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I know how you feel 🙁

• Polarization? 

• Magnetic fields! (I wish it were the case.) 

• Complicated! Never understood! (me too.) 

• Scattering at millimeter wavelengths? 

• Negligible! (it’s not negligible both in continuum and 
polarization at millimeter wavelengths.)



Today’s topics and goals

• Summarizing ALMA polarization observations (See Anibal’s talk for scattering 
effects on continuum) 

• Putting them onto the discussion table of planet formation. 

• Grain size tension - spectral index infers millimeter-centimeter dust grains 
while polarization infers ~100 µm dust grains. 

• Do optically thick components solve the problem? 

• What kind of observations is missing?



polarization observations before and after ALMA

• ALMA offers polarization between Band 7 (0.9 mm) and 
Band 3 (3.1 mm).  

• Before ALMA, there was only one detection of linear 
polarization from HL Tau (Stephens et al. 2014, and see papers by 
Meredith Hughes for other disks). 

• ~10-20 detections of linear polarization of 
continuum. 

• Most of detections are made at Band 7. Some disks 
show transitions from Band 7 to 3. 

• Line polarization is still under discussion (see next slide).
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Spatially resolved magnetic field structure in the disk
of a T Tauri star
Ian W. Stephens1,2, Leslie W. Looney2, Woojin Kwon3, Manuel Fernández-López2,4, A. Meredith Hughes5, Lee G. Mundy6,
Richard M. Crutcher2, Zhi-Yun Li7 & Ramprasad Rao8

Magnetic fields in accretion disks play a dominant part during the
star formation process1,2 but have hitherto been observationally poorly
constrained. Field strengths have been inferred on T Tauri stars3

and possibly in the innermost part of their accretion disks4, but the
strength and morphology of the field in the bulk of a disk have not
been observed. Spatially unresolved measurements of polarized emis-
sion (arising from elongated dust grains aligned perpendicularly to
the field5) imply average fields aligned with the disks6,7. Theoretically,
the fields are expected to be largely toroidal, poloidal or a mixture of
the two1,2,8–10, which imply different mechanisms for transporting an-
gular momentum in the disks of actively accreting young stars such
as HL Tau (ref. 11). Here we report resolved measurements of the
polarized 1.25-millimetre continuum emission from the disk of HL
Tau. The magnetic field on a scale of 80 astronomical units is coin-
cident with the major axis (about 210 astronomical units long12) of
the disk. From this we conclude that the magnetic field inside the disk
at this scale cannot be dominated by a vertical component, though a
purely toroidal field also does not fit the data well. The unexpected
morphology suggests that the role of the magnetic field in the accre-
tion of a T Tauri star is more complex than our current theoretical
understanding.

HL Tau is located 140 pc away13, in the Taurus molecular cloud. Al-
though HL Tau is a T Tauri star, it is considered to be in an early stage
of development owing to its bipolar outflow14 and possible residual en-
velope15. Observations and modelling of this protostar assuming a thick,
flared disk suggest a stellar mass of ,0.55 times the solar mass (M[)
and a disk mass of 0.14M[ (ref. 12). A possible planet forming in the
disk of HL Tau has been observed16, though this detection was not
confirmed12. However, the disk of HL Tau is gravitationally unstable,
which could favour fragmentation into Jupiter-mass planets12,16. HL Tau
has the brightest disk of any T Tauri star at millimetre wavelengths, al-
lowing observations of the fractional polarization (P) to have the best
possible sensitivity. Previous observations of the polarization of the disk
of HL Tau yielded marginally significant, spatially unresolved polariza-
tion detections with the James Clerk Maxwell Telescope (JCMT; polariza-
tion P 5 3.6 6 2.4% at 140 5 1,960 astronomical units (AU) resolution)6

and the Submillimetre Array (SMA; polarization P 5 0.86 6 0.4% at
20 5 280 AU resolution, archival observations released in this Letter). In
addition, observations of HL Tau with the Combined Array for Millimeter-
wave Astronomy (CARMA) have shown that the interferometric emis-
sion comes entirely from the disk with no contamination from large-scale
envelope emission12. HL Tau is therefore a very promising source to
search for a spatially resolved polarization detection.

Only through observations of polarized dust emission can the mor-
phology of the magnetic field be ascertained; however, higher-resolution
dust polarimetric observations of T Tauri star disks do not detect polar-
ization and place stringent upper limits (P , 1%) on the polarization
fraction17,18 that disagree with theoretical models of high efficiency grain

alignment with a purely toroidal field8. There is a clear discrepancy
between theoretical models of the magnetic fields in disks and the ob-
servations to date, requiring more sensitive observations of the dust
polarization. The SMA recently detected the magnetic field morpho-
logy in the circumstellar disk of the Class 0 (that is, the earliest proto-
stellar stage) protostar IRAS 16293–2422 B19, but since this disk is nearly
face-on, observations cannot detect the vertical component of the mag-
netic field. Moreover, this source is perhaps one of the youngest of the
known Class 0 sources20, increasing the chances that the polarized flux
could be from the natal environment. Nevertheless, since the disk is the
brightest component at the probed scale, polarization most probably
comes from the disk, and the magnetic field morphology hints at toroi-
dal wrapping19.

We obtained 1.25-mm CARMA polarimetric maps of HL Tau at 0.60
(84 AU) resolution and plot the magnetic field morphology in Fig. 1.
This is a spatially resolved detection (with approximately three inde-
pendent beams) of the magnetic field morphology in the circumstellar
disk of a T Tauri star. The central magnetic field vector has a measured
position angle (PA, measured anticlockwise from north) of hB 5 143.6
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Figure 1 | Detected magnetic field morphology of HL Tau at 0.60 resolution.
The polarization vectors (short coloured lines) have been rotated by 90u to show
the inferred magnetic field orientation. Red vectors are detections .3sP

while blue vectors are detections between 2sP and 3sP, where sP is the
r.m.s. noise of P. We do not show vectors when the signal-to-noise ratio for
Stokes I is below 2. The sizes of the vector are proportional to the fractional
polarization, P, with the red scale bar corresponding to P 5 1%. Stokes I
contours are shown for [23, 3, 4, 6, 10, 20, 40, 60, 80, 100] 3 sI, where
sI 5 2.1 mJy per beam and is the r.m.s. noise of I. The dashed line shows the
major axis of PA 5 136u (ref. 12). The synthesized beam is shown at bottom
right and has a size of 0.650 3 0.560 and PA 5 79.5u. Dec., declination; RA,
right ascension.
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Note: red vectors are polarization 
vectors rotated by 90 degrees

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] × IT ,
where IT is 44, 154, and 460 μJy bm−1 for 3.1 mm, 1.3 mm, and 870 μm,
respectively.
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CARMA and SMA

Note: red vectors are polarization vectors

Stephens et al. 2014, 2017
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• Non-detection of CN circular polarization 

• TW Hya (Vlemmings et al. 2019) 

• AS 209 (Harrison et al. 2021) 

• Tentative detection of CO linear polarization 

• HD 142527 and IM Lup (Stephens et al. 2020) 

• TW Hya (Teague et al. 2021)

Molecular line polarization

Teague et al. 2021
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Table 2. Imaging Summary

Line Frequency Channel Width Beam (PA) Integrated Flux Density a �I
b �QU

b,c

(GHz) (ms�1) (Jy beam�1 km s�1) (mJy beam�1) (mJy beam�1)
12CO (3–2) 345.7959899 30 0.0060⇥ 0.0044 (92.�3) 44.91± 0.01 4.4 4.4
13CO (3–2) 330.5879652 30 0.0066⇥ 0.0047 (92.�6) 5.94± 0.01 5.0 5.0

CS (7–6) 342.8828503 30 0.0060⇥ 0.0044 (92.�3) 2.40± 0.04 3.4 3.4
aIntegrated out to radii of 400 and over 2.84± 2 km s�1.
bMeasured in a line free channel.
cAssuming both Stokes components share the same noise, verified in Section 3.3.

2.44 km s−1 2.54 km s−1 2.64 km s−1 2.74 km s−1 2.84 km s−1 2.94 km s−1 3.04 km s−1 3.14 km s−1 3.24 km s−1
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Figure 2. Channel maps of the 12CO (3–2) emission imaged at 100 ms�1 intervals. The top row shows the total Stokes I intensity, while the
middle rows show the Stokes Q and U components, and the bottom row shows the debiased linear polarized intensity P . We only show the
channels close to the systemic velocity, vLSR = 2.84 km s�1. We plot the beam size, with properties given in Table 2, in the bottom-left corner
of each panel. All images have been corrected for the primary beam.

In contrast to the continuum images, the channel maps of
the spectral lines show no clear sign of polarized emission,
either in the native Q and U maps or in the debiased polar-
ized intensity P maps. In this section we apply three methods
to attempt to place tighter limits on the presence of any po-
larization signals in the data.

3.1. Azimuthal Averaging by Line Shifting

In the context of protoplanetary disks, the use of az-
imuthally averaging line data by correcting for the Doppler
shift of the disk rotation is becoming more common. Origi-
nally described in Yen et al. (2016), and used in several con-
temporaneous works (e.g. Teague et al. 2016; Matrà et al.

2017), this approach has been used to detect weak spectral-
line emission that is not clearly visible in standard interfero-
metric channel maps (e.g. Schwarz et al. 2019), and has been
applied to the searches for spectral-line polarization signals
in disks (e.g., Stephens et al. 2020; Harrison et al. 2021).

This approach assumes that the line-of-sight velocity v0
is the sum of the systemic velocity vLSR and the projected
orbital rotation:

v0 = v� cos(�) sin(i) + vLSR , (3)

where v� is the rotational velocity, � is the deprojected polar
angle such that � = 0 corresponds to the red-shifted major
axis of the disk, and i is the disk inclination. Assuming that

No CO polarization is detected in channel maps, but stacking 
analysis shows detections of linear polarization in line wings.



millimeter polarization in different scales

Planck Collaboration: Signature of the magnetic field geometry of interstellar filaments in dust polarization maps

Fig. 7. Observed polarized emission at 353 GHz (in MJy sr�1) of the Musca (left) and Taurus (right) clouds. The maps are at the resolution of 9.06
(indicated by the white filled circles) for increased S/N. The black segments show the BPOS-field orientation ( +90�). The length of the pseudo-
vectors is proportional to the polarization fraction. The blue contours show the total dust intensity at levels of 3 and 6 MJy sr�1, at the resolution
of 4.08. The white boxes correspond to the area of the filaments and their backgrounds that is analysed in the rest of the paper.

Fig. 8. Observed polarization fraction (p) as a function of column den-
sity (NH), for the cuts across the crest of the filaments derived from the
boxes shown in Fig. 7. The small and large dots correspond to the back-
ground and filament regions, respectively. The three lines show linear
fits for the filament regions of log p versus log NH described in Sect. 3.4.
The data uncertainties depend on the intensity of the polarized emission.
They are the largest for low p and NH values. The mean errorbar on p is
1.2% for the data points used for the linear fits. For smaller NH values,
the uncertainty on p is larger but does not account for the full dispersion
of the data points.

allows us to characterize and compare the polarization properties
of each emission component (Sects. 4.2 and 4.3).

4.1. A two-component model: filament and background

The observed polarized emission results from the integration
along the LOS of the Stokes parameters. We take this into ac-
count by separating the filament and background emission using
the spatial information of the Planck maps. We describe the dust
emission observed towards the filaments as a simplified model

with two components. One component corresponds to the fila-
ment, for |r| < Rout, where r is the radial position relative to
the filament crest (r = 0) and Rout is the outer radius. The other
component represents the background.

We define as background the emission that is observed in
the vicinity of a filament. It comprises the emission from the
molecular cloud where the filament is located and from the dif-
fuse ISM on larger scales. We argue that the former is the domi-
nant contribution. Indeed, the Taurus B211 and L1506 filaments
and the lower column density gas surrounding them are de-
tected at similar velocities in 13CO and 12CO (between 2 and
9 km s�1, Goldsmith et al. 2008), indicating that most of the
background emission is associated with the filaments. CO emis-
sion is also detected around the Musca filament (Mizuno et al.
2001). Planck Collaboration Int. XXVIII (2015) present a map
of the dark neutral medium in the Chameleon region derived
from the comparison of �-ray emission measured by Fermi with
H i and CO data. This map shows emission around the Musca fil-
ament indicating that the background is not associated with the
di↵use ISM traced by H i emission.

We separate the filament and background contributions to
the I, Q, and U maps within the three fields defined by the
white boxes in the Taurus and Musca images displayed in Fig. 7.
The filaments have all a constant orientation on the POS within
the selected fields. For L1506 the field also excludes the star-
forming parts of that filament (see Sect. 3.3). Within each field,
we separate pixels between filament and background areas us-
ing the I map to delineate the position and width of the filament.
We fit the pixels over the background area with a polynomial
function in the direction perpendicular to the filament crest. The
fits account for the variations of the background emission, most
noticeable for U in B211 (see Fig. 4). The spatial separation is il-
lustrated on the I, Q, and U radial profiles shown in Fig. 9. These
mean profiles are obtained by averaging data within the selected
fields in the direction parallel to the filament crests. They are re-
lated to the profiles presented in Sect. 3 as follows. The mean
profile of Musca corresponds to the averaging of profiles 4 and 5
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Cloud scale 
(~ several degrees; ~ 1-10 pc scale)

Core scale 
(~several arcmin; ~1000 au scale)

Galactic scale
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images, as seen in Figure 2. Specifically, at 3.1 mm the
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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] × IT ,
where IT is 44, 154, and 460 μJy bm−1 for 3.1 mm, 1.3 mm, and 870 μm,
respectively.

3

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

HL Tau

Disk scale 
(~several arcsec; ~100 au scale)

Taurus

B335

Maury et al. 2018

Stephens et al. 2017

2762 A. J. Maury et al.

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

Figure 2. Left: The background image shows the map of position angles for the magnetic field line segments, computed only where polarized dust continuum
emission is detected with Pl/σ (Pl) > 3. The black contours show polarized intensity levels (3σ , 5σ , 10σ ,15σ ) and the grey dashed contours show the dust
continuum emission from the 7 m array data probing the core scales (as in Fig. 1). Right: The histogram shows the distribution of the magnetic field position
angles in the central 21 arcsec area of our ALMA map. The red lines show the Gaussian minimization to the histogram, used to compute the position and
FWHM of the double-peaked distribution.

et al. 2008), and their enhanced chemistry (molecular lines observed
in our Cycle 4 program, in preparation). The detection of polarized
emission implies a high degree of organization of the B-field locally
and along the line of sight: picking up only the polarized emission
from the cavity wall surface and the equatorial plane also suggests
a highly organized field in these two areas despite their different
local properties (density, irradiation).

The magnetic field topology traced in our ALMA map, shown
in Fig. 1, follows a very organized pattern, with the equatorial
plane permeated by a field aligned north–south, while the outflow
cavity walls trace a magnetic field mostly aligned along the out-
flow axis (note that there are also regions where both could be
confused on the same line of sight because of the small view-

ing angle from a perfectly edge-on case for B335). In the right-
hand panel of Fig. 2, the histogram of the magnetic field posi-
tion angles shows that the magnetic field in B335 has two di-
rections largely prevailing at all scales 50–1000 au (two peaks
at PA 74◦ and +164◦). Such a double-peaked distribution of B-
field line segments is consistent with a scenario of an organized,
strongly pinched magnetic field configuration (Galli et al. 2006)
which associated polarization emission at large scales was filtered,
as briefly discussed with the help of MHD models of protostellar
collapse in Section 4.3. This scenario of strongly pinched mag-
netic field because of extreme stretching of the field lines along the
inflow at the small scales probed here, deep in the potential well, is
also supported by large-scale observations of the magnetic field in
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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] × IT ,
where IT 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.

HL Tau

HD 142527 IM Lup
L30 W. R. F. Dent et al.

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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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

DG Tau

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, 40,max

and 40,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 1. Summary of continuum observations. The Stokes I , Q, U and polarized intensity P images are shown from left to right, with the
synthesized beam shown in the bottom left of each panel with a size of 0.0052⇥ 0.0075 and a position angle of 93�. P is shown at a significance
of > 1�P , where �P = 32 µJy beam�1. In the right-most panel, the orange line segments show the polarization orientation. The semi-
transparent segments show the polarization morphology in locations where 2�P < P < 3�P , while all opaque bars indicate detections where
P > 3�P .

Table 1. Observation Log

Date Int. Time # Ant. Mean PWV
(min) (mm)

Dec 19, 2018 16.68 42 1.53
Dec 19, 2018 29.10 43 1.42

Dec 25, 2018 16.17 45 0.37
Dec 25, 2018 23.82 45 0.47

Apr 8, 2019 16.17 49 0.88
Apr 8, 2019 11.72 47 0.96

Apr 9, 2018 16.17 46 1.45

Apr 10, 2019 15.17 43 1.08
Apr 10, 2019 24.32 41 1.83

were observed, resulting in a total on-source time of 169.3
minutes. Table 1 provides a summary of the executions and
the observing conditions. For all executions, the same phase
(J1037-2934), flux (J1058+0133), and polarization calibra-
tors (J1256-0547 and J1337-1257) were observed, and base-
lines spanned 14 m to 500 m.

2.1. Calibration

The data were first manually calibrated by NRAO/NAASC
staff following standard ALMA procedures; for a detailed de-
scription of ALMA polarization calibration, see Nagai et al.

(2016).1 We then self-calibrated the data using CASA v5.6.2
(McMullin et al. 2007). We used all continuum data, in-
cluding the line-free channels of the three spectral windows
covering the lines. We derived phase and amplitude self-
calibration corrections based on the Stokes I component of
the continuum on a per-spectral-window basis (we did this,
rather than collapsing all data into a single measurement, in
order to avoid bandwidth smearing), and then applied these
corrections to the entire data set. We performed three rounds
of phase self-calibration (with solution times of ‘inf’, 30 s,
and 10 s) and one round of amplitude self-calibration. This
improved the signal-to-noise ratio (SNR) of the Stokes I con-
tinuum by a factor of 6.4 and achieved a noise in the Stokes I
images that is roughly three times the expected thermal noise.

2.2. Continuum Emission

We made 332 GHz (900 µm) continuum images with a
range of Briggs robust weighting values, spanning uniform
(robust = –2, highest resolution and lowest sensitivity) to
natural (robust = 2, lowest resolution and highest sensitiv-
ity) weighting. We detect linearly polarized Stokes Q and U
emission when using a robust value of � 0.5, without any sig-

1 Recently it was found that there is an error in the visibility amplitude
calibration for sources with strong emission (https://almascience.nao.ac.
jp/news/amplitude-calibration-issue-affecting-some-alma-data); however,
there are currently no correction scripts available for polarization data. It
is understood that this error should only affect amplitude calibration, and
thus introduce an additional noise component to the polarization signal on
the order of a few percent of the typical noise. As this work focuses on the
extraction of a polarization signal through spectral shifting and stacking, it
is unlikely that these amplitude calibration issues will influence the results
presented here.

The center of the histogram seems to be around ∼0°,
but three of the Δθminor values significantly deviate from 0.
Given the fact that the sample size is small and each vector
is not necessarily independently sampled, we cannot conclude
whether the spread is real or not. One possibility is that
the spread comes from beam dilution, where polarization in
the outer regions can cause some angular deviations from the
minor axis. Although an observation with a smaller beam
size is necessary to confirm the statement, we conclude that
the polarization orientations in the inner region are consistent
with the direction of the minor axis.

In the outer 0 5 region, on the other hand, the polarization
orientations seem to be aligned in the azimuthal directions. To
interpret the polarization, we proceed to a further analysis of
the polarization angles. First, we discuss whether the observed
polarization orientations are consistent with circular or elliptical
patterns. The circular pattern is a concentric circle on the image
plane, and the elliptical pattern is a trajectory that traces the
same orbits in the inclined disk. We derive the tangents of the
circle and the ellipse at each location of the polarization
vectors. For the derivations of the elliptical tangents, we use the
same PA of the major axis as the previous discussion and the
inclination of 34°.88 (Guzmán et al. 2018). Figures 3(a) and (b)

depict comparisons between the observed polarization orienta-
tions and the circular (a) or elliptical (b) tangents overlaid on
the Stokes I map. Figures 3(c) and (d) show the distribution of
the angular deviations from the circular (c) and elliptical (d)
tangents, each of which is overlaid with the best-fitted Gaussian
function.
The histogram of the angular deviations from the elliptical

tangents shows a slightly narrower width than that from the
circular tangents. We confirm this by performing the Gaussian
fittings of the histogram, showing that the standard deviations
are ∼10° and ∼11° in the elliptical and circular cases,
respectively. Therefore, the polarization pattern is more
consistent with the elliptical pattern rather than the circular
pattern. We also conduct a χ2 test to statistically examine the
above discussion and conclude that the elliptical pattern is
indeed preferred (see the Appendix).
Then, we investigate if there is a systematic angular

difference between the polarization angles and the elliptical
tangents. If the polarization vectors are completely aligned with
the ellipse, the mean of the angular differences Δθellipse would
be 0°. However, the histogram of the angular differences shows
a certain shift from Δθellipse=0°. We calculate a weighted
mean of Δθellipse with the Δθellipse and σθ maps (see the

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 100–10,000×σI
(=60 μJy beam−1) in log space. The beam with the size of 0 94×0 62 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)×σPI (=27 μJy beam−1). The polarization vectors are presented where polarized
intensity is larger than 3σPI. 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 3σPI is removed. The synthesized beam is also
presented with the black ellipse. Lower right (d): the color map of the 1σ polarization angle error (σθ). 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 5.
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Current understandings of polarization
ALMA polarization of smooth and inclined disks, around a low-mass stars, with scales less than 100 au
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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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Parallel to the minor axis
essential. The wavelength dependence of the polarization
fraction is not strong in the case of the grain alignment,
while it is strong in the case of the self-scattering because
the scattering-induced polarization is efficient only when the
maximum grain size is around M Q2 where λ is the
wavelengths (Kataoka et al. 2015).

To obtain the wavelength-dependent polarimetric images, we
observe the HL Tau disk with the Atacama Large Millimeter/
submillimeter Array (ALMA) using Band 3. HL Tau is a young
star in the Taurus molecular cloud with a distance of 140pc
(Rebull et al. 2004). The circumstellar disk is around in
∼100 au scale (Kwon et al. 2011). The disk has several ring
and gap structures with tens of au scales (ALMA Partnership
et al. 2015). The observed band corresponds to wavelengths of
3.1 mm, which is sufficiently longer than the previous CARMA
polarimetric observations at 1.3 mm (Stephens et al. 2014).

2. Observations

HL Tau was observed by ALMA on 2016 October 12,
during its Cycle 4 operation (2016.1.00115.S, PI: A. Kataoka).
The antenna configuration was C40-6, and 41 antennas were
operating. The correlator processed four spectral windows
centered at 90.5, 92.5, 102.5, and 104.5 GHz with a bandwidth
of 1.75 GHz each. The bandpass, amplitude, and phase were
calibrated by observations of J0510+1800, J0423-0120, and
J0431+1731, respectively, and the polarization calibration was
performed by observations of J0510+1800. The raw data were
reduced by the EA-ARC staff.

We further perform the iterative CLEAN deconvolution
imaging with self-calibration to improve the image quality. We
employ the briggs weighting with the robust parameter of 0.5
and the multiscale option with scale parameters of 0, 0.3, and
0.9 arcsec. The beam size of the final product is ´ q ´0. 45 0. 29,
corresponding to _ q63 41 au at a distance of 140 pc to the
target. The rms for Stokes I, Q, and Uis 9.6, 6.9, and 6.9 μJy,
respectively.

3. Results

The top panel of Figure 1 shows the polarized intensity in
colorscale overlaid with polarization vectors,9 and the contour
represents the continuum emission. The bottom panel of
Figure 1 shows the polarization fraction in colorscale, and the
others are the same as the top panel. Due to the lower spatial
resolution than the long baseline campaign (ALMA Partnership
et al. 2015), the multiple-ring and multiple-gap structure of the
continuum is not resolved. The total flux density is 75.1 mJy,
which is consistent with the previous ALMA observations with
Band 3 (74.3 mJy; ALMA Partnership et al. 2015).

We successfully detect the ring-like polarized emission at
3.1 mm. The polarized intensity has a peak of 145 μJy/beam,
which corresponds to a 21σ detection with the rms of 6.9μJy.
The peak of the polarized intensity is not located at the central
star but on the ring. We see three blobs on the ring, but this
may be due to the interferometric effects. The polarized
intensity at the location of the central star is lower than the
other regions. We interpret this structure as a beam dilution of
the central region where polarization is expected to be

azimuthal and thus cancels out each other. The polarization
fraction is around 1.8% on the ring.
The flux densities of the entire disk are −39.7 μJy for Stokes

Q and −40.6 μJy for Stokes U. Therefore, the integrated
polarized intensity is T� � � �Q UPI 56.42 2

PI
2 μJy.

Dividing the total polarized intensity by the total Stokes I,
we obtain 0.08% for the total polarization fraction. The
instrumental polarization contamination of the ALMA inter-
ferometers is the polarization fraction of 0.1% for a point
source in the center of the field or 0.3% within up to the inner
1/3 of the FWHM (see the technical handbook of ALMA;
further discussion is found in Nagai et al. 2016). The derived
polarization fraction of the integrated flux corresponds to the
case of the point source. Therefore, the upper limit of the
integrated polarization fraction of the HL Tau disk at 3.1 mm
by our observations is 0.1%. The low total polarization fraction
means that we could not have detected polarization if we had
not resolved the target.

Figure 1. ALMA Band 3 observations of the HL Tau disk. The wavelength is
3.1 mm. The top panel shows the polarized intensity in colorscale, the
polarization direction as red vectors, and the continuum intensity as the solid
contour. The vectors are shown where the polarized intensity is larger than
T5 PI. The contours correspond to q( )10, 20, 40, 80, 160, 320, 640, 1280 the
rms of 9.6 μJy. The bottom panel shows that the polarization fraction in
colorscale, polarization vectors in blue, and the same continuum intensity
contours as the top.

9 We plot the polarization vectors not scaling with the polarization fraction
but written with the same length because this allows for the polarization
morphology to be more obvious. However, the reliability does not depend on
the polarization fraction, but rather on the polarized intensity.
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Band 3
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Fig. 1. Stokes I (left panel), polarized intensity (middle panel) and polarization fraction (right panel) of our Band 3 (upper panels), Band 6 (middle
panels) and Band 7 (lower panels) ALMA data. The contours indicate the intensity levels of the Stokes I emission in each band, being 30, 60, 90,
120, 150,180 times the rms for bands of 3 and 6 (rmsBand 3 ⇠ 0.012 mJy beam�1 and rmsBand 6 ⇠ 0.15 mJy beam �1), and 30, 60, 90, 120 times
0.52 mJy beam�1, the rms for Band 7. The synthesized beams are 0.2200 ⇥ 0.1700 (position angle = �61.46�) for Band 3, 0.2600 ⇥ 0.1500 (position
angle = �85.65�) for Band 6 and 0.2100 ⇥ 0.1800 (position angle = �72.79�) for Band 7. The vector map indicates the orientation of the polarization
whose length is proportional to the polarization fraction. The vectors are sampled as one vector every two pixels. The two star-symbols at the
middle-lower panel indicate the position of the two continuum peaks detected in the 34 GHz VLA data, being VLA 5a the northern peak and VLA
5b the southern one (see also Fig. 2).

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

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

2.2. VLA

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

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

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

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

2.2. VLA

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

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

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

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

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

2.2. VLA

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

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

Previous VLA lower angular resolution observations (⇠
300) at 3.6 cm detected the source VLA 5 near the cen-
ter of the disk of BHB07-11 (Dzib et al. 2013). The new
observations resolved VLA 5 in a binary system, VLA 5a
(RA = 17:11:23.1057, DEC = �27:24:32.818) and VLA 5b,
(17:11:23.1017, �27:24:32.985). The uncertainties in the po-
sitions are '4 mas. Their flux densities are 0.32 ± 0.03 and
0.23 ± 0.03 mJy, respectively. The two radio sources appear in-
side the disk, slightly o↵set of the dust millimeter continuum
peaks (Fig. 2).
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The transition of polarization morphologies from one
wavelength to another is also apparent in the 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] × IT ,
where IT is 44, 154, and 460 μJy bm−1 for 3.1 mm, 1.3 mm, and 870 μm,
respectively.
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3.1 mm. The negative blobs disappear at 1.3 mm, while the
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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.
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difference between the two P peaks along the major axis is
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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] × IT ,
where IT is 44, 154, and 460 μJy bm−1 for 3.1 mm, 1.3 mm, and 870 μm,
respectively.
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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
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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
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Figure 5. (Left) Spectral index between 1 and 3 mm as a function of integrated 1 mm flux for Lupus discs (red), Ophiuchus (dark brown), and Taurus (yellow).
Lupus TDs are marked with an additional red circle. The dark shaded region represents the sensitivity cut-o� of our ALMA observations, i.e. where observations
are not sensitive anymore. The dashed line is the typical U1�3 mm of the optically thin emission of ISM dust. (Right) Normalised cumulative distribution of the
spectral index measurements shown in the left panel.

5 DISCUSSION

Spectral indices at sub-mm/mm wavelengths provide us with valu-
able information on the optical properties of the population of large
grains residing in the discs midplane. In Sect. 5.1 we discuss the con-
straints that our new 3 mm measurements set on the average grain
properties in the Lupus discs assuming that most of the observed
emission is optically thin. In Sect. 5.2 we discuss the millimeter con-
tinuum size-luminosity relation (Tripathi et al. 2017; Andrews et al.
2018a) in light of new constraints posed by the 3 mm observations
presented here.

5.1 Implications for grain growth

Thanks to their sensitivity to the thermal emission of dust grains
harboured in the dense and cold disc midplane, sub-millimeter and
millimeter observations constitute a powerful probe of the early
phase of grain growth from sub-micron to mm sizes (Testi et al.
2014, , and references therein). At sub-mm and mm wavelengths
the dust emission is mostly optically thin and the slope Umm of the
(sub-)mm SED (namely, the spectral index)

Umm =
m log �a
m log a

(2)

can be related in first approximation to the dust opacity power-law
slope V, being the opacity ^a / aV , as

Umm ⇡ V + 2 , (3)

where the further assumption that the radiation is emitted in
Rayleigh-Jeans regime was made. If we consider a power-law grain
size distribution =(0) / 0�@ for 0min  0  0max (0 being the
radius of the emitting grain), it is possible to show (Miyake & Nak-
agawa 1993) that the dust power-law index V depends strongly on
0max (provided that 0min < 1`m). Typical values of U1�3mm ⇠ 3.7
are found for the relatively small ISM dust grains (0max ⇡ 0.25`m),
while Natta & Testi (2004) showed that dust grains with sizes V  1
(U1�3mm  3) can be safely interpreted as evidence of large grains

(0max � 1mm) for a wide range of dust composition, porosity and
size distribution (see also Draine 2006).

Using the new 3 mm data presented here, we find that the mean
spectral index in the Lupus discs is U1�3 mm = 2.23 ± 0.06, which
corresponds to a nominal average dust opacity V = 0.23 ± 0.06
according to Eq. (3). By comparing this result with theoretical dust
opacity models based on Mie theory and a range of compositions
(e.g., Draine 2006; Birnstiel et al. 2018), we find that V ⇠ 0.2 � 0.5
requires a grain populations dominated by large grains (@  3) with
maximum grain size at least larger than 1 mm.

Global dust evolution models (Brauer et al. 2007, 2008) pre-
dict very short lifetimes for large grains: as soon as they grow past
mm sizes at large distances from the star, they are expected to un-
dergo rapid inward migration due to the loss of angular momentum
to the gaseous component of the disc (Weidenschilling 1977). Ob-
servationally, the loss of large grains is expected to make discs
evolve very quickly towards large values U1�3 mm > 3.5 (Birnstiel
et al. 2010). However, the observational evidence of low values of
U1�3 mm ' 2.23 (hence, V ' 0.23 and 0max > 1 mm) gathered
not only in the Lupus region, but also in the coeval (1-3 Myr old)
Taurus and Ophiuchus regions (cf. Fig. 5), can be interpreted in
terms of a high occurrence of dust retention mechanisms. Pressure
maxima created by strong gas inhomogeinities (Pinilla et al. 2012a)
or by a forming planet embedded in the disc (Whipple 1972; Brauer
et al. 2008; Pinilla et al. 2012b), streaming instability (Cuzzi et al.
1993; Youdin & Goodman 2005), and dust accumulation in vortices
(Barge & Sommeria 1995; Klahr & Henning 1997; Lyra et al. 2009;
Barge et al. 2017) are all e�ects that can potentially slow down or
even completely halt the drift of large grains. In this work we focused
on the spatially-integrated analysis of these new 3 mm observations
at moderate resolution, which do not allow us to infer which of
these mechanisms are shaping the Lupus discs. However, 7 discs in
our sample have been targeted by ALMA at 1.3 mm and extreme
angular resolution by the DSHARP (Andrews et al. 2018b) survey
(see note in Table 1: while two discs (Sz 114 and MY Lup) exhibit a
rather smooth surface brightness, five of them (Sz 68, Sz 71, Sz 82,

MNRAS 000, 1–11 (2020)
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Fig. 1. Continuum maps of HD 163296 at 0.87, 1.3, 2.8 and 7 mm, starting from the left. In order to highlight the extended morphology of the
disk, the first contour level in the 0.87 mm map corresponds to 30 mJy (3σ), the second to 6σ while the inner contour levels are spaced by 10σ.
At longer wavelength the contour levels are all spaced by 3σ, corresponding to 12 mJy at 1.3 mm, 3.3 mJy at 2.8 mm and 0.75 mJy at 7 mm. The
small boxes show the relative synthesized beams. The integrated fluxes, the beam dimensions and orientations are summarized in Table 1.

geometrically thin disk and taking into account the beam shape,
the observed aspect ratio of the level contours implies an incli-
nation of the disk plane from the line of sight of 45◦ ± 20◦ and
a position angle of 120◦ ± 30◦, in rough agreement with the val-
ues obtained by Mannings & Sargent (1997) using marginally
resolved OVRO observations (58◦ and 126◦ respectively).

The emission is resolved at all the wavelengths in the East-
West direction. The fainter contour levels are not centrally sym-
metric, showing excess emission in the east half of the image,
better visible in the 0.87 and 1.3 mm maps. Both the disk size
and the morphology will be discussed in more detail in Sect. 6.

3.2. Disk kinematics

As shown in Figs. 2–3, in all the detected molecular line transi-
tions, the emission is resolved, showing a velocity pattern typical
of an inclined rotating disk characterized by a position angle of
about 130◦ (a more precise estimate of the position angle will
be presented in Sect. 5). The velocity-position diagram calcu-
lated along this direction (see Fig. 5) shows a well defined “but-
terfly shape” typical of Keplerian rotation. A first estimate of
the mass of the central object and of the dimension of the disk
can be obtained by comparing the observed velocities with the
Keplerian law:

vε = C · ε−1/2, (1)

where ε is the angular distance from the central star and vε is the
component of the disk rotational velocity along the line of sight.
If the stellar mass M# is in solar units, the stellar distance d in
parsec and θ is the disk inclination (θ = 0 means pole-on disk),
the constant C # 30

√
M#/d sin θ is the component along the line

of sight of the disk rotational velocity (in km s−1) at ε = 1′′. As
shown in Fig. 5 the envelopes of both the 12CO and 13CO emis-
sions are in agreement with C # 2.7 ± 0.4 km s−1. This value
corresponds to a stellar mass of 2.0 ± 0.5 M& for an inclina-
tion of 45◦ and d = 122 pc. Note finally that the disk rotation
is clearly observed at least up to a distance of about 4′′, corre-
sponding to a minimum disk outer radius of about 500 AU. We
will discuss in more detail the determination of the stellar mass
and the disk outer radius in Sect. 5, using a detailed model for
the continuum and CO molecular emission.

Fig. 5. Velocity-position plots along the plane of the disk for the
12CO J = 2–1 (upper panel), the 12CO J = 3–2 (middle panel) and the
13CO J = 1–0 (lower panel) transitions. The angular offset is measured
with respect to the phase center of the observations corresponding to
the position of the central star. The contour levels are spaced by 2σ cor-
responding to 0.14 Jy/beam, 1 Jy/beam and 0.06 Jy/beam respectively.
The cross in the lower left of each panel gives the angular and spec-
tral resolution of the corresponding map. The thick solid lines marks
the border where emission is expected for a Keplerian disk inclined
by 45◦ and rotating around a 2.0 M& point source; the external and in-
ternal dashed lines correspond to stellar masses of 2.5 M& and 1.5 M&
respectively. The horizontal and vertical straight dashed lines mark the
systemic velocity (5.8 km s−1) and the position of the continuum peak.
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(b) 

(a) 

10 au 

(b) 

(a) 

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
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Fig. 3. Azimuthally averaged radial intensity profile of the inner 30 au of the disk of TW Hya at 0.87 mm (top-left), 1.3 mm (top-middle), 2.1 mm
(bottom-left), and 3.1 mm (bottom-middle), obtained from the higher resolution images shown in the insets of Fig. 1. In order to minimize the
e↵ects of the elongated beam at 2.1 mm, the radial profile at this wavelength was obtained by averaging the emission only within two 90� slices
in PA across the minor axis of the beam. The inset in this panel shows the geometric mean of the full beam size, so the resolution of the profile
will be slightly better than the one displayed by the inset. The lines and colored regions indicate the same as in Fig.2. The right panel displays the
same four profiles in units of brightness temperature.

Fig. 4. Spectral index radial profiles of the dust emission of the disk around TW Hya between 0.87 mm and 1.3 mm (left), 1.3 mm and 2.1 mm
(middle), and 2.1 mm and 3.1 mm (right). These radial profiles were obtained by azimuthally averaging the spectral index maps obtained with the
multiband imaging in tclean (see Sect. 2). The shaded colored regions indicate the error of the mean at each radii, computed as in the averaged
radial intensity profiles. The Gaussian insets in the lower-right corner of each plot show the geometric mean of the beam size. The gray error bars
in the lower-right corner of each plot indicate the maximum possible vertical shift of the spectral index profiles introduced by flux calibration
systematic errors. We note that these shifts would a↵ect all radii simultaneously, so they do not a↵ect the relative shape of the spectral index
profiles. The vertical dashed and dotted lines are the same as in Fig.2.

minimized by the close to face-on geometry of the disk of TW
Hya. Given these assumptions, the emergent intensity at a par-
ticular radius can be computed as a 1D vertically isothermal slab
(Sierra et al. 2019; Carrasco-González et al. 2019):

I⌫ = B⌫(Td)[(1 � exp(�⌧⌫/µ)) + !⌫F(⌧⌫,!⌫)], (2)

where Td is the dust temperature, B⌫(Td) is the black body emis-
sion at Td and frequency ⌫, ⌧⌫ = ⌃d�⌫ is the optical depth, ⌃d

is the dust surface density, �⌫ is the total dust opacity (i.e., ab-
sorption, ⌫, plus scattering, �⌫), !⌫ = �⌫/(⌫ + �⌫) is the dust
albedo, and µ = cos(i) (where i is the inclination angle, i = 0�
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Fig. 1. Images of the dust thermal emission of the protoplanetary disk around TW Hya at 0.87 mm (top-left), 1.3 mm (top-right), 2.1 mm (bottom-
left), and 3.1 mm (bottom-right). The inset in each panel shows a zoom of the inner 0.002 region of the disk (i.e., 12 au), using an image with higher
angular resolution. The rms, beam sizes, and flux densities of all images are listed in Table 2.

dust optical depth can be used to estimate the properties of the
dust emission, namely, the dust density, dust temperature, and
dust opacity. We analyze the frequency dependency of the dust
emission in more detail in section Sect. 4.

3.2. Central compact emission

Inside the inner cavity, we detect a compact source at the position
of the star at the four wavelengths. This source was previously
detected at 0.87 mm and 1.3 mm (Andrews et al. 2016; Huang
et al. 2018a), and we now detect it at 2.1 mm and 3.1 mm as
well. As shown in Figure 3, the emission of this source increases
significantly at longer wavelengths. At 3.1 mm, the brightness
temperature at the disk center reaches values a factor of 2 higher
than at the other bands. While these images are not directly com-
parable because of the di↵erent beam sizes, the larger beam at
3.1 mm would in fact decrease the brightness temperature of a

bright compact source due to beam smearing. Therefore, the in-
crease in brightness temperature at longer wavelengths is likely
not only real, but actually higher than seen in our observations.

In order to shed more light on the nature of this source, we
can inspect the spectral index of the emission at this position.
Using the spectral index maps from the multiband images, we
estimate a spectral index of ⇠ 1.8, ⇠ 1.3, and ⇠ 0.6 at 0.87-1.3
mm, 1.3-2.1 mm, and 2.1-3.1 mm, respectively. At 0.87-1.3 mm,
the spectral index in fact remains constant up to r ⇠ 20 au, and
is hence likely associated with dust thermal emission. However,
the significant flattening of the spectral index at 1.3-2.1 mm and
2.1-3.1 mm cannot be caused by dust emission, even if consider-
ing the e↵ects of self-scattering (Zhu et al. 2019). Instead, these
spectral slopes indicate that the emission at 2.1 mm and 3.1 mm
has a significant contribution of free-free emission. We discuss
the origin of this free-free emission in Sect. 5.1.

Article number, page 6 of 23

∼42 mas and an rms noise of ∼4 μJy beam−1. We obtained
new observations in Ka and K bands during seven observa-
tional sessions between 2016 October 1st and 18th, using the A
configuration of the VLA. These data were calibrated using the
NRAO pipeline for VLA continuum data. In all sessions, flux,

bandpass, and complex gain calibrations were performed by
observing 3C147, 3C84, and J0431+1731, respectively. These
were the same calibrators used in the previous Q-band data.
Angular resolutions and rms noises for robust 0 weighted
images are ∼49 mas and ∼3.5 μJy beam−1 for the Ka band and

Figure 3. Radial profiles of the brightness temperature in the ALMA and VLA images (top panel) and spectral indices between different combinations of wavelengths
(bottom panel). In both panels, statistical errors (based on the rms noise of the maps) at 1σ and 2σ levels are shown as filled bands around the nominal values.
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∼49 mas and an rms noise of ∼14 μJy beam−1 (for a robust 0
weighted image).

2.2. VLA Observations

We used high-sensitivity VLA observations in Q, Ka, and K
bands, corresponding to central wavelengths of 7.0, 9.0, and
13 mm, respectively. The Q-band data are a combination of
data in C, B, and A configurations and were already presented
and discussed in Carrasco-González et al. (2016). The 7.0 mm
image (robust 0 weighted image) has an angular resolution of

Figure 2. Final images of the HLTau disk used in the analysis (see Section 2.3 for details). All images are convolved to the same angular resolution of 50 mas
(∼7.35 au), and all panels show the same spatial extent (2″×2″, centered on the disk peak intensity). Color scales in the four panels are between twice the rms of
each map and the maximum intensity (see Table 2). The VLA image at 8.0 mm was made by combining data in the Ka and Q bands after subtraction of the free–free
emission (see Appendix A for details).

Table 2
Final ALMA and VLA Images of HL Tau Used in the Analysis

Wavelength Rms Noise Maximum Intensity
Telescope Band (mm) (μJy beam−1) (mJy beam−1)

ALMA B7 0.9 15 33
ALMA B6 1.3 20 15
ALMA B4 2.1 15 5
VLA Ka+Q 8.0 3 0.2

Note.All images are convolved to a circular beam with a diameter size of 50 mas. The
VLA image is corrected for free–free emission, and was obtained by combining Ka and Q
bands.
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Macias et al. 2021, Carrasco-Gonzalez et al. 2019; see also Perez et al. 2012



dust grain size inferred from self-scattering

Albedo = efficiency of scattering

grain sizea=λ/2π

Polarization at single scattering

grain sizea=λ/2π

Scattering-induced polarization is detectable only when a=λ/2π

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

TABLE 1
The sensitive grain size for observed

wavelengths

wavelengths � the sensitive grain size amax

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

tion due to 90� scattering.

2.4. Detectable grain size for each wavelength

We have demonstrated that the polarization due to 90�

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

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

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

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

2.5. A toy model to understand the self-scattering

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

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

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

Prediction of polarization fraction



~100 µm sized grains?

However, we cannot rule out the grain alignment with the
poloidal magnetic fields. In the case of the 1.3 mm image,
however, we interpret it with (c) the self-scattering of the
thermal dust emission, which provides the polarization vectors
parallel to the minor axis. However, there could be also some
contributions of (b) the alignment with the radiation fields to
the polarization, which enhances the polarization vectors at the
north–west and south–east regions (along the major axis) while
decreasing the polarization fraction at the north–east and
south–west regions (along the minor axis).

The wavelength dependence in the polarization fraction in
the case of the self-scattering is strong (Kataoka et al. 2015),
while it is weaker in the case of the grain alignment. Therefore,
the most natural interpretation is that the alignment with the
radiation fields provides the axisymmetric azimuthal polariza-
tion vectors on both wavelengths, while the self-scattering
dominates at 1.3 mm.

4.2. Modeling the Scattered Components

By modeling the scattered components of the polarization,
we can constrain the grain size in the HL Tau disk. To model
the scattering components in polarization, we consider the total
polarization fraction across HL Tau. If we integrate the
polarization all over the disk, the axisymmetric vectors are
canceled out. The scattering-induced polarization provides the
vectors parallel to the minor axis, which resides as the total
polarization fraction. However, the alignment with the radiative
flux is almost axisymmetric and thus does not contribute so
much on the integrated polarization fraction. We estimate the
contribution of the radiative flux alignment to the total
polarization fraction assuming that the disk is geometrically
and optically thin, the local alignment efficiency p is the same
in the entire disk (Fiege & Pudritz 2000; Tomisaka 2011), and
there is no wavelength dependence. The contribution is
calculated to be q p0.114 , and the polarization vectors are
parallel to the major axis.

We have already discussed that the upper limit of the total
polarization fraction is 0.1% at 3.1 mm with our ALMA
observations. The polarization fraction with SMA is reported to
be 0.86%±0.4% at 0.87 mm (Stephens et al. 2014). Note that
the detection was at 2σ significance, which might be an upper
limit of the polarization fraction, while we use the reported
value in Stephens et al. (2014) in this Letter. We calculate the
total degree of polarization observed with CARMA at 1.3 mm
with the data reported by Stephens et al. (2014), which
is o0.52% 0.1%.

Figure 4 compares that the theoretical prediction and the
observational results of the total polarization fraction. The
contribution of the self-scattering is estimated as X�P CP90 ,
where C is the calibration factor set to be 2.0%, P90 is the
polarization efficiency for the scattering angle of 90° in a single
scattering, and ω is the albedo (Kataoka et al. 2015, 2016a).
This prediction is confirmed as matching the resulting radiative
transfer calculations of the polarization due to the self-
scattering within an error of 50% (Kataoka et al. 2016a). The
dust grains are assumed to be spherical and have a power-law
size distribution of r �( )n a a 3.5. We vary the maximum grain
size amax for �a 50, 70, 100max , and N150 m. The contrib-
ution of the radiative alignment is estimated in three cases
where the local polarization fraction is �p 0%, 1.8%, and
3.6%. We choose �p 1.8% for the fiducial case based on our
observations, but the local polarization fraction could be higher

if the spatial resolution is better or smaller if it is diluted by the
beam. Then, we obtain the contribution to the total polarization
fraction of q �p0.114 0, 0.21, and 0.41, respectively.
To explain the results of SMA and CARMA, the self-

scattering is essential. In the case of N�a 50 mmax , the
expected polarization fraction is too low to explain the
observations because the albedo is too small at the wavelengths
of 0.87 and 1.3 mm. In the case of N�a 150 mmax , on the
other hand, the polarization fraction is too high to explain the
SMA, CARMA, and ALMA observations. In the case of

N�a 70 mmax , if the contribution from the radiative alignment
is small in the range of � �p0 1.8%, the observations can be
explained. However, if the local alignment efficiency produces
�p 1.8%, the total polarization fraction is more than 0.1% at

3.1 mm, which is not consistent with the upper limit of the
ALMA observations. In the case of N�a 100 mmax , the
combination of the self-scattering and the radiative alignment
greatly explains the whole observations. Therefore, we
conclude that the maximum grain size is constrained to be

N�a 100 mmax from the polarimetric observations of SMA,
CARMA, and ALMA.

4.3. Dust Grains in the HL Tau Disk

The opacity index of dust grains with N�a 100 mmax is the
same as the interstellar medium or higher, which corresponds
to C _ 1.7 or more for the standard mixture of silicate, water
ice, or carbonaceous materials (e.g., Miyake & Nakagawa 1993;
Ricci et al. 2010). However, the HL Tau disk has been
observed at 7 mm using VLA, and the spectral index between
3 mm with ALMA and 7 mm with VLA is around 3.0
(Carrasco-González et al. 2016). The continuum emissions at
3 mm and 7 mm are optically thin, and thus the opacity index is
C _ 1.0, which is not consistent with the value inferred from
our polarization observations.
One possibility that could resolve this problem would be to

consider two dust populations. One dust population consists
primarily of small grains (10s of μm in size) that dominate the
polarization in the disk. The second dust population primarily
consists of large grains (�100μm in size) that produce

Figure 4. Total polarization fraction as a function of the observed wavelengths.
The total polarization fraction is derived by integrating each Stokes I, Q, and U
component. The curves represent the prediction of the HL Tau disk with the
self-scattering model where the maximum grain sizes are �a 50, 70, 100max ,
and N150 m (Kataoka et al. 2016a) and with the radiative alignment model. The
dashed, solid, and dotted lines represent the models with the local alignment
efficiency of �p 0%, 1.8%, 3.6%, respectively.
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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] × IT ,
where IT is 44, 154, and 460 μJy bm−1 for 3.1 mm, 1.3 mm, and 870 μm,
respectively.
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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.
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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 �
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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
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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.
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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.
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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.
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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
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intensity, which is masked to only show 3σ detections. Stokes I contours in
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beam. Then the position of each point was moved to the nearest
local radial maximum (or minimum for dark rings). To avoid
regions where the rings become less distinct, points were
discarded if they moved outside the nominal width of the
individual rings (5 to 8 AU). Eight rings retained 55%> of the
points, to which we subsequently fit an ellipse, including its
center position, using a Markov Chain Monte Carlo (Foreman-
Mackey et al. 2013). The results are listed in Table 2, with the
full range of parameters given for the eight most distinct rings,
and just the semimajor axis for the others. It seems likely that
the “gap,” “enhancement,” and “clump” observed in VLA 1.3
and 0.7 cm images (Greaves et al. 2008; Carrasco-González
et al. 2009) at ∼10, 20, and 55 AU along the major axis of the
disk correspond to the D1, B1, and the combined emission
from the B2 to B4 rings, respectively.

The weighted average of the best-fit inclination and P.A. for
the eight fitted rings yields i 46 .72 0 .05= ±◦ ◦ and P.A.

138 .02 0 .07= ±◦ ◦ , consistent with the constraints found for

the average disk geometry over large scales. However, the best-
fit ellipses have their centers offset with respect to the peak of
the 1.0 mm emission, as can be seen in the equatorial offsets
reported in Table 2. These offsets are statistically significant for
all but the innermost ring (D1). Interestingly, the magnitude of
the position offset increases with orbital distance from the
center.
Using the weighted average inclination and P.A., we have

deprojected the combined 1.0 mm visibility data into a
circularly symmetric, face-on equivalent view (see Figure 3
(a)). We have also extracted cross-cuts at an angle of138° from
both the 1.0 mm continuum image and the spectral index map
shown in Figures 2(e) and (f). These cross-cuts are shown in
Figures 3(b) and (c). The variation in intensity between the
bright and dark rings is readily apparent. Considering only the
fully characterized rings, the largest average intensity contrast
is between the first pair with D1 being 46% less bright than B1,
and the smallest contrast is between the 5th pair with D5 being

Figure 2. Panels (a), (b), and (c) show 2.9, 1.3, and 0.87 mm ALMA continuum images of HL Tau. Panel (d) shows the 1.3 mm PSF for the same FOV as the other
panels as well as an inset with an enlarged view of the inner 300 mas centered on the PSF’s peak (the other bands show similar patterns). Panels (e) and (f) show the
image and spectral index maps resulting from the combination of the 1.3 and 0.87 mm data. The spectral index (α) map has been masked where 4errorα α < . The
synthesized beams are shown in the lower left of each panel; also see Table 1. The range of the color bar shown for panel (b) at 1.3 mm corresponds to 2− × rms to
0.9× the image peak using the values in Table 1. The color scales for panels (a), (c), and (e) are the same except using the values of rms and image peak
corresponding to each respective wavelength in Table 1.
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ALMA Partnership 2015, Stephens et al. 2017 Kataoka et al. 2017, modified

Self-scattering components



How do we solve the problem? 
spectral index vs. polarization



Akimasa Kataoka (NAOJ)

• How can we explain ALMA emission at 0.45 
mm and bright emission at 8.8 mm (VLA)? 

• Concentrated centimeter size dust grains (van 
der Marel et al. 2015) 

• But the model cannot explain new 
detection of polarization at 0.9 mm. 

• Best model: extremely optically thick  dust (τ 
~ 7.3) at 0.9 mm 

• large grains may be hidden at midplane, but not 
necessary

optically thick disk? case of IRS 48

5. Discussion

5.1. Comparisons between Our Models and ALMA 440 μm
Dust Continuum Emission

In Sections 4.1 and 4.2, we show that the ALMA polarization
data and VLA continuum data could be explained by Models 2
and 3 shown in Table 2. Here, we discuss these two models in the
context of the 440 μm dust continuum images because van der
Marel et al. (2013) revealed the crescent structure with ALMA

440 μm dust continuum observations with high spatial resolution.
Therefore, we calculate the radiative transfer based on these two
models (Models 2 and 3) at 440 μm wavelength in order to
investigate whether these models can match the ALMA 440 μm
observations as well as the ALMA 860 μm and VLA 8.8 mm
observations.
Figure 10 shows the images of the ALMA 440 μm continuum

observations (van der Marel et al. 2013), the optically thin model
(Model 2 in Table 2), and the optically thick model (Model 3 in

Figure 9. Same as Figure 5, but for the optically thick model assuming a maximum grain size of 140 μm, surface density of Σd=8.2 g cm−2 (corresponding to
τabs=0.09 at λ=8.8 mm), and azimuthal width of fw=18°. The temperature is set to be 35 K.

Table 2
Summary of the Possible Dust Distribution Models for ALMA Polarization and VLA Continuum

Optically Thin Model Σ0
a ALMA Polarizationb VLA Continuumb

1. Optically thin with 0.26 g cm−2 Yes No,
amax∼100 μm model emission is ∼10 times weaker

2. Optically thin with 0.65 g cm−2 Marginally yes, Yes
amax∼100 μm and ∼1 cm Stokes Q and U drop at the continuum peak

Optically Thick Model ALMA Polarization VLA Continuum

3. Optically thick with 8.2 g cm−2 Yes Yes
amax∼100 μm

Notes.
a
Σ0 is the dust surface density at the dust trap in Equation (3).

b yes/no indicates whether the model agrees with the observations or not.
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distributions of dust emission at 450 μm and 0.9 cm are
compared and we aim to provide confirmation of the dust trap
scenario in a transitional disk. Section 2 describes the
observation setup and calibration process, Section 3 presents
the images and the derived intensity profile and Section 4
discusses the interpretation of the different morphologies and
possible implications for the dust trapping scenario.

2. OBSERVATIONS

Observations of Oph IRS 48 at 34 GHz (9 mm) were
obtained using the VLA in the CnB and B configurations in
2015 January–February as part of program 14B-115, with
baselines ranging from 75 to 8700 m. The spectral windows
were configured for a maximum possible continuum bandwidth
of 8 GHz centered at 34 GHz (Ka band) in dual polarization,
using 64 spectral windows of 128MHz each, with 3-bit
sampling. Due to the low declination, the source was observed
in three scheduling blocks of 2.75 hr with 1.25 hr on source in
each block. The bandpass was calibrated using J1517–2422 (in
the third block J1924–2914 was used instead), the absolute flux
was calibrated using 3C286 and J1625–2527 was used as a
gain calibrator, periodically observed every three minutes. The
pointing was checked on the gain calibrator in X-band every
30 minutes. The calibrated data were concatenated and imaged
using Briggs weighting with a robust parameter of 0.5.
Deconvolution using CASA imfit reveals that the source is
marginally resolved. The flux calibration uncertainty is 10%.

Observations at 680 GHz (440 μm) were obtained using
ALMA in Cycle 2 in 2014 July in the C34-3 configuration with
Band 9 (Baryshev et al. 2015) as part of program
2013.1.00100.S. The observations were taken in four spectral
windows of 1920 channels: three windows have a bandwidth of
937.5 MHz, centered on 661, 659, and 675 GHz, the fourth
spectral window was centered on 672 GHz with a bandwidth of
1875MHz. The total continuum bandwidth was ∼4.7 GHz.
The flux was calibrated using J1517–243, the bandpass with

J1427–4206 and the phase with J1626–2951. The total on-
source integration time was 52 minutes. The data were self-
calibrated and imaged using Briggs weighting with a robust
parameter of 0.5. The flux calibration uncertainty is 20%.
Table 1 lists the properties of the images. The astrometric

accuracy is set by the calibrators, and is typically 30[ mas for
these two data sets, which is much smaller than the beam size.

3. RESULTS

Figure 1 shows images of the dust continuum emission at
680 and 34 GHz. The 680 GHz continuum has a similar
asymmetry as observed in van der Marel et al. (2013) in the
Band 9 Cycle 0 data, though these new data have improved
angular resolution. The 34 GHz continuum emission peaks at
the same location, but is much more azimuthally concentrated.
This is not a sensitivity effect: when the 680 GHz data are
restored with the same cleaning beam as the 34 GHz data, its
azimuthal extent is still clearly wider than in the measured
34 GHz data (see Figure 1(d)). The radial width cannot be
compared due to the vertically elongated VLA beam shape,
which is caused by the low declination of the source with
respect to the VLA site, but given the disk geometry, this
elongation does not affect constraints on the azimuthal width,
the key parameter of interest here. Spatial filtering can be ruled
out as an explanation for the different azimuthal extents; these
data recover all of the flux found on the shortest baselines from
previous VLA observations in the DnC configuration (beam
size 3″. 3 × 1″. 3, flux = 252 11o μJy). Also, we have simulated
the ALMA image as if observed by the VLA by sampling the
ALMA image on the VLA visibilities (Figure 1(e)) to rule out
horizontal spatial filtering. Besides, the largest angular scales
recovered by the CnB observation is 5″, which is much larger
than the disk. Thus, the centimeter-sized dust grains (traced by
the 34 GHz continuum) have a narrower azimuthal distribution
than the millimeter-sized dust grains (traced by the 690 GHz

Table 1
Image Properties

Telescope Frequency Bandwidth Beam Size Beam PA Flux Peak rms
(GHz) (GHz) (mJy) (mJy beam−1) (mJy beam−1)

ALMA 680 4.7 0″. 19 × 0″. 15 79° 1000 190 0.6
VLA 34 8.0 0″. 46 × 0″. 26 21° 251 × 10−3 138 × 10−3 3.5 × 10−3

Figure 1. ALMA and VLA observations of dust emission at 680 and 34 GHz of the Oph IRS 48 disk. (a) The 680 GHz image (color scale); (b) the 34 GHz (color
scale); (c) the overlay of the 34 GHz contours in red (taken at 3, 6,K, 39σ, σ = 3.5 μJy) on the 680 GHz contours in black (taken at 3, 12, 24,K, 324σ, with
σ = 0.6 mJy); (d) the overlay of the observed 34 GHz image (red) on the 680 GHz image imaged with the 34 GHz beam (black) in contours taken at 10%, 20%,K,
90% of the peak; and (e) the overlay of the 680 GHz image as if observed by the VLA (sampled on the VLA visibilities) with the 34 GHz observations taken at 3, 6, 9,
12, Kσ, with σ = 3.5 μJy. Ellipses indicate the beam size listed in Table 1.
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Optically thick substructures? case of HD 163296High definition study of the HD 163296 disk 3

(b) 

(a) 

10 au 

(b) 

(a) 

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

4 W.R.F.Dent et al.

Figure 2. Sector cuts of polarisation percentage (P%, upper
panel) and spectral index ↵ (from band 6+7, lower panel) along
the disk major axis. Data are the values along the major axis,
averaged over arcs subtending an angle of -45±10� on the sky (or
deprojected ±14� around the disk). Red and blue solid lines rep-
resent the NW and SE directions from the central star. For com-
parison, the dashed lines show the log of total intensity (arbitrary
units) from the respective datasets. The radii of the three inten-
sity rings are illustrated by the dotted vertical lines. Error bars are
spaced by approximately one resolution element and depict the
errors from random noise and image fidelity. The large error bar
at lower left of the lower plot shows the systematic uncertainty
in ↵ assuming 7% calibration errors at the two wavelengths.

Figure 3. Spectral index map of HD163296. This is derived from
the combined band 6 and 7 visibilities, with Briggs 0.5 weighting,
resulting in a resolution of ⇠ 0.1800. The positions of the three
bright rings are shown by the ellipses.

grains are used, where the only source of polarisation is scat-
tering (multiple scattering is included). The corresponding
Stokes Q and U maps are computed, and then convolved to
the observed resolution (Fig. 4).

Polarization by scattering can reproduce the general
features observed in the ALMA data. In particular:

• The polarisation is larger along the major axis, i.e.,
where the scattering angle is closer to 90�.

• The fractional polarisation is anti-correlated with the
intensity, with larger polarization inside the gaps (darker
areas in Fig.4, lower centre panel) (Kataoka et al. 2016a).

• The polarization vectors are aligned more with the disk
minor axis in the central region and the intensity rings.

• The polarization angle displays a twist in the gaps, be-
coming more azimuthal (Fig.4, left centre panel).

The twist in polarisation angle in the gaps reflects the
change in the scattering geometry and is more easily under-
stood by looking at the same model viewed pole-on (Fig. 4,
top left). In the rings, the radiation field is mostly azimuthal,
producing a radial polarisation, while in the gaps, the radia-
tion field is mostly radial, originating from the surrounding
rings, resulting in an azimuthal polarisation pattern (e.g.,
Kataoka et al. 2015, 2016a; Yang et al. 2016b). The disks
around CW Tau (Bacciotti et al. 2018) and GGD27 (Gi-
rart et al. 2018) do not (yet) have resolved rings, but both
show polarisation alignment along the minor axis in the cen-
tre, with a more azimuthal orientation at larger radii. This
was interpreted as a change in scattering geometry as the
disks become optically thin further out. HD163296 has the
same basic geometry, except there are multiple transitions
between the optically thicker rings and optically thin gaps.

The polarised intensity is strongly dependent on the
chosen grain model, and is a↵ected by a combination of
the dust albedo, scattering phase function and polarizability
phase function. We calculate dust optical properties using a
distribution of hollow spheres (DHS) with a maximum void
fraction of 0.8. The model presented in Fig. 4 corresponds to
compact astrosilicates (Draine 2003), with a maximum grain
size amax ⇠ 100 µm, typical of that required to maximise the
polarisation (e.g., Kataoka et al. 2015, 2016a). This gives
↵mm ⇠ 3.5 (larger in the optically-thinner gaps, top right of
Fig.4), marginally consistent with HD163296 beyond a ra-
dius of 125 au. The low ↵mm at smaller radii may be ex-
plained by large (mm-sized) grains, but this is inconsistent
with amax from the polarisation (Yang et al. 2016a). This
dichotomy may be explained if the inner rings are optically
thick but radially unresolved. Alternatively amax may de-
pend on the vertical (or radial) location, with the 100 µm
grains on the surface (or in the gaps) and the mm dust in
the midplane (or in the rings). In either case, the scattering
geometry would not significantly change. Further dust mod-
eling, together with observations with higher resolution and
longer wavelengths may be able to reconcile the low ↵mm

with the observed high polarisation fraction.
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HD163296 submillimetre dust polarisation and opacity 3

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

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

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

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

4 DISCUSSION AND MODELING

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

To simulate scattering in a ringed system, we use the
radiative transfer code mcfost (Pinte et al. 2006, 2009),
building a disk density model by inverting the intensity im-
age with uniform clean weighting into a surface density
profile. We assume a passive disk with a 28L� central stellar
heating source and a Gaussian scale height of 10 au at 100 au
(de Gregorio-Monsalvo et al. 2013). Details are outlined in
Pinte et al. (2016) for HL Tau. Spherically symmetric dust
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Optically thick rings?
Dust self-scattering in HD 163296 175

Figure 5. Panel (a): The 0.043 resolution Band 6 Stokes I image in mJy per beam. The units of the non-convolved image is scaled to the corresponding
mJy per beam. The convolved profile is plotted with a red solid line, the non-convolved profile with a black dashed line, and the grey region represents the
±10 per cent calibration uncertainty of the data. Panel (b): The spectral index between Bands 7 and 6. The grey region is α ± 0.3, where α is the spectral index
averaged between the northwest and southeast major axes. The α = 2 is plotted as a horizontal solid line. Panel (c): We plot the convolved Band 7 polarization
with a red solid line and the non-convolved polarization with a black dashed line. The green and blue coloured regions are the observed Band 7 polarization
with uncertainty from random noise and image fidelity along the northwest and southeast major axes of the disc (Dent et al. 2019). Panel (d): The model optical
depth along the major axis for Bands 7 and 6. The lower limits for Band 6 optical depths at 67 and 100 au (denoted by triangles) are derived from the level of
12CO extinction through the dust rings (Isella et al. 2018). The optical depth of 1 is plotted as a horizontal solid line. Panel (e): A comparison of various dust
temperature profiles as a function of radius from previous literature. The vertical dotted lines through all the panels are the locations of the rings.

line-of-sight velocity expected of the mid-plane. As stressed by
Dullemond et al. (2020), this method relies on the assumption that
CO molecules are present at the mid-plane and are not frozen out
on to dust grains. Their inferred gas temperature drops from ∼25 K
at ∼100 au to ∼18 K at ∼400 au, although there are significant
variations, especially near the 100 au ring, where T ∼ 20 K. In the
inner, ∼100 au region that is of direct interest to us, their inferred
temperature is close to but above the CO freeze-out temperature. If
optically thick CO is present at the mid-plane, the gas (and dust)
temperature at the mid-plane would indeed be of order 20 K or more,
which would be significantly higher than the dust temperature that
we infer at the same radius. However, if the CO is frozen-out at the
mid-plane, it would not probe the mid-plane temperature. It would
probe, instead, the temperature of the so-called CO snow surface
above (or below) the mid-plane where the warmer CO-rich gas
transitions to the colder CO-poor gas (and dust). If the snow surface
is spatially close enough to the mid-plane, it may not be easy to
kinematically distinguish it from the mid-plane, especially in view
of the fact that the CO lines are broadened by thermal motions,
optical depth effects, and potentially some level of turbulence
(Flaherty et al. 2015, 2017). While the results of Dullemond et al.
(2020) by themselves are consistent with a relatively warm mid-
plane temperature of 20 K or more on the 100 au scale, they do
not exclude the possibility of a colder mid-plane that is out of
the reach of their CO-based method because of CO freeze-out.
Therefore, we conclude that our dust-based temperature does not
necessarily contradict those CO-based temperature estimates from
the literature, particularly that of Dullemond et al. (2020).

In fact, if the dust temperature at the mid-plane were as high
as those inferred from optically thick CO lines, we would have
difficulty reproducing the continuum data. This is illustrated in
Appendix A, where we redid the model shown in Fig. 5 using a
higher temperature profile from Flaherty et al. (2015). The higher
temperature model does not fit the spectral index, especially at the
outer, 100 au ring. As stated earlier, this is simply because the
higher temperature model requires less dust (and thus a lower dust
optical depth), but the ∼ 100 µm-sized grains needed for scattering-
induced polarization cannot produce the observed flat spectral index
of α ∼ 2 unless they are optically thick. This is strong evidence that
the disc mid-plane is colder than the temperatures inferred from
optically thick CO lines, which most likely probe the warmer gas
from the disc surface down to the CO snow surface rather than the
colder mid-plane region, as discussed above.

The Band 6 Stokes I for the innermost part of the disc (!10 au)
appears to be higher than the observed value, indicating that the
simple power-law temperature profile breaks down at small radii.
The prescribed temperature profile also does not take into account
the rings and gaps, which may be required for more precise fitting.

4.1.3 Dust scale height

In our model, the dust scale height is found to be 3 au at a radius of
100 au. For a disc with dust settling, the dust vertical distribution is
balanced by the downward gravity and the upward turbulent mixing.
This results in a height that is a fraction of the gas pressure scale
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line-of-sight velocity expected of the mid-plane. As stressed by
Dullemond et al. (2020), this method relies on the assumption that
CO molecules are present at the mid-plane and are not frozen out
on to dust grains. Their inferred gas temperature drops from ∼25 K
at ∼100 au to ∼18 K at ∼400 au, although there are significant
variations, especially near the 100 au ring, where T ∼ 20 K. In the
inner, ∼100 au region that is of direct interest to us, their inferred
temperature is close to but above the CO freeze-out temperature. If
optically thick CO is present at the mid-plane, the gas (and dust)
temperature at the mid-plane would indeed be of order 20 K or more,
which would be significantly higher than the dust temperature that
we infer at the same radius. However, if the CO is frozen-out at the
mid-plane, it would not probe the mid-plane temperature. It would
probe, instead, the temperature of the so-called CO snow surface
above (or below) the mid-plane where the warmer CO-rich gas
transitions to the colder CO-poor gas (and dust). If the snow surface
is spatially close enough to the mid-plane, it may not be easy to
kinematically distinguish it from the mid-plane, especially in view
of the fact that the CO lines are broadened by thermal motions,
optical depth effects, and potentially some level of turbulence
(Flaherty et al. 2015, 2017). While the results of Dullemond et al.
(2020) by themselves are consistent with a relatively warm mid-
plane temperature of 20 K or more on the 100 au scale, they do
not exclude the possibility of a colder mid-plane that is out of
the reach of their CO-based method because of CO freeze-out.
Therefore, we conclude that our dust-based temperature does not
necessarily contradict those CO-based temperature estimates from
the literature, particularly that of Dullemond et al. (2020).

In fact, if the dust temperature at the mid-plane were as high
as those inferred from optically thick CO lines, we would have
difficulty reproducing the continuum data. This is illustrated in
Appendix A, where we redid the model shown in Fig. 5 using a
higher temperature profile from Flaherty et al. (2015). The higher
temperature model does not fit the spectral index, especially at the
outer, 100 au ring. As stated earlier, this is simply because the
higher temperature model requires less dust (and thus a lower dust
optical depth), but the ∼ 100 µm-sized grains needed for scattering-
induced polarization cannot produce the observed flat spectral index
of α ∼ 2 unless they are optically thick. This is strong evidence that
the disc mid-plane is colder than the temperatures inferred from
optically thick CO lines, which most likely probe the warmer gas
from the disc surface down to the CO snow surface rather than the
colder mid-plane region, as discussed above.

The Band 6 Stokes I for the innermost part of the disc (!10 au)
appears to be higher than the observed value, indicating that the
simple power-law temperature profile breaks down at small radii.
The prescribed temperature profile also does not take into account
the rings and gaps, which may be required for more precise fitting.

4.1.3 Dust scale height

In our model, the dust scale height is found to be 3 au at a radius of
100 au. For a disc with dust settling, the dust vertical distribution is
balanced by the downward gravity and the upward turbulent mixing.
This results in a height that is a fraction of the gas pressure scale
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• Observations: polarization fraction is higher at gaps 
and lower at rings 

• Gaps: consistent with model with a_max = 140 µm, which has 
the maximum polarization efficiency. 

• Rings: size range around 140 µm is excluded. Consistent with 
millimeter size grains (but not necessary).

Polarization and substructures

recognized in the Stokes Q image because the Stokes Q
emission represents polarization pointing along the disk major
axis in this disk geometry.

In this paper, we perform radiative transfer calculations by
taking into account the polarization due to only self-scattering. This
assumption is consistent with the results reported by Dent et al.
(2019), who indicated that the polarization is produced by the self-
scattering without any additional dust alignment mechanism.

3. Disk Model

To perform radiative transfer calculations, we constructed an
axisymmetric dust disk model with several additional rings that
reproduce the continuum image. We discuss the physical
parameters of the disk in the following section.

We adopted the following temperature profile with a smooth
power-law distribution derived by Isella et al. (2016):
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We adopted a power-law surface density profile with an
exponential tail and added exponential bright regions to mimic
the observed profile. We took the intensity profile to be on the
major axis in the northwest direction to avoid the additional
crescent-shaped structure reported in the opposite direction
(Isella et al. 2018). The intensity can be expressed as
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The surface density is derived with the assumption that
τ=κabs×Σdust, where κabs is the absorption opacity and

Σdust is the dust surface density. The radial profile of the
intensity is set using Equations (1)–(3). The unit of intensity is
set to be Jy beam−1 for comparison with the observations.
The calculation of opacity followed that by Kataoka et al.

(2016a). The dust grains were assumed to be spherical and to
have a power-law size distribution with an exponent of
q=−3.5 (Mathis et al. 1977) and maximum grain size amax.
This maximum grain size is considered to be the representative
grain size in the following discussion. The opacity was
calculated using Mie theory. The composition was assumed
to be a mixture of silicate (50%) and water ice (50%) (Pollack
et al. 1994; Kataoka et al. 2014). We used the refractive index
of astronomical silicate (Weingartner & Draine 2001) and
water ice (Warren 1984) and calculated their mixture based on
effective medium theory using the Maxwell–Garnett rule (e.g.,
Bohren & Huffman 1983; Miyake & Nakagawa 1993). Note
that a different abundance may lead to a different absolute
value of the degree of polarization, which should be
investigated in future studies.
The vertical density distribution is assumed to be Gaussian

with a dust scale height hd such that S Q� 4 h2d d d( )
�z hexp d

2 2( ). We set an additional dust settling parameter fset
such that �h h fd g set, where hg is the gas scale height
( � 8h cg s ), to mimic grain settling.
We performed radiative transfer calculations with RADMC-3D3

(Dullemond et al. 2012), taking into account multiple scattering,
as done by Kataoka et al. (2015). The inclination and position
angle were assumed to be 47° and 133°.3, respectively, as
derived by the DSHARP project (Isella et al. 2018).
The Stokes I, Q, and U images were convolved with a

Gaussian beam with a full width at half maximum of 0 2 to
produce the final model images. Figure 2 shows the intensity
profile (Stokes I) obtained from the continuum data on the
major axis overlaid with the model intensity profile. The figure
confirms that the model reproduces the continuum image.
The three rings are located at 70, 104, and 160 au, and their

widths are 3.8, 5.6, and 16 au, respectively. Isella et al. (2018)
derived the locations of the two inner rings as 67 au (width: 6.6
au) and 101 au (width: 5.8 au), respectively. These values are

Figure 1. 0.87 mm dust continuum polarization in HD 163296. The panels show the total intensity (Stokes I), Stokes Q component, Stokes U component, and polarization
fraction, from left to right. The black and white ellipses indicate the position of the 70 au ring. The polarization vectors are overlaid on the polarization fraction. The polarization
vectors and the polarization fraction are shown where the polarized intensity is higher than 3σPI. Note that the lengths of the polarization vectors are set to be the same.

3 RADMC-3D is an open code of radiative transfer calculations developed
by Cornelis Dullemond. The code is available online at: http://www.ita.uni-
heidelberg.de/~dullemond/software/radmc-3d/.
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previous gas mass estimates using C O18 . In this case, the
turbulence strength may be decreased up to B q �1 2.5 10 4 in
the 50 au gap and B _ 0.002 in the 90 au gap, respectively.

Yet, the difference of an order of magnitude in turbulence
strength between the inner and outer regions is robust. One of
the consistent scenarios for low turbulence in the inner region and
high turbulence in the outer region is a dead zone of MRI
(Gammie 1996). The dead zone is considered as a region where
the MRI is stabilized by ohmic dissipation (Sano &Miyama 1999).
Furthermore, the MRI is also suppressed by the other non-ideal
MHD effects of ambipolar diffusion (Desch 2004; Bai &
Stone 2011; Dzyurkevich et al. 2013) and the Hall effect
(Wardle 1999; Balbus & Terquem 2001; Bai 2014). Theoretical

calculations suggest that the outer edge of the dead zone is located
around 10–20 au (Sano et al. 2000; Semenov et al. 2004; Bai &
Goodman 2009; Dzyurkevich et al. 2013). In contrast, the
polarization observations suggest that the boundary between
turbulence-active and -inactive zones is located at the 70 au ring,
which is much larger than 20 au.
The radial transition from low to high turbulence strength may

be explained by the electron heating (e-heating) zone rather than
the dead zone (Okuzumi & Inutsuka 2015). In the e-heating
zone, electrical conductivity is suppressed by heating of
electrons due to turbulence. As a result, the turbulence strength
is significantly reduced. Therefore, the e-heating zone may
explain the low turbulence in the region where MRI is expected
to be active. Mori & Okuzumi (2016) showed that the e-heating
zone can extend to ∼100 au and that the dead zone can reach
<50 au depending on the magnetic field, grain size, and gas
density. Therefore, the boundary between the turbulence-active
and -inactive zones at the 70 au ring may indicate the transition
from the e-heating zone to the active zone.
Note that in terms of the ring formation process, the dead

zone scenario is qualitatively consistent with dust accumulation
at the outer edge of the dead zone, where dust grains are
accumulated at the gas pressure bump created by the outer edge
of the dead zone (Flock et al. 2015; Pinilla et al. 2016).

6.3. Comparison with SPHERE and HST Observations

Muro-Arena et al. (2018) observed the disk surface of HD
163296 in scattered light in the H and J bands with the SPHERE
instrument. Based on the lack of scattered light emission detected
in the rings at 104 and 160 au, they proposed two models. In
the first model, small dust grains (a few microns) settle into the
midplane in the outer disk and thus the outer regions are in
the shadow cast by the 70 au ring. In the second model, there is a
depletion of dust grains smaller than ∼3μm in the outer disk. In
this case, the scattered light has insufficient optical depth to be
detected at the infrared wavelengths. According to our study with
millimeter polarization, the dust scale height is constrained to be
higher outside the 70 au ring than inside it. This is consistent with
both models. For the first model, because there is no constraint on
the dust scale height of the 70 au ring itself, it may be as large as

Figure 18. Same as Figure 10 but for our best model with two populations of
dust grains. The dust scale height ranges from fset=1.5 to fset=10 at 68 au.
The radii of the three intensity rings are indicated by the dotted vertical lines.

Figure 19. Schematic view of distributions of dust grains and dust scale heights
in the protoplanetary disk around HD 163296.
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<50 au depending on the magnetic field, grain size, and gas
density. Therefore, the boundary between the turbulence-active
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163296 in scattered light in the H and J bands with the SPHERE
instrument. Based on the lack of scattered light emission detected
in the rings at 104 and 160 au, they proposed two models. In
the first model, small dust grains (a few microns) settle into the
midplane in the outer disk and thus the outer regions are in
the shadow cast by the 70 au ring. In the second model, there is a
depletion of dust grains smaller than ∼3μm in the outer disk. In
this case, the scattered light has insufficient optical depth to be
detected at the infrared wavelengths. According to our study with
millimeter polarization, the dust scale height is constrained to be
higher outside the 70 au ring than inside it. This is consistent with
both models. For the first model, because there is no constraint on
the dust scale height of the 70 au ring itself, it may be as large as

Figure 18. Same as Figure 10 but for our best model with two populations of
dust grains. The dust scale height ranges from fset=1.5 to fset=10 at 68 au.
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Figure 19. Schematic view of distributions of dust grains and dust scale heights
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• Inner ring (B67) is puffed up 

• Outer ring (B100) is settled.

Indirect measurements of dust size
8 Doi and Kataoka

Figure 5. Comparison of images of HD 163296. The three images in the left column represent observation, and the three
images in the middle and right columns represent simulations with fset = 1 (no settling) and fset = 8, respectively. Each line
shows the images with di↵erent color ranges. The middle line shows the images that emphasize the azimuthal intensity variation
of the inner ring, and the bottom line shows that of the outer ring.

is, and the lower the observed intensity at the peak is.
We plot the intensity of both simulations and the ob-
servation along the major and minor axes to check the
consistency of fset, which we estimate in section 3.3.
Figure 8 shows the radial intensity profiles of the ob-

servation along the major and minor axes. Around the
inner ring at 68 au, the intensity along the major axis
is larger than that along the minor axis. On the other
hand, around the outer ring at 100 au, the intensity
along the major and minor axes is almost the same.

Figure 9 shows the radial intensity profiles along the
major (top) and minor (bottom) axes of the observa-
tion and simulations in case of fset = 1 and 8. We can
see that the simulations reproduces the observation well
along the major axis from the upper panel of Figure
9. The bottom panel of Figure 9 shows that the radial
profile along the minor axis around the inner ring is well
reproduced by fset = 1, while that around the outer ring
is well reproduced by fset = 8. This result is consistent
with the result in section 3.3 that the inner ring is flared,
and the outer ring is settled.

Doi and Kataoka 2021

Dust scale height 9

Figure 6. Azimuthal intensity variation along the ridge.
The red dots mean the observation, and the solid lines mean
the simulations. The black, blue, and cyan line mean fset =
1 (no settling), 2 and 8, respectively. The shaded regions
represent the area which have non-axisymmetric features like
a crescent. We plot the data at every FWHM of the beam
(Huang et al. 2018).

Figure 10 shows the radial intensity profile of the best
model along the minor axis. Based on the result in sec-
tion 3.3, we set fset = 1.1 for the inner ring and fset = 16
for the outer ring. This result reproduces the onserva-
tion well for the entire region.

4. DISCUSSION

4.1. The dust scale height for the entire region

We discuss the dust scale height for the entire region of
the protoplanetary disk. Figure 11 shows a schematic il-
lustration of the dust scale height of HD 163296. Ohashi
& Kataoka (2019) determine the dust scale height at
the gaps by using the polarized intensity of this object.
They concluded that the dust scale height is less than
one-third of the gas scale height at the gap at 48 au, and
the dust scale height is two-third of the gas scale height

Figure 7. �2 of the intensity between the observation and
simulations along the ridge for each fset. We use data at
every FWHM. We exclude data for the region which has a
crescent structure (shaded area in Figure 6).

Figure 8. The radial intensity profiles of the observation,
which are averaged over 6 degrees width from the major and
minor axes. The blue and purple lines mean intensity along
the major axis, and the orange and red ones mean that along
the minor axis.
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• D45 gap 

• Full of 140 µm grains (polarization) 

• B67 ring 

• Low spectral index but puffed up. optically 
thick small grains are likely 

• D86 gap 

• Full of 140 µm grains (polarization) 

• B100 ring 

• Low spectral index and settled. Millimeter-
centimeter grains are likely.

What we learned about HD 163296High definition study of the HD 163296 disk 3

(b) 

(a) 

10 au 

(b) 

(a) 

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

Continuum (ALMA Band 6, λ=1.3mm)
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Do optically thick components solve everything?

the assumption of the vertically isothermal temperature
structure will be valid if the HL Tau disk is passively heated.

If the disk is heated by gas accretion, the disk interior has a
higher temperature than the upper layer (e.g., Chiang &
Goldreich 1997). The internal heating affects the SED, since
the longer observing wavelength traces the hot lower layer
(Sierra & Lizano 2020). The observed SED shows that the
intensity at ALMA Band 4 is lower than the intensity
extrapolated from the intensity at shorter wavelengths with a
spectral slope of 2. This indicates that the internal heating is not
so effective, otherwise the SED needs an extremely strong
intensity reduction at ALMA Band 4.

5.4. Polarization at (Sub)centimeter Wavelengths

Our results showed that the observed polarization fraction
can be explained with a maximum dust size of 1000 μm, but
160 μm–sized grains might also be acceptable if the other
polarization mechanisms operate. Our results also showed that
the polarization fraction at λ= 8 mm is 0.1% for

a 160 mmax N� , while it is ∼4% for a 1000 mmax N� . This
is because the polarization efficiency has a peak at a2 maxM Q_
(Kataoka et al. 2015), and the dust settling has a little impact on
the polarization at λ∼ cm owing to the low optical depth.
Therefore, the polarimetric observation at (sub)centimeter
wavelengths using, e.g., the ngVLA will be a good tool to
solve the degeneracy and know the true dust sizes in
protoplanetary disks.

5.5. Radial Profile of the Dust Size and Turbulence Strength

In this paper, we focus only on the intensity at the center of
the disk images, but it would be worthwhile to refer to the
radial distribution. Figure 11 compares the radial intensity
profile obtained in the tuned model (a 1000 mmax N� and
αt= 10−5) with observed one. Our model predicts higher
intensity at the gap region, especially at ALMA Band 4. This
indicates that the dust size (and hence ò) and/or turbulence
strength in the gap would be different from our model. To
reduce the intensity of ALMA Band 4, we need a higher albedo

Figure 9. Proportion of vertical optical depths at λ = 870 μm (left), 1.3 mm (middle), and 3.0 mm (right) from each dust size of a fixed model with a 1000max � (top)
and 2900 μm (bottom). The optical depths are calculated only with grains above the τ = 1 surface. The radial position is 20 au.

Figure 10. Schematic of the location of the τ = 1 surface relative to dust scale heights. In the strong turbulence regime, only the dust scale heights of large grains
whose St is larger than αt decrease with decreasing the turbulence strength. At some point, most of the grains settle to the midplane, since even small grains
satisfy St < αt.
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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] × IT ,
where IT is 44, 154, and 460 μJy bm−1 for 3.1 mm, 1.3 mm, and 870 μm,
respectively.
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beam. Then the position of each point was moved to the nearest
local radial maximum (or minimum for dark rings). To avoid
regions where the rings become less distinct, points were
discarded if they moved outside the nominal width of the
individual rings (5 to 8 AU). Eight rings retained 55%> of the
points, to which we subsequently fit an ellipse, including its
center position, using a Markov Chain Monte Carlo (Foreman-
Mackey et al. 2013). The results are listed in Table 2, with the
full range of parameters given for the eight most distinct rings,
and just the semimajor axis for the others. It seems likely that
the “gap,” “enhancement,” and “clump” observed in VLA 1.3
and 0.7 cm images (Greaves et al. 2008; Carrasco-González
et al. 2009) at ∼10, 20, and 55 AU along the major axis of the
disk correspond to the D1, B1, and the combined emission
from the B2 to B4 rings, respectively.

The weighted average of the best-fit inclination and P.A. for
the eight fitted rings yields i 46 .72 0 .05= ±◦ ◦ and P.A.

138 .02 0 .07= ±◦ ◦ , consistent with the constraints found for

the average disk geometry over large scales. However, the best-
fit ellipses have their centers offset with respect to the peak of
the 1.0 mm emission, as can be seen in the equatorial offsets
reported in Table 2. These offsets are statistically significant for
all but the innermost ring (D1). Interestingly, the magnitude of
the position offset increases with orbital distance from the
center.
Using the weighted average inclination and P.A., we have

deprojected the combined 1.0 mm visibility data into a
circularly symmetric, face-on equivalent view (see Figure 3
(a)). We have also extracted cross-cuts at an angle of138° from
both the 1.0 mm continuum image and the spectral index map
shown in Figures 2(e) and (f). These cross-cuts are shown in
Figures 3(b) and (c). The variation in intensity between the
bright and dark rings is readily apparent. Considering only the
fully characterized rings, the largest average intensity contrast
is between the first pair with D1 being 46% less bright than B1,
and the smallest contrast is between the 5th pair with D5 being

Figure 2. Panels (a), (b), and (c) show 2.9, 1.3, and 0.87 mm ALMA continuum images of HL Tau. Panel (d) shows the 1.3 mm PSF for the same FOV as the other
panels as well as an inset with an enlarged view of the inner 300 mas centered on the PSF’s peak (the other bands show similar patterns). Panels (e) and (f) show the
image and spectral index maps resulting from the combination of the 1.3 and 0.87 mm data. The spectral index (α) map has been masked where 4errorα α < . The
synthesized beams are shown in the lower left of each panel; also see Table 1. The range of the color bar shown for panel (b) at 1.3 mm corresponds to 2− × rms to
0.9× the image peak using the values in Table 1. The color scales for panels (a), (c), and (e) are the same except using the values of rms and image peak
corresponding to each respective wavelength in Table 1.
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ALMA Partnership 2015, Stephens et al. 
2017, Carrasco-Gonzalez et al. 2019

We assume n∝a^{-3.5}, and set a_max=1 mm 
and change vertical turbulence strength 

Modeling on the SED and polarization of the 
central part of HL Tau 

 - Turbulent α must be lower than 10^{-5}
Ueda, Kataoka et al. 2021

the assumption of the vertically isothermal temperature
structure will be valid if the HL Tau disk is passively heated.

If the disk is heated by gas accretion, the disk interior has a
higher temperature than the upper layer (e.g., Chiang &
Goldreich 1997). The internal heating affects the SED, since
the longer observing wavelength traces the hot lower layer
(Sierra & Lizano 2020). The observed SED shows that the
intensity at ALMA Band 4 is lower than the intensity
extrapolated from the intensity at shorter wavelengths with a
spectral slope of 2. This indicates that the internal heating is not
so effective, otherwise the SED needs an extremely strong
intensity reduction at ALMA Band 4.

5.4. Polarization at (Sub)centimeter Wavelengths

Our results showed that the observed polarization fraction
can be explained with a maximum dust size of 1000 μm, but
160 μm–sized grains might also be acceptable if the other
polarization mechanisms operate. Our results also showed that
the polarization fraction at λ= 8 mm is 0.1% for

a 160 mmax N� , while it is ∼4% for a 1000 mmax N� . This
is because the polarization efficiency has a peak at a2 maxM Q_
(Kataoka et al. 2015), and the dust settling has a little impact on
the polarization at λ∼ cm owing to the low optical depth.
Therefore, the polarimetric observation at (sub)centimeter
wavelengths using, e.g., the ngVLA will be a good tool to
solve the degeneracy and know the true dust sizes in
protoplanetary disks.

5.5. Radial Profile of the Dust Size and Turbulence Strength

In this paper, we focus only on the intensity at the center of
the disk images, but it would be worthwhile to refer to the
radial distribution. Figure 11 compares the radial intensity
profile obtained in the tuned model (a 1000 mmax N� and
αt= 10−5) with observed one. Our model predicts higher
intensity at the gap region, especially at ALMA Band 4. This
indicates that the dust size (and hence ò) and/or turbulence
strength in the gap would be different from our model. To
reduce the intensity of ALMA Band 4, we need a higher albedo

Figure 9. Proportion of vertical optical depths at λ = 870 μm (left), 1.3 mm (middle), and 3.0 mm (right) from each dust size of a fixed model with a 1000max � (top)
and 2900 μm (bottom). The optical depths are calculated only with grains above the τ = 1 surface. The radial position is 20 au.

Figure 10. Schematic of the location of the τ = 1 surface relative to dust scale heights. In the strong turbulence regime, only the dust scale heights of large grains
whose St is larger than αt decrease with decreasing the turbulence strength. At some point, most of the grains settle to the midplane, since even small grains
satisfy St < αt.
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high α ; large dust grains dominates the emission

low α; small dust grains dominates the emission



Akimasa Kataoka (NAOJ)

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] × IT ,
where IT is 44, 154, and 460 μJy bm−1 for 3.1 mm, 1.3 mm, and 870 μm,
respectively.

3

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

beam. Then the position of each point was moved to the nearest
local radial maximum (or minimum for dark rings). To avoid
regions where the rings become less distinct, points were
discarded if they moved outside the nominal width of the
individual rings (5 to 8 AU). Eight rings retained 55%> of the
points, to which we subsequently fit an ellipse, including its
center position, using a Markov Chain Monte Carlo (Foreman-
Mackey et al. 2013). The results are listed in Table 2, with the
full range of parameters given for the eight most distinct rings,
and just the semimajor axis for the others. It seems likely that
the “gap,” “enhancement,” and “clump” observed in VLA 1.3
and 0.7 cm images (Greaves et al. 2008; Carrasco-González
et al. 2009) at ∼10, 20, and 55 AU along the major axis of the
disk correspond to the D1, B1, and the combined emission
from the B2 to B4 rings, respectively.

The weighted average of the best-fit inclination and P.A. for
the eight fitted rings yields i 46 .72 0 .05= ±◦ ◦ and P.A.

138 .02 0 .07= ±◦ ◦ , consistent with the constraints found for

the average disk geometry over large scales. However, the best-
fit ellipses have their centers offset with respect to the peak of
the 1.0 mm emission, as can be seen in the equatorial offsets
reported in Table 2. These offsets are statistically significant for
all but the innermost ring (D1). Interestingly, the magnitude of
the position offset increases with orbital distance from the
center.
Using the weighted average inclination and P.A., we have

deprojected the combined 1.0 mm visibility data into a
circularly symmetric, face-on equivalent view (see Figure 3
(a)). We have also extracted cross-cuts at an angle of138° from
both the 1.0 mm continuum image and the spectral index map
shown in Figures 2(e) and (f). These cross-cuts are shown in
Figures 3(b) and (c). The variation in intensity between the
bright and dark rings is readily apparent. Considering only the
fully characterized rings, the largest average intensity contrast
is between the first pair with D1 being 46% less bright than B1,
and the smallest contrast is between the 5th pair with D5 being

Figure 2. Panels (a), (b), and (c) show 2.9, 1.3, and 0.87 mm ALMA continuum images of HL Tau. Panel (d) shows the 1.3 mm PSF for the same FOV as the other
panels as well as an inset with an enlarged view of the inner 300 mas centered on the PSF’s peak (the other bands show similar patterns). Panels (e) and (f) show the
image and spectral index maps resulting from the combination of the 1.3 and 0.87 mm data. The spectral index (α) map has been masked where 4errorα α < . The
synthesized beams are shown in the lower left of each panel; also see Table 1. The range of the color bar shown for panel (b) at 1.3 mm corresponds to 2− × rms to
0.9× the image peak using the values in Table 1. The color scales for panels (a), (c), and (e) are the same except using the values of rms and image peak
corresponding to each respective wavelength in Table 1.
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∼42 mas and an rms noise of ∼4 μJy beam−1. We obtained
new observations in Ka and K bands during seven observa-
tional sessions between 2016 October 1st and 18th, using the A
configuration of the VLA. These data were calibrated using the
NRAO pipeline for VLA continuum data. In all sessions, flux,

bandpass, and complex gain calibrations were performed by
observing 3C147, 3C84, and J0431+1731, respectively. These
were the same calibrators used in the previous Q-band data.
Angular resolutions and rms noises for robust 0 weighted
images are ∼49 mas and ∼3.5 μJy beam−1 for the Ka band and

Figure 3. Radial profiles of the brightness temperature in the ALMA and VLA images (top panel) and spectral indices between different combinations of wavelengths
(bottom panel). In both panels, statistical errors (based on the rms noise of the maps) at 1σ and 2σ levels are shown as filled bands around the nominal values.
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Outer part of the disk (>60 au) is optically thin but 
emitting self-scattering polarization 

 - Millimeter dust grains are unlikely 

 - Porosity must be included to reproduce spectral index.

Shanjia Zhang et al., in prep.ALMA Partnership 2015, Stephens et al. 
2017, Carrasco-Gonzalez et al. 2019

Do optically thick components solve everything?



Akimasa Kataoka (NAOJ)

• We want to explain both detection of polarization at 0.9 
mm and low spectral index at millimeter wavelengths.  

• We need optically thick components, which reduces the 
spectral index. 

• If the dust grains have size of millimeter but hidden in 
midplane, the disk turbulence must be low (such as α to be 
1e-5).  

• Otherwise, millimeter dust grains are stirred up and polarization 
becomes weaker 

• If the emission is optically thin and dust grains are large 
(~mm), polarization is too weak to be detected.

Short summary: where are millimeter dust size grains?

Kataoka et al., 2015

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

TABLE 1
The sensitive grain size for observed

wavelengths

wavelengths � the sensitive grain size amax

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

tion due to 90� scattering.

2.4. Detectable grain size for each wavelength

We have demonstrated that the polarization due to 90�

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

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

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

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

2.5. A toy model to understand the self-scattering

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

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

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

Prediction of polarization fraction



Dust microphysics 
porosity? needle-like dust grains?



Self-scattering by porous dust grains?
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Figure 2. P! and P!e↵ for solid spheres (f = 1) and compact dust aggregates (f = 0.1, 0.01) at � = 1 mm. (Left) Solid
lines represent P!. Red, blue, and green lines show the results for the volume filling factor of f = 1, 0.1, and 0.01, respectively.
Dotted and dot-dashed lines indicate the single scattering albedo ! and the degree of linear polarization P at scattering angle of
90�, respectively. Filled circles indicate P! at the position of amaxf = 160 µm. (Right) Solid and dashed lines indicate results
for P!e↵ and P!, respectively. Filled circles indicate P!e↵ at amaxf = 160 µm. The P!e↵ -values at x > 1 is significantly
attenuated by considering the e↵ective single scattering albedo.

the degree of polarization becomes high even if x > 1.
This is due to the fact that aggregates with f ⌧ 1
have e↵ective refractive index close to that of vacuum,
and then, they are regarded as optically thin particles.
Since multiple scattering is suppressed inside optically
thin particles, high degree of polarization is obtained.
P! increases with increasing amax until x|me↵ � 1| ex-
ceeds unity at which aggregates become optically thick.
Since x|me↵�1| is proportional to amaxf (Kataoka et al.
2014), maximum value of P! approximately occurs at
amaxf ⇡ �/2⇡ ⇡ 160 µm. For example, when f = 0.1,
P! is maximized approximately at amax = 1.6 mm.
Maximum P!-value is larger for lower filling factor be-
cause lower filling factor makes aggregates less absorb-
ing and also suppresses depolarization due to multiple
scattering.
Unlike the case of solid spheres, the e↵ective single

scattering albedo plays a significant role for compact
aggregates. As shown in Figure 2 (right), the maximum
value of P!e↵ is significantly attenuated at x > 1, in
particular for the case of f = 0.01.
As a result, as the volume filling factor decreases, max-

imum value of P!e↵ decreases. This suggests that com-
pact aggregates with lower filling factor produce fainter
polarized-scattered light than solid spheres. We will con-
firm this by performing radiative transfer simulations in
Section 4.

3.2. Flu↵y dust aggregates

Scattering properties of flu↵y dust aggregates are sig-
nificantly di↵erent from those of spherical particles. We
use the MMF theory to compute optical properties of

flu↵y aggregates. In this section, we use df = 2.0 and
k0 = 1.0 in order to attain clear physical insights into
their optical properties.
First of all, the degree of linear polarization of flu↵y

dust aggregate is as high as 100% because multiple scat-
tering is suppressed when x0 ⌧ 1 and df  2 (Tazaki
et al. 2016), where x0 = 2⇡a0/� is the size parameter
of the monomer particle. Here, wavelength of interests
is (sub-)millimeter wavelength and monomer radius is
sub-micron size, and therefore, this condition is satisfied.
Even if ac � �/2⇡, the highest degree of polarization
remains 100%. Thus, we obtain P!e↵ = !e↵ .
In Figure 3, we show opacities of flu↵y dust aggre-

gates as a function of the characteristic radius ac. The
absorption opacity does not depend on ac because flu↵y
aggregates with di↵erent ac have the same mass-to-area
ratio, and then, the absorption opacity remains the same
(Kataoka et al. 2014) 1. At ac . �/2⇡, the scattering
opacity increases with increasing the aggregate radius
(mass). On the other hand, once the aggregate radius
exceeds �/2⇡, the e↵ective scattering opacity saturates.
An analytical solution to the upper limit on the e↵ective
scattering opacity can be found under the conditions of
x0 ⌧ 1 and df = 2 (see Appendix A for derivation). The
analytical solution to the e↵ective scattering opacity of

1
Strictly speaking, in the Rayleigh limit, the absorption opacity

depends on the number of monomers (Stognienko et al. 1995; Hen-

ning & Stognienko 1996; Tazaki & Tanaka 2018) due to monomer-

monomer interaction. However, this e↵ect is saturated when the

number of monomers exceeds ⇠ 100, and then the size dependence

becomes negligible for further large aggregates.

Tazaki et al. 2019

• Extremely porous dust grains 
(filling factor ~0.01 or smaller) 
are ruled out.

See also Kirchschlager and Bertrang et al. 2020, Bertrang and Wolf 2017

R. Brunngräber and S. Wolf 2021
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Fig. 2. Product of albedo !, single-scattering polarisation p, and proba-
bility density function Ŝ 11 for the scattering angle ✓= 90�. All quantities
are calculated for a grain size distribution with q=�3.5, smin = 5 nm and
three different maximum grain sizes smax = 100µm (blue), 1 mm (red),
and 10 mm (green) at a wavelength of 850µm for astrosil; see Sect. 2.3
for the corresponding discussion.

more complex behaviour. At first, it decreases much slower with
decreasing filling factor than the grain mass. However, for filling
factors � . 10�2, the cross-section is roughly proportional to �2

and thus decreases faster than the grain mass. Hence, the opacity
is maximised at the transition of these two regions. In addition,
the opacity is constant for a constant product smax ·�, which has
been shown previously by Kataoka et al. (2014) and Tazaki et al.
(2019), for example.

Scattering angle dependency. If a scattering event occurs,
the actual intensity of the radiation scattered in the direction
of the observer is also a function of the scattering angle ✓.
For single scattering, this dependency is given by the first
Müller matrix element S 11(✓). The probability density function
Ŝ 11(✓)= S 11(✓)R ⇡

0 S 11 sin ✓ d✓
for a scattering angle of ✓= 90� is shown in

the lower right panel of Fig. 1. For large maximum grain sizes,
this probability decreases for increasing grain size because large
grains tend to scatter predominantly in the forward direction, that
is, ✓ ⇡ 0�. With increasing grain size, the intensity of the radi-
ation that is scattered at 90� decreases. As a consequence, the
flux ratio of scattered to direct radiation and hence the degree of
polarisation decreases as well.

2.3. Conclusion

To evaluate the effect of the grain porosity of the observable
polarisation, a combined analysis of all of the aforementioned
quantities is mandatory. Lower filling factors increase the single-
scattering polarisation p and the albedo !. At the same time,
however, the extinction opacity, and thus the scattering proba-
bility, decreases as well as the probability Ŝ 11 for the scattering
angle ✓= 90�. In Fig. 2, the product of albedo, single-scattering
polarisation, and the scattering probability density function for
✓= 90� as a function of the filling factor � is shown for differ-
ent maximum grain sizes smax. This product can be used as an
advanced proxy for the polarisation degree due to scattering for
optically thick environments. For grains in the Rayleigh scatter-
ing regime, a decrease in filling factor� decreases this proxy and

therefore the expected polarisation degree. For size distributions
with large maximum grain sizes compared to the wavelength and
high filling factors, the usual wavy pattern of the Mie scatter-
ing regime is present, which also decreases this quantity. Thus,
for the combination of sub-mm wavelengths and large grain
sizes, the degree of polarisation is expected to first increase with
decreasing filling factor and after reaching a maximum value, to
decrease again for even lower filling factors.

In summary, the analysis of these optical quantities derived
from the complex refractive index already provides useful results
in the context of polarisation due to (sub-)mm scattering off
porous dust grains. First, increasing the porosity, that is, decreas-
ing the filling factor, results in a higher single-scattering polar-
isation p of up to 100%. In addition, the albedo increases up
to unity as well. Thus, the quantity p · !, which is occasionally
used in the literature as a simple proxy for expected polarisation
degrees (e.g. Kataoka et al. 2015; Tazaki et al. 2019; Yang & Li
2020), is maximised.

Second, highly porous grains tend to scatter almost exclu-
sively in the forward direction. For the considered spherical
grains, forward scattering does not produce polarised radiation.
This reduces the scattering probability and polarised flux for
larger scattering angles.

Third, above a certain threshold of the maximum grain size
of about 0.3 mm for the size distribution, composition, and wave-
length considered in Fig. 1, the extinction opacity first increases
with increasing filling factors but decreases after reaching a max-
imum value. For filling factors below this maximum, the opacity
drops rather fast and the optical depth decreases. This reduces
the ratio of scattered to direct radiation and ultimately, the degree
of polarisation. In addition, the opacity is roughly constant for a
constant product smax · �.

And lastly, considering the single-scattering polarisation p
alone is in general not sufficient to predict the net polarisation
nor its qualitative behaviour, that is, trends as a function of grain
properties. Three more quantities result from the refractive index
of the dust and contribute significantly to the polarisation degree:
albedo, extinction opacity, and the fraction of radiation scattered
in the direction of the observer.

3. Radiative transfer simulations of a

protoplanetary disk

In order to evaluate the effect of dust grain porosity on the
scattering polarisation in the sub-mm wavelength regime in the
environment of protoplanetary disks, comprehensive numerical
simulations are mandatory to account for the complex processes
that determine the observable polarisation. Therefore full 3D
Monte Carlo radiative transfer simulations with the publicly
available1 software POLARIS (Reissl et al. 2016) were con-
ducted. In addition to the optical properties that were used in
the simple approach in Sect. 2, these simulations also consid-
ered self-consistent dust temperature for each grain size bin, the
contribution of unpolarised direct re-emission, multiple scatter-
ing, local radiation field anisotropy, the scattering angle as a
function of spatial density distribution and viewing angle, and
a size-dependent vertical density distribution resulting from dust
settling. For this purpose, we first define the density distribu-
tion of our protoplanetary disk model including dust settling
in Sect. 3.1. In Sect. 3.2, the results of the radiative transfer
simulations are discussed.
1
http://www1.astrophysik.uni-kiel.de/~polaris/index.

html
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• filling factor of ~0.3 has the 
highest polarization efficiency

A. Kataoka et al.: Static compression of porous dust aggregates

Fig. 3. Snapshots of the evolution of an aggregate under compression in the case of N = 16 384. The top three figures are 3D visualizations. They
have the same scale with different time epochs. The white particles are inside a box enclosed by the periodic boundaries. The yellow particles are
in neighboring boxes to the box of white particles. For visualization, we do not draw the copies on the back and front sides of the boundaries but
only 8 copies of the white particles across the boundaries. Each bottom figure represents projected positions onto 2D plane of all particles in each
corresponding top figure. The gray points in the bottom figures correspond to the positions of the white particles in the top figures, and the yellow
points correspond to those of the yellow particles in the top figures. Scales are in µm.

Using K and P, Eq. (15) gives an expression of P as

P =
2
3

K/V +
1
3

〈∑

i

ri · Fi

〉

t

/V. (19)

We define the force from particle j on particle i as fi, j. Force Fi
can be written as a summation of the force from another
particle as

Fi =
∑

j!i

fi, j. (20)

Using fi, j = − f j,i, we finally obtain the pressure measuring
formula as

P =
2
3

K/V +
1
3

〈∑

i< j

(ri − r j) · fi, j

〉

t

/V. (21)

The first term on the righthand side of the equation represents
the translational kinetic energy per unit volume, and the second
term represents the summation of the force acting at all connec-
tions per unit volume. This expression is useful for measuring
the pressure of a dust aggregate under compression. We do not
need to put any artificial object, such as walls, in simulations
because Eq. (21) is totally expressed in terms of the summa-
tion of the physical quantities of each particle, which are the
mass, the position, the velocity, and the force acting on the parti-
cle. In our calculations, we take an average of pressure for every
10 000 time steps, corresponding to 1000 t0 because we set 0.1 t0
as one time step in our simulation.

As mentioned in Sect. 2.2, the adopted damping force corre-
sponds to rapid damping of normal oscillations. Thus, the kinetic
energy of random motion rapidly dissipates. This corresponds
to the static compression, and thus the compressive strength is
determined by the second term of Eq. (21).

3. Results

The top three panels of Fig. 3 show snapshots of the evolution of
an aggregate under compression in the case where N = 16 384,
Cv = 3 × 10−7, kn = 0, and ξcrit = 8 Å. The top three panels
have the same scale but different time epochs, which are t = 0,
1 × 106t0, and 2 × 106t0. The white particles are inside the com-
putational region enclosed by the periodic boundaries, while the
yellow particles are in the neighboring copy regions (for visual-
ization, we do not draw particles on the front and backsides copy
regions). The bottom three panels represent the projected posi-
tions onto the two-dimensional plane for the correspondent top
three figures. We confirm that the dust aggregate is compressed
by their copies from all directions. As the compression proceeds,
the aggregate of white particles is compressed by the neighbor-
ing aggregate of yellow particles. We focus on how high pres-
sure is generated by quasi-static compression in numerical sim-
ulations. Our numerical simulations have several parameters: the
size of the initial BCCA cluster, the compression rate, the normal
damping force, and the critical displacement (corresponds to the
rolling energy). We investigate the dependence of the pressure on
these parameters, by performing several runs with different pa-
rameter sets. Although we assume ice aggregates in most runs,
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Fundamental physics of grain alignment is missing

essential. The wavelength dependence of the polarization
fraction is not strong in the case of the grain alignment,
while it is strong in the case of the self-scattering because
the scattering-induced polarization is efficient only when the
maximum grain size is around M Q2 where λ is the
wavelengths (Kataoka et al. 2015).

To obtain the wavelength-dependent polarimetric images, we
observe the HL Tau disk with the Atacama Large Millimeter/
submillimeter Array (ALMA) using Band 3. HL Tau is a young
star in the Taurus molecular cloud with a distance of 140pc
(Rebull et al. 2004). The circumstellar disk is around in
∼100 au scale (Kwon et al. 2011). The disk has several ring
and gap structures with tens of au scales (ALMA Partnership
et al. 2015). The observed band corresponds to wavelengths of
3.1 mm, which is sufficiently longer than the previous CARMA
polarimetric observations at 1.3 mm (Stephens et al. 2014).

2. Observations

HL Tau was observed by ALMA on 2016 October 12,
during its Cycle 4 operation (2016.1.00115.S, PI: A. Kataoka).
The antenna configuration was C40-6, and 41 antennas were
operating. The correlator processed four spectral windows
centered at 90.5, 92.5, 102.5, and 104.5 GHz with a bandwidth
of 1.75 GHz each. The bandpass, amplitude, and phase were
calibrated by observations of J0510+1800, J0423-0120, and
J0431+1731, respectively, and the polarization calibration was
performed by observations of J0510+1800. The raw data were
reduced by the EA-ARC staff.

We further perform the iterative CLEAN deconvolution
imaging with self-calibration to improve the image quality. We
employ the briggs weighting with the robust parameter of 0.5
and the multiscale option with scale parameters of 0, 0.3, and
0.9 arcsec. The beam size of the final product is ´ q ´0. 45 0. 29,
corresponding to _ q63 41 au at a distance of 140 pc to the
target. The rms for Stokes I, Q, and Uis 9.6, 6.9, and 6.9 μJy,
respectively.

3. Results

The top panel of Figure 1 shows the polarized intensity in
colorscale overlaid with polarization vectors,9 and the contour
represents the continuum emission. The bottom panel of
Figure 1 shows the polarization fraction in colorscale, and the
others are the same as the top panel. Due to the lower spatial
resolution than the long baseline campaign (ALMA Partnership
et al. 2015), the multiple-ring and multiple-gap structure of the
continuum is not resolved. The total flux density is 75.1 mJy,
which is consistent with the previous ALMA observations with
Band 3 (74.3 mJy; ALMA Partnership et al. 2015).

We successfully detect the ring-like polarized emission at
3.1 mm. The polarized intensity has a peak of 145 μJy/beam,
which corresponds to a 21σ detection with the rms of 6.9μJy.
The peak of the polarized intensity is not located at the central
star but on the ring. We see three blobs on the ring, but this
may be due to the interferometric effects. The polarized
intensity at the location of the central star is lower than the
other regions. We interpret this structure as a beam dilution of
the central region where polarization is expected to be

azimuthal and thus cancels out each other. The polarization
fraction is around 1.8% on the ring.
The flux densities of the entire disk are −39.7 μJy for Stokes

Q and −40.6 μJy for Stokes U. Therefore, the integrated
polarized intensity is T� � � �Q UPI 56.42 2

PI
2 μJy.

Dividing the total polarized intensity by the total Stokes I,
we obtain 0.08% for the total polarization fraction. The
instrumental polarization contamination of the ALMA inter-
ferometers is the polarization fraction of 0.1% for a point
source in the center of the field or 0.3% within up to the inner
1/3 of the FWHM (see the technical handbook of ALMA;
further discussion is found in Nagai et al. 2016). The derived
polarization fraction of the integrated flux corresponds to the
case of the point source. Therefore, the upper limit of the
integrated polarization fraction of the HL Tau disk at 3.1 mm
by our observations is 0.1%. The low total polarization fraction
means that we could not have detected polarization if we had
not resolved the target.

Figure 1. ALMA Band 3 observations of the HL Tau disk. The wavelength is
3.1 mm. The top panel shows the polarized intensity in colorscale, the
polarization direction as red vectors, and the continuum intensity as the solid
contour. The vectors are shown where the polarized intensity is larger than
T5 PI. The contours correspond to q( )10, 20, 40, 80, 160, 320, 640, 1280 the
rms of 9.6 μJy. The bottom panel shows that the polarization fraction in
colorscale, polarization vectors in blue, and the same continuum intensity
contours as the top.

9 We plot the polarization vectors not scaling with the polarization fraction
but written with the same length because this allows for the polarization
morphology to be more obvious. However, the reliability does not depend on
the polarization fraction, but rather on the polarized intensity.
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HL Tau (3 mm)

Azimuthal

Intrinsic polarization of 
aligned dust grains

• B-fields alignment is unlikely because it suggests radial pattern of 
magnetic fields. 

• The observed azimuthal pattern was first interpreted as radiative 
grain alignment (Tazaki et al. 2017, Kataoka et al. 2017) 

• However, polarization morphologies are not consistent with the 
radiative grain alignment (Yang et al. 2019) 

• Aerodynamic alignment of needle-like grains is 
morphologically likely but it requires supersonic motion (i.g., 
Gold 1952), which is not the case in disks (Yang et al. 2019, Mori 
and Kataoka 2021)



Alignment model of HL Tau at 3 mm
HL Tau polarization 3

Figure 1. ALMA Band 3 (� = 3.1 mm) polarimetric observations of the HL Tau disk, which has been previously reported by
Kataoka et al. 2017 and Stephens et al. 2017. The left panel shows the Stokes I intensity in color, the central panel shows the
polarized intensity, and the right panel shows the polarization fraction. The solid contours in the three panels are equivalent
and represent the intensity with the levels of (10, 25, 60, 150, 366, 900) times the noise level, which is �I (= 34 µJy beam�1).
The overlaid line segments represent the polarization vectors where the polarized intensity is larger than 3 times the noise level
of the polarized intensity, which is �PI (= 5.3 µJy beam�1). Note that the length of the polarization vectors is set to be equal.
The beam has a size of 0.0051 ⇥ 0.0041 and position angle of -6.�76, which is represented in the bottom left as an ellipse.

the 3.1 mm polarization are (1) azimuthal polarization
morphology and (2) azimuthally uniform polarization
fraction at ⇠ 1%.
We construct an axisymmetric disk model that repro-

duces the stokes I image obtained on the polarization
observation at 3.1 mm (Kataoka et al. 2017; Stephens
et al. 2017). By assuming that the Stokes I emission at
3.1 mm is optically thin, we construct the radial profile
of the optical depth at 3.1 mm with the form of

⌧model(r) = ⌧0
⇣ r

1 au

⌘��1

exp
h⇣ r

rc

⌘��2
i
, (1)

with the temperature profile of T(r) = 310(r/1AU)�0.57

K (Okuzumi & Tazaki 2019). We note that both the
dust surface density and temperature are assumed to
have smooth radial distributions without any ring and
gap structures observed with the higher spatial resolu-
tion (ALMA Partnership et al. 2015) for simplicity.
We adopt the parameter set of (⌧0, rc, �1, �2) = (1.0,

129.2, 6.6, 9.0), which reproduces the Stokes I emis-
sion. Figure 2 shows the images of observed and mod-
eled Stokes I produced assuming the parameter set and
residual.
We derive the dust surface density profile ⌃d(r) by

calculating ⌃d(r) = ⌧model/abs, where abs is the ab-

sorption opacity. As we will describe below, the value of
abs is a function of amax and � when constituent ma-
terials are determined. For the fiducial value, we adopt
abs(amax = 100 µm,� = 3.1 mm) = 0.0788 cm2 g�1 in
calculating the dust surface density.
The vertical dust density is assumed to be Gaussian

density distribution with a dust scale height hd such that
⇢d = ⌃d/

p
2⇡hd exp(�z2/2h2d). We also assume that hd

is same as the gas pressure scale height.
While the residuals are still significant, they show ax-

isymmetric distribution. For this study, we aim at re-
producing the continuum emission with an axisymmetric
model for simplicity, and thus we do not further search
the parameter sets.

2.2. Dust Model

We use a grain composition model developed by Birn-
stiel et al. (2018), where the grains are the mixture of
silicate, troilite, organics, and water ice. The refrac-
tive index used in the calculation is as follows: Draine
(2003) for astronomical silicate, Henning & Stognienko
(1996) for troilite and refractory organics, and Warren
& Brandt (2008) for water ice. We compute the mix-
ture of them with the e↵ective medium theory using the
Maxwell-Garnett rule (e.g., Bohren (1983); Miyake &

Observations

Azimuthally uniform polarized intensity

Dust alignment modeling

Polarization is stronger at the minor axes

Imagine this…

Mori and Kataoka 2021

Oblate dust is not likely …
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Full modeling of polarization at 3.1 mm

Mori and Kataoka 2021

Self-scattering Alignment

~0.5 % polarization comes from self-scattering even at 3 mm wavelength
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Band 3

Band 7

Band 6

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

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

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

2.2. VLA

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

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

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

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

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

2.2. VLA

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

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

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

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

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

2.2. VLA

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

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

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

V. Guillet et al.: Polarized emission in the Mie regime

ment). We note a the half-size of the symmetry axis, and b the
half-size of the two other axes. The axis ratio b/a is larger than
one for oblate grains, and smaller than one for prolate grains.

The material composing the grain is another important in-
gredient in the calculation of dust emission. We use the so-
called "astronomical silicates" (Draine & Lee 1984) character-
ized by a constant spectral index � = 2 from the Far-Infrared
to the millimeter domain. We restrict our analysis to homoge-
neous and compact grains. Calculations for composite flu↵y ag-
gregates with carbon/ferromagnetic inclusions and ice coating,
while more relevant to disks, are beyond the scope of this first
analysis of Mie polarized emission.

We use the DustEM tool (Compiègne et al. 2011; Guillet
et al. 2018) to predict the polarized emission of a size distri-
bution of grains. DustEM consistently computes the equilib-
rium temperature of each grain size in any radiation field, and
provides the spectral dependence of dust extinction and emis-
sion, polarized and unpolarized. The grain absorption and scat-
tering cross-sections were computed with the T-MATRIX code,
a numerical adaptation of the Extended Boundary Condition
Method (Waterman 1971) for non-spherical particles in a fixed
orientation Mishchenko (2000). When the grain approaches the
Mie regime, the grain cross-sections vary rapidly and strongly
with the wavelength because of interferences between scattered
waves (Kruegel 2003). To obtain a smooth spectral dependence
of the grain optical polarization properties, calculations were
done for 400 grain sizes between 0.3 µm and 3 mm.

While the total intensity and polarized intensity strongly de-
pends on the intensity of the radiation field heating the grains, its
e↵ect is much smaller on the polarization fraction in the submil-
limeter and millimeter wavelength range. Therefore, as a first
step, we use the Interstellar Standard Radiation Field (ISRF)
scaled with G0 = 100, for which the grain temperature com-
puted by DustEM (⇠ 30 K for a 10 µm grain and ⇠ 10 K for
a 1 mm grain) is within the range of current observational con-
straints (e.g. Testi et al. 2014).

2.2. Effect of the size distribution with a magnetic field in the

plane of the sky

We present the spectral dependence of the polarization fraction
for di↵erent size distributions and inclination angle of the mag-
netic field.

We first consider log-normal size distributions

dn(a)
da
/ e� log2 (1.25 a/apeak)/2�2

a
(1)

with � = 0.1, for di↵erent mean size apeak ranging from 10 µm
to 1 mm. Such Narrow log-normal distributions are adapted to
the modeling of single size distributions, and allows at the same
time for the averaging of the physical oscillations of the grain
cross-sections happening in the Mie regime (see Section 2.2).

The spectral dependence of the polarization fraction P/I(�)
is presented in the top panel of Fig. 1 for weakly elongated
oblate grains (b/a = 1.1). The polarization spectrum for prolate
grains of comparable elongation (b/a = 0.9) is very similar and
is, for the sake of brevity, hence not shown. For grains smaller
than 10 µm, the polarization fraction P/I is constant in the sub-
millimeter and millimeter range, as expected for the Rayleigh
regime (2⇡a ⌧ �). As the grain size increases, this regime
is shifted to longer and longer wavelengths. At shorter wave-
lengths, the polarization fraction is reduced and even negative
for the larger grain sizes. A negative polarization fraction means

Fig. 1. Polarization fraction in emission of oblate grains (axis ra-
tio b/a = 1.1), perfectly aligned in the plane of the sky. Results
are presented for log-normal (Top) and MRN-like (Bottom) size
distributions. The grain size corresponding to the peak of the
mass distribution is indicated in µm. Negative polarization frac-
tions correspond to a rotation of the polarization vector by 90�.
The wavelength of ALMA bands 3, 6 and 7 is indicated with
dashed vertical lines. Mean values of the polarization fraction
observed for [BHB2007] 11 are overplotted in positive and neg-
ative for the log-normal size distributions

that the direction of polarization of the grain thermal emission is
parallel to the direction of alignment, and not perpendicular to
it as in the Rayleigh regime. This means that weakly-elongated
grains, rather counter-intuitively, emits on average preferentially
with a polarization parallel to the minor axis than to the major
axis. . For apeak � 100 µm, the polarization fraction is negative
from the submillimeter up to �max ' 2⇡apeak, peaking at a wave-
length �peak ' 4apeak before becoming positive again, increasing
progressively towards the value characteristic for the Rayleigh
regime. The larger the grains, the wider and deeper the regime
of negative polarization. In Appendix A, we show that this spe-
cific property is actually not related to the grain size, but to the
lower values of the imaginary part of the dust refractive index,
k(�), in the submillimeter and millimeter wavelength range. The

2

Alves et al. 2018

• If a<λ : polarization parallel to the major axis 

• If a~λ : polarization reversal 

• If a>λ : no polarization

Guillet et al. 2020

(See also Brunngräber and Wolf 2019, Kirchschlager et al. 2019)



Summary and discussions
• Grain size inconsistency; spectral index vs. polarization 

• Optically thick components with ~ 100 µm dust grains help to explain 
low spectral index and polarization  

• IRS 48; extremely optically thick dust grains 

• HD 163296; optically thick rings and thin gaps 

• HL Tau; outer part lacks a good explanation with 1 mm grains  

• Fundamental physics for understanding alignment is missing. 

• Missing observations 

• Polarimetric substructures 

• Long wavelength continuum observations (e.g., VLA). 

• Note: ngVLA polarization will directly observe millimeter size grains

Kataoka et al., 2015
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Fig. 3.— The polarization P at the scattering angle of 90� and the albedo ! = sca/(abs + sca) as a function of maximum grain size.
The size distribution is assumed to have power law of n(a) / a�3.5. The wavelengths are assumed to be 1.3 mm for the left panel and
870 µm for the right panel. The arrows indicate the maximum grain size which has the most e�cient polarization by 90� scattering.

TABLE 1
The sensitive grain size for observed

wavelengths

wavelengths � the sensitive grain size amax

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

tion due to 90� scattering.

2.4. Detectable grain size for each wavelength

We have demonstrated that the polarization due to 90�

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

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

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

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

2.5. A toy model to understand the self-scattering

The second condition of the polarization due to scatter-
ing is light sources to be scattered. This is also satisfied
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lengths of 0.34 mm, 0.87 mm, 3.1, and 7 mm. The band numbers
correspond to the ALMA band numbers for each wavelength.

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

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

Prediction of polarization fraction
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Dominant dust spinning mechanisms

(Gold 1952) does not require any rotation, we assume that dust
grains align owing to some spinning motion in this paper
because the relative velocity between gas and dust is subsonic
in protoplanetary disks. Aside from the alignment mechanism
in protoplanetary disks, it is inferred that the spinning motion
of dust grains is required to explain some radio polarization
observations, as mentioned above in this paragraph.

In this paper, we apply the concept of the rotational disruption
(e.g., Hoang 2019; Hoang et al. 2019) to the case of porous
dust aggregates during their growth in protoplanetary disks. First,
we explain how to investigate whether dust aggregates can
be rotationally disrupted in Section 2. We assume radiative torque
(e.g., Draine & Weingartner 1996) and gas-flow torque. The
situation in protoplanetary disks would be completely different
from that in the interstellar space because of the grain growth and
the dense gas. During dust aggregate growth, their volume filling
factor decreases to ∼10−5 and their size increases to kilometer
scale (Kataoka et al. 2013b). Therefore, we treat both the radiative
torque and the gas-flow torque. The gas-flow torque depends on
the helicity of dust aggregates, which has not been investigated in
the context of the grain growth in planet formation, although some
previous studies show that irregular grains may not show well-
defined helicity (e.g., Lazarian et al. 2015). As the first step and
for simplicity, we introduce a simple parameter, force-to-torque
efficiency, to investigate the effect of the helicity of dust
aggregates in Section 2.1.2. We also assume that dust aggregates
reach a steady-state rigid rotation. By comparing the obtained
tensile stress due to the centrifugal force and the tensile strength of
dust aggregates (Tatsuuma et al. 2019), we find out whether they
can be rotationally disrupted. Next, we show our results in
Section 3, which contains the mass and volume filling factor
of rotationally disrupted dust aggregates. We also investigate
the dependence of our results on physical parameters. Then,
we interpret and discuss our results in Section 4. Finally, we
conclude our work in Section 5.

2. Methods

In this section, we explain how we calculate whether dust
aggregates are rotationally disrupted during their growth in
protoplanetary disks. We treat a dust aggregate as a rigid
sphere. We assume that dust aggregates receive spin-up torques
and spin-down torques, which leads to the steady-state angular
velocity of the rotation. We assume two origins of spin-up
torques, radiation (e.g., Draine & Weingartner 1996) and gas
flow, which we call radiative and gas-flow torque, and we
explain them in Section 2.1. The gas-flow torque is known as
the mechanical torque. Also, we explain the spin-down torque
due to surrounding gas in Section 2.2. When the spin-up
torques and the spin-down torque are balanced, the spinning
motion of dust aggregates becomes steady-state. The steady-
state angular velocity is described in Section 2.3. Then,
we calculate the tensile stress due to the centrifugal force
(e.g., Hoang 2019; Hoang et al. 2019), which we explain in
Section 2.4.
Models to calculate the tensile stress and tensile strength of

dust aggregates in protoplanetary disks are as follows. To
calculate the spin-up torques, we need models of the radiation
field and gas disk, which are explained in Section 2.5. The
radiation field at the midplane is dominated by dust thermal
emission, which was investigated by Tazaki et al. (2017). We
adopt their model and assume the minimum-mass solar nebula.
The tensile strength of dust aggregates was investigated by
Tatsuuma et al. (2019) using three-dimensional dust N-body
simulations, which we explain in Section 2.6. To investigate
whether the rotational disruption affects dust growth, we
explain the model of porosity evolution in Section 2.7. The
porosity evolution of dust aggregates was investigated by
Kataoka et al. (2013b), who assume hit-and-stick growth,
collisional compression, gas compression, and self-gravita-
tional compression.

Figure 1. Dust alignment mechanisms in protoplanetary disks: radiative, mechanical, magnetic, and Gold alignment. The radiative, mechanical, and magnetic
alignments require some torque, while Gold alignment does not require any torque. The spin axis, which is parallel to the minor axis of an elliptical dust grain, tends to
be parallel to the flow of photons or gas, or the direction of the magnetic field. The elliptical dust grain emits thermal polarization waves, which are parallel to its major
axis. In this paper, we assume alignments that require some rotational torque: radiative torque from photon’s spin angular momentum and momentum, and gas-flow
torque, which is also called the mechanical torque in previous works.
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regime for simplicity. We substitute Equations (4), (5), (6), (8),
and (9) into Equation (13), and then we obtain the dependence
of the steady-state angular velocity, written as

X
G H
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r
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. 23c
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Then, we find that the steady-state spin period ( Xr �
c

1) does not
depend on the mass when St= 1, while it is proportional to
m1/3 when St? 1 as shown in Figure 5.

In the porous case (f= 10−3), dust aggregates with m 108

g are rotationally disrupted by the gas flow, while the compact
dust aggregates (f= 0.5) are not disrupted.

3.2. Tensile Stress due to Centrifugal Force

We plot the tensile stress due to the centrifugal force using
Equation (14) for every spin-up torque when the volume filling
factors are fixed to f= 0.5 (compact) and f= 10−3 (porous) in
Figure 6. The parameters are the same as in Section 3.1:
R= 10 au, γp= 0.1, γft= 0.1, and r0= 0.1 μm. We also show
the rotational disruption area derived from the tensile strength
of dust aggregates (Equation (18)), which does not depend on
their mass. The effect of radiative torques is also negligible

because the tensile stress is proportional to the square of the
steady-state angular velocity (see Equation (14)).
We analytically calculate the dependence of the tensile stress

by assuming that the spin-up torque is the same as the gas-flow
torque. We substitute Equation (23) into Equation (14), and
then we obtain

G H
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which corresponds to the trend of Figure 6.

3.3. Disruption Mass and Volume Filling Factor

We compare the calculated tensile stress due to the
centrifugal force with the tensile strength of dust aggregates
to determine whether they are rotationally disrupted. We plot
the disrupted mass and volume filling factor in Figure 7. The
other parameters are the same as in Sections 3.1 and 3.2:
R= 10 au, γp= 0.1, γft= 0.1, and r0= 0.1 μm. Hereafter, we
define this parameter set as the fiducial model, and we
investigate the dependence on each parameter in Section 3.4.
In the fiducial model, the dust aggregates with m  108 g and

f � 10−2 are rotationally disrupted by the gas flow. Also,

Figure 5. Spin periods when R = 10 au, γp = 0.1, γft = 0.1, and r0 = 0.1 μm for compact dust aggregates (left; f = 0.5) and porous dust aggregates (right; f = 10−3).
We assume three kinds of torques: radiative torque due to spin angular momentum of photons (dotted), radiative torque due to photon momentum (dashed–dotted),
and gas-flow torque (dashed). The gray area represents where dust aggregates are rotationally disrupted.

Figure 6. Tensile stress when R = 10 au, γp = 0.1, γft = 0.1, and r0 = 0.1 μm for compact dust aggregates (left; f = 0.5) and porous dust aggregates (right;
f = 10−3). The lines and the area are the same as in Figure 5.
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• If the emission is very optically thick,  
the continuum emission becomes 
fainter due to dust scattering (Miyake 
and Nakagawa 1993, Birnstiel et al. 
2018, Liu 2019, Zhu et al. 2019, Sierra 
and Lizano 2020)

Scattering makes disk continuum fainter

Zhu et al. 2019

← with scattering

← no scatteringmore inclined (dashed curves). This is simply because our line
of sight passes through more column (1/μ factor) when the
disk is inclined. On the other hand, for very optically thick
disks (τ5), the intensity decreases when the disk is more
inclined due to dust scattering. Thus, inclined optically thick
disks look even fainter than face-on disks. The change in χ
with respect to the disk inclination in the optically thick limit is
shown in Figure 2.

To study the effect of dust scattering, we can also compare
the intensity from disks having strong scattering with the
intensity from disks having zero albedo. We thus define
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These comparisons assume that μ=1. Without dust scattering,
we have χt=χa=1. With dust scattering, we have
χt=(1−ων) and χa=1 in the optically thin limit.
Figure 3 shows how both χt and χa change with τν,d and

d,
absUO if ω=0.9. When τν,d<1, χt=(1−ων) is a good

approximation. When 1d,
absU �O , Equation (12) is a good

approximation. Figure 3 also shows an interesting phenom-
enon: dust scattering does not always reduce intensity. When

1d,
absU _O , the disk with scattering is actually brighter than the

disk without scattering, as long as these two disks have the
same absorption optical depth. Due to this complex phenom-
enon at 1d,

absU _O , in the rest of this Letter when we call a disk
“optically thin” we refer to τν,d<1, and when we call a disk
“optically thick” we refer to 1d,

absU �O , unless otherwise stated.
We also want to study how “wrong” the derived optical

depth can be if we use the traditional method (Equation (1)) to
measure the optical depth of a disk with scattering. We first
calculate the intensity emitted by the disk with the absorption
optical depth of d,

absUO and the scattering albedo (ων) using
Equation (9). Then, we use Equation (1) to derive the observed
optical depth (τobs), assuming that we know the actual disk
temperature. The relationship between the observed disk
optical depth and the true disk optical depth is shown in
Figure 4 for different disk albedos. Clearly, even if ω is only

0.1, an extremely optically thick disk can be misidentified as a
disk with the optical depth of order unity.

2.2. Direct Numerical Simulations

To validate the approximations used in the previous section
(e.g., the Eddington, two-stream, and Eddington–Barbier
approximations), we have carried out direct radiative transfer
calculations using the radiation module in Athena++ (Jiang
et al. 2014). It solves the radiative transfer equation explicitly
using the short characteristics method. Here we only solve the
radiative transfer equation without evolving the
hydrodynamics.
We set up a plane-parallel atmosphere with a density profile

of

e , 18z z H
0

22
min
2 2S S� � � ( )( )

to represent the disk vertical density structure, where ρ0=1
and H=0.05 in the code unit. The simulation domain extends
from the midplane at zmin=0 to zmax=0.35 with 256 uniform
grid cells. For the radiation field, the reflecting boundary
condition (which flips the z-direction of the intensity rays) has
been adopted at the disk midplane zmin, considering that the
disk is symmetric with respect to the midplane. The vacuum
boundary condition has been adopted at zmax to simulate the
outflowing radiation field. We vary the opacity to control the

Figure 2. χ with respect to the inclination (μ=cos i for the bottom axis and i
for the top axis) for different albedos (ω). The solid curves are from the
analytical estimate in the optically thick limit (Equation (12)), while the dots
are from direct numerical simulations. The corresponding τobs is shown on the
right axis.

Figure 3. χt with respect to the total optical depth of disks with different
optical depths (left panel), and χa with respect to the absorption optical depth
of these disks (right panel). The solid curves are derived from Equation (9),
while the dotted curves are from the approximated solution (Equation (11)).
The albedo ω is set at 0.9. The blue dots are from direct numerical simulations.

Figure 4. Observed disk optical depth with respect to the true disk absorption
optical depth. The dotted line shows dobs ,

absU U� O .

4

The Astrophysical Journal Letters, 877:L18 (13pp), 2019 June 1 Zhu et al.

Actual optical depth

“o
bs

er
ve

d 
op

tic
al

 d
ep

th
”



Akimasa Kataoka (NAOJ)

Scattering makes disks fainter - TW Hya

the TW Hya disk are discussed in Section 4, and the summary
is presented in Section 5.

2. Millimeter SED of the Central Part of the TW Hya Disk

We investigate the multiwavelength observations of the
inner part of the TW Hya disk where previous studies have
suggested that it is optically thick at Bands 4 and 6 (e.g.,
Tsukagoshi et al. 2016). Because the lowest spatial resolution
in our data set (∼20 au, corresponding to ∼0 34) is not high
enough to discuss the detailed radial structures, we investigate
the SED of the central part of the disk as shown in the
following sections.

2.1. ALMA Data and Analysis

In this study, we analyze the public images of the continuum
emission of the TW Hya disk at Bands 3, 4, 6, 7, and 9 taken
with ALMA. The Band 4 and 6 images are adopted from
Tsukagoshi et al. (2016), and the Band 7 image is from
Tsukagoshi et al. (2019). For the detailed calibration process of
Band 4, 6, and 7 images, we refer readers to Tsukagoshi et al.
(2016, 2019). For the Band 3 and 9 images, we downloaded the
product images provided by ALMA from the ALMA data
archive system (2016.1.00229.S and 2012.1.00422.S, PI:
Edwin Bergin). The observed visibilities were reduced and
calibrated using the Common Astronomical Software Applica-
tion (CASA) package (McMullin et al. 2007). The initial
flagging of the visibilities and the calibrations for the bandpass
characteristics, complex gain, and flux scaling were performed
using the pipeline scripts provided by ALMA. After flagging
the bad data, the corrected data were concatenated and imaged
by CLEAN. The CLEAN map was created by adopting Briggs
weighting with a robust parameter of 0.8 for Band 3 and 0.5 for
Band 9. After that, self-calibration was applied for the data set.

Figure 1 shows the continuum images of the TW Hya disk at
each band. The angular resolution of each observation is
0.43×0.27, 0.088×0.062, 0.075×0.055, 0.036×0.029,
and 0.38×0 23 for Bands 3, 4, 6, 7, and 9, respectively.
Owing to the high spatial resolution, the images at Bands 4, 6,
and 7 clearly show the concentric ring and gap-like structures,
which have been already reported (e.g., Andrews et al. 2016;
Tsukagoshi et al. 2016). In contrast, the Band 3 and 9 images
have low angular resolution so that the substructures are not
seen. The maximum recoverable scale of the obtained data is
5 0, 18″, 12″, 8 8, and 5 1 for Bands 3, 4, 6, 7, and 9,
respectively. Since the diameter of the dust disk around TW
Hya is ∼140 au, corresponding to an angular scale of ∼2 3,
our data sufficiently recovers the whole disk emission.

2.2. SED Analysis

We focus only on the inner region within the radial distance
of ∼10 au where the previous study showed that the spectral
index between Bands 4 and 6 is lower than 2 (Tsukagoshi et al.
2016). In order to investigate each data with the same beam
size, the observed images at Bands 4, 6, 7, and 9 are re-
convolved with the beam size of Band 3 observation
(0.43×0 27), which is equivalent to the spatial resolution
of 26×16 au for the distance of the target from the Earth
(≈60 pc, Gaia Collaboration et al. 2016).
The intensities at the center of the re-convolved images at

each band are shown in Figure 2 and summarized in Table 1.
Since the spatial resolution of 26×16 au corresponds to the
effective beam radius of 10 au, the intensity at the center of the
images traces mainly the inner disk within the radius of
∼10 au. In Figure 2, we plot error bars corresponding to 5% of
the absolute intensity for Bands 3 and 4, 10% for Bands 6 and
7, and 20% for Band 9. The errors are potentially caused in the
flux calibration process and quoted from the ALMA official
observing guide. In the Appendix, we examined the time
variation of the flux density of the amplitude calibrators to see

Figure 1. ALMA continuum images of the TW Hya disk at Bands 3, 4, 6, 7, and 9 from left to right. The synthesized beam sizes at Bands 3, 4, 6, 7, and 9 are
0.43×0.27, 0.088×0.062, 0.075×0.055, 0.036×0.029, and 0.38×0 23, respectively.

Figure 2. Intensities at the center of the re-convolved images at different
observing wavelengths. For reference, the intensity profiles following the
spectral indexes of 2, 1.6, and 1.4 are denoted by the solid, dashed, and dotted
lines, respectively. The uncertainty in the absolute intensity is set to be 5% for
Bands 3 and 4, 10% for Bands 6 and 7, and 20% for Band 9.
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the TW Hya disk are discussed in Section 4, and the summary
is presented in Section 5.

2. Millimeter SED of the Central Part of the TW Hya Disk

We investigate the multiwavelength observations of the
inner part of the TW Hya disk where previous studies have
suggested that it is optically thick at Bands 4 and 6 (e.g.,
Tsukagoshi et al. 2016). Because the lowest spatial resolution
in our data set (∼20 au, corresponding to ∼0 34) is not high
enough to discuss the detailed radial structures, we investigate
the SED of the central part of the disk as shown in the
following sections.

2.1. ALMA Data and Analysis

In this study, we analyze the public images of the continuum
emission of the TW Hya disk at Bands 3, 4, 6, 7, and 9 taken
with ALMA. The Band 4 and 6 images are adopted from
Tsukagoshi et al. (2016), and the Band 7 image is from
Tsukagoshi et al. (2019). For the detailed calibration process of
Band 4, 6, and 7 images, we refer readers to Tsukagoshi et al.
(2016, 2019). For the Band 3 and 9 images, we downloaded the
product images provided by ALMA from the ALMA data
archive system (2016.1.00229.S and 2012.1.00422.S, PI:
Edwin Bergin). The observed visibilities were reduced and
calibrated using the Common Astronomical Software Applica-
tion (CASA) package (McMullin et al. 2007). The initial
flagging of the visibilities and the calibrations for the bandpass
characteristics, complex gain, and flux scaling were performed
using the pipeline scripts provided by ALMA. After flagging
the bad data, the corrected data were concatenated and imaged
by CLEAN. The CLEAN map was created by adopting Briggs
weighting with a robust parameter of 0.8 for Band 3 and 0.5 for
Band 9. After that, self-calibration was applied for the data set.

Figure 1 shows the continuum images of the TW Hya disk at
each band. The angular resolution of each observation is
0.43×0.27, 0.088×0.062, 0.075×0.055, 0.036×0.029,
and 0.38×0 23 for Bands 3, 4, 6, 7, and 9, respectively.
Owing to the high spatial resolution, the images at Bands 4, 6,
and 7 clearly show the concentric ring and gap-like structures,
which have been already reported (e.g., Andrews et al. 2016;
Tsukagoshi et al. 2016). In contrast, the Band 3 and 9 images
have low angular resolution so that the substructures are not
seen. The maximum recoverable scale of the obtained data is
5 0, 18″, 12″, 8 8, and 5 1 for Bands 3, 4, 6, 7, and 9,
respectively. Since the diameter of the dust disk around TW
Hya is ∼140 au, corresponding to an angular scale of ∼2 3,
our data sufficiently recovers the whole disk emission.

2.2. SED Analysis

We focus only on the inner region within the radial distance
of ∼10 au where the previous study showed that the spectral
index between Bands 4 and 6 is lower than 2 (Tsukagoshi et al.
2016). In order to investigate each data with the same beam
size, the observed images at Bands 4, 6, 7, and 9 are re-
convolved with the beam size of Band 3 observation
(0.43×0 27), which is equivalent to the spatial resolution
of 26×16 au for the distance of the target from the Earth
(≈60 pc, Gaia Collaboration et al. 2016).
The intensities at the center of the re-convolved images at

each band are shown in Figure 2 and summarized in Table 1.
Since the spatial resolution of 26×16 au corresponds to the
effective beam radius of 10 au, the intensity at the center of the
images traces mainly the inner disk within the radius of
∼10 au. In Figure 2, we plot error bars corresponding to 5% of
the absolute intensity for Bands 3 and 4, 10% for Bands 6 and
7, and 20% for Band 9. The errors are potentially caused in the
flux calibration process and quoted from the ALMA official
observing guide. In the Appendix, we examined the time
variation of the flux density of the amplitude calibrators to see

Figure 1. ALMA continuum images of the TW Hya disk at Bands 3, 4, 6, 7, and 9 from left to right. The synthesized beam sizes at Bands 3, 4, 6, 7, and 9 are
0.43×0.27, 0.088×0.062, 0.075×0.055, 0.036×0.029, and 0.38×0 23, respectively.

Figure 2. Intensities at the center of the re-convolved images at different
observing wavelengths. For reference, the intensity profiles following the
spectral indexes of 2, 1.6, and 1.4 are denoted by the solid, dashed, and dotted
lines, respectively. The uncertainty in the absolute intensity is set to be 5% for
Bands 3 and 4, 10% for Bands 6 and 7, and 20% for Band 9.
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If we try to fit the SED of the center (<20 au) with a power-law model…

grains has a peak around Bands 6–7, scattering is the most
effective at Bands 6–7 and reduces the intensity at those bands
by ∼35%.

On the other hand, at wavelengths longer than 3 mm, the
model with scattering shows a slightly higher intensity than the
model without scattering. This would be because, if the
observed region is optically thin for the vertical direction but

optically thick for the radial direction, scattered photons
selectively escape to the vertical direction, which enhances
the disk brightness compared to the no-scattering case. In this
model, dust scattering enhances the observed intensity by
∼20% at the maximum compared to the model without
scattering. This intensity enhancement by scattering can be also
seen in Figure 9 of Birnstiel et al. (2018), although they have
not mentioned it.

3.5. Step 3—Fine-tuning of Grain Size

From the observed SED, one would expect that dust
scattering reduces the observed intensity only in observing
wavelengths shorter than 1 mm. This implies that dust grains
need to be smaller than 1 mm, otherwise dust scattering is
effective even at longer observing wavelengths. In order to
investigate the dependence of the SED on the dust size, we
perform radiative transfer simulations with different dust sizes.
Figure 7 shows simulated intensities with different dust sizes

for the same disk temperature and mass with the model shown
in Section 3.4. If the maximum dust radius is 10 μm, scattering
is not effective, so the simulated intensity is almost the same as
that of the no-scattering model shown in Figure 6. For the
100 μm grains, the effect of scattering shows up and is more
effective in shorter observing wavelengths since the scattering
albedo of 100 μm grains monotonically decreases with the
wavelength within the observing wavelengths. These results
indicate that dust grains smaller than 100 μm do not account for
the observed intensity profile, which has a dip around Band 7.
In contrast, if the dust size is larger than 1000 μm, scattering is
the most effective at Band 3 since the scattering albedo
monotonically increases with wavelength, which leads to an
underestimate of the intensity at Band 3. Therefore, the
maximum dust radius of ∼300 μm, whose scattering albedo
has a peak around Bands 6–7, is the best to explain the
observed intensity profile.

Figure 5. Intensity at the center of the disk images simulated without scattering. The orange, light blue, purple, and black solid lines show the simulated intensity for
the different disk models. The maximum dust size is set to be 1000 μm and 1cm in the left and right panels, respectively. The red points show the observed values.
The gray dashed line denotes a spectral index of 2.

Figure 6. Intensity at the center of the disk images. The blue and gray solid
lines show the simulated intensity for the maximum dust size of 300 μm with
and without scattering, respectively. The vertical absorption optical depth at
10 au is set to be 0.95 at Band 3, and the temperature at 10 au is set to be 30 K.
The red points show the observed values. The gray dotted line shows the
blackbody curve at a dust temperature of 30 K. The gray dashed line denotes a
spectral index of 2.
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Best fit model

In our simulations, the dust surface density is assumed to
follow a simple power-law profile:
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where r is the mid-plane distance from the central star and Σ10

is the dust surface density at 10 au. The inner edge of the disk is
set to 1 au to mimic the presence of an inner cavity in the TW
Hya disk. We truncate the disk at 50 au, which is far enough
from the center of the disk as to not affect the intensity at the
center when the intensity is convolved with the observing beam
size (∼20 au). The dust surface density is related to the vertical
absorption optical depth at Band 3 at 10 au as
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where κB3 is the absorption opacity at the observing frequency
of Band 3. Using the dust surface density, the dust volume
density ρd is calculated as
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where z is the vertical height from the mid-plane and hd is the
scale height of the dust disk,
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The temperature profile is assumed to be
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where f is the azimuthal angle and T10 is the temperature at
10 au. The disk inclination is set to be 7° based on Qi et al.
(2004). The simulated images are convolved with the observing
beam size.
In the following subsections, we show the comparison

between the ALMA observations and the results of the
radiative transfer simulations with and without scattering.

3.3. Step 1—No-scattering Case

As shown in Figure 2, the intensities at short wavelengths are
lower than the intensity extrapolated from longer wavelengths
with the spectral slope of 2. At short wavelengths, the
observing wavelength would be close to the peak wavelength
of the blackbody emission from the disk so that the blackbody
emission might be deviated from and lower than the Rayleigh–
Jeans limit (e.g., Figure 5 of Kim et al. 2019).
In order to investigate whether the observed low intensity at

high frequency can be explained simply by the deviation from
the Rayleigh–Jeans limit, we first show the results of radiative
transfer simulations without scattering in Figure 5. In Figure 5,
we change the disk temperature, and the disk mass (i.e., τ10) is
set for each temperature model so that the observed intensity at
Band 3 is reproduced. If T10=20 K, the simulated intensity
profile is similar to the observed one between Bands 3 and 7
but is significantly lower at Band 9. If T10 is higher than 30 K,
the model overpredicts the intensity at Bands 4–9. Although
the observed intensity profile is barely reproduced by the model
with T10=22 K, the model intensities are the lower limit of
the Band 9 observation and are higher at Band 6. If T10 is
higher than 22 K, the intensity at an observing wavelength
shorter than Band 4, especially at Bands 4, 6, and 7, is
significantly higher than the observed value. Since the disk is
optically thick at λ3mm in all of these models, the impact
of dust size arises only at λ3mm. Therefore, we conclude
that, if scattering is not taken into account, it is difficult to
explain the observed intensity profile except for the model with
τ10=2.2 and T10=22 K.

3.4. Step 2—Turning on the Scattering Effect

As the observed SED suggests that dust scattering is the
most effective at Band 7, we first perform the radiative transfer
simulation with turning on scattering, and we set the maximum
dust radius to be 300 μm, whose albedo has a peak around
Bands 6–7 (see Figure 4).
Figure 6 shows the comparison between the observed

intensity and the simulated intensity of the model with a
maximum dust radius of 300 μm with and without scattering.
In Figure 6, τ10 and T10 are set to be 0.95 and 30 K,
respectively. We clearly see that the model with scattering well
produces the observed intensities while the model without
scattering overestimates. As the scattering albedo of 300 μm

Figure 4. Effective scattering albedo ωeff as a function of the wavelength for
the different maximum dust sizes. The gray vertical dashed lines show the
observing wavelengths at Bands 3, 4, 6, 7, and 9 from right to left.

Table 2
Effective Scattering Albedo ωeff at Each Observing Band

amax⧹Band 3 4 6 7 9

10 μm 0.00015 0.00033 0.00094 0.0020 0.0085
30 μm 0.0037 0.0084 0.024 0.050 0.18
100 μm 0.12 0.23 0.46 0.63 0.75
300 μm 0.77 0.87 0.89 0.88 0.73
1000 μm 0.95 0.92 0.86 0.82 0.66
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