gaussian and the center of the distribution are overlaid as with (c) with red lines. �✓ellipse = 0�

position is also presented as with (c).
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60 au. These grain sizes are much larger than that from
the polarization.
The size discrepancy may come from the contamina-

tion of the optically thick emission in low-resolution ob-
servations. Although measurements of the grain size
assume the thermal emission is totally optically thin in
millimeter wavelength, Tripathi et al. (2017) pointed out
that the assumption is not necessarily correct based on
a large sample of low-resolution disk images. However,
Pérez et al. (2012) and Tazzari et al. (2016) revealed that
the millimeter continuum emission from the AS 209 disk
is optically thin at all radii, suggesting that the discrep-
ancy of the grain sizes are not due to the optically thick
emission.
The assumption on the grain composition also

strongly a↵ect the spectral indices values, leading to
grain size uncertainties. For example, Testi et al. (2014)
showed that compact grains which composed of silicate,
carbonaceous and water ice take amax ⇠ 0.5�5 cm in
� = 0.5�1 range while compact grains which composed
only of silicate and carbonaceous material take amax ⇠
0.5�5 mm in the same � = 0.5�1 range (see Figure 4 of
Testi et al. (2014)). The one size population model with
amax = 500 µm and the latter grain composition model
described above is one of the solutions to reconcile the
two studies.
More recent studies pointed out that the observed low

spectral indices can be reproduced when the e↵ect of
scattering is included (Liu 2019; Zhu et al. 2019). This
means that measurement of the grain size ignoring the
opacity of scattering can lead to overestimating of the
grain size. Thus, including the e↵ects of scattering into
continuum modeling is needed to reconcile the discrep-
ancy of the grain properties between the grain size mea-
surements.

4.3. The origin of the polarization in the outer region

In the outer 0.005 region, the polarization orientations
seem to be in the azimuthal directions. By conducting
the detailed analysis on the orientations, we find that
the orientations are consistent with the elliptical pattern
rather than the circular pattern and moreover the vec-
tors have the systematic angular deviations from the el-
liptical tangents with the mean value of�✓ellipse = �4.�5
± 1.�6. The spiral-like pattern can be produced only with
the mechanical alignment model (Table 1). Therefore,
the observed polarization likely originates from the dust
grains which are aligned by the gas flow against the dust
grains.
To interpret the polarization, we explore where the po-

larized emission comes from. However, the large beam
size prevents us from exploring the emitting regions only

Figure 5. The polarization vectors and the high resolu-
tion image obtained in the DSHARP program (Guzmán et
al. 2018). The synthesized beam size in our and DSHARP
observations are presented in the lower left and lower right,
respectively.

with the polarization data. Thus, in Figure 5, we com-
pare the polarization vectors with the previous higher
resolution observation by Guzmán et al. (2018). Al-
though it is di�cult to link the positions of the vectors
to that of high resolution image due to the large beam
size gap, roughly speaking, the polarization in the out-
ermost region at ⇠1.000 likely comes from the outermost
ring at 120 au in the higher resolution image. Thus, the
emitter of the polarization is likely the dust grains at
the 120 au ring.
Since the polarization pattern is presumably related

to the grain dynamics in the disk, we consider possi-
ble grain dynamics to reproduce the spiral-like pattern.
Kataoka et al. (2019) has already considered the rela-
tionships between the grain dynamics and polarization
patterns. However, we cannot directly apply the model
to the observed pattern because the assumed disk in
the model has a smooth surface density profile which is
quite di↵erent from that of the AS 209 disk. Therefore,
we qualitatively discuss the polarization pattern when
mechanical alignment occurs at the ring.
Figure 6 illustrates a possible scenario, where the dust

grains radially drift inside and outside of the local pres-
sure maxima. To find the resultant polarization pattern
at the pressure maxima, we discuss the velocity vectors
of gas and dust grains. In a laboratory frame, the gas
rotates with sub-Keplerian outside the bump due to the
negative pressure gradient while it rotates with super-
Keplerian inside the bump due to the positive pressure
gradient. Instead, the dust grains rotates almost with

From the outermost ring

Where does this correspond?



Summary

• ALMA polarization observations of AS 209 disk 

• Inner part: parallel to the minor axis 

• likely due to self-scattering 

• grain size would be ~50 µm - 500 µm 

• Outer part: azimuthal pattern 

• Alignment with gas-flow is the most likely scenario 

• Grains are being accumulated?

4 Mori et al.

Figure 1. Upper left (a): The total intensity (Stokes I) of the continuum emission at 870 µm. The solid contours represent
total intensity with levels of 100�10000 ⇥ �I (=60 µJy beam�1) in log space. The beam with the size of 0.0094 ⇥ 0.0062 and
position angle of �75.�3 is shown in the bottom left with the white ellipse. Upper right (b): Polarized intensity on a linear scale.
The solid contour levels are (3, 5, 7, 10) ⇥ �PI (= 27 µJy beam�1). The polarization vectors are presented where polarized
intensity is larger than 3�PI . We set the length of the polarization vectors to be the same. Lower left (c): The polarization
fraction overlaid with the vectors. The solid contours show polarized intensity as with the PI map. The polarization fraction
where polarized intensity is less than 3�PI is removed. The synthesized beam is also presented with the black ellipse. Lower
right (d): The 1� polarization angle error in the color scale. The synthesized beam and polarization vectors are also overlaid.
The overlaid circle at the center represents the boundary of the inner and outer regions with the radius of 0.005.

Mori, Kataoka, et al. submitted


