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disk symmetry axis and the line of sight. We plot the direction of
polarization for three different wavelengths and two different
viewing angles. The lines represent the direction of polarization.
Since we assume that magnetic field is azimuthal, the direction
of polarization is predominantly radial (see Fig. 10, bottom). In
Figure 11 we show similar plots for radiation from the disk inte-
rior only. For k > 100 !m, the polarization patterns in Figure 11
are very similar to those in Figure 10. But near the disk edges,
Figure 10 shows a larger degree of polarization than Figure 11,
because the emission from the disk interior is very weak there
compared with that from the disk surface layer. For k < 100 !m,
the polarization patterns in Figure 11 are very different from those
in Figure 10, because polarized emission from the disk surface layer
dominates that from the disk interior. Note that since the degree
of polarization of emission from the disk surface layer is very sen-
sitive to themaximumgrain size in the surface layer, the results for
k < 100 !m should be very sensitive to the maximum grain size
in the surface layer.

While the polarimetry of the spatially resolved accretion disks
is promising with a new generation of instruments (see x 6.2), at
present one can study disk magnetic fields with unresolved accre-
tion disks. Below we provide predictions for this case. Figure 12
shows a SED for such a disk for four different viewing angles.
When " ¼ 90 (i.e., for edge-on disk), the inner part of the disk
(i.e., region close to the star) is invisible due to high opacity.
Therefore, the SED truncates for k < 10 !m.When " ¼ 0 (i.e., for
face-on disk), the polarized emission is zero as expected.4

Finally, Figure 13 shows the change of the degree of polarization
for selected wavelengths. The left panel shows the degree of po-
larization for total emission, while the right panel shows that for
radiation from the interior only. The degree of polarization is large

Fig. 11.—Simulated observations. Degree of polarization is calculated for the radiation from the disk interior only.

4 That is, we do not see thick dotted or thick dashed lines in Fig. 12d.

Fig. 12.—SED for four different viewing angles.When " ¼ 90 (i.e., for edge-on
disk), inner part of the disk (i.e., region close to the star) is invisible because it is
occulted by the outer part of the disk. Therefore, the SED truncates for k < 10 !m.
When " ¼ 0 (i.e., for face-on disk), the polarized emission is zero as expected,
because the assumed magnetic field configuration is perfectly azimuthal.
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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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Non-detection on HD 163296, TW Hya.  
GM Aur and DG Tau (Hughes et al. 2009, 2013).

Theory

Radiative Torque 
Alignment

Observations

2 sigma detection by CARMA and SMA 
(Stephens et al. 2014)

inferred B vectors (rotated by 90 degrees)
B-fields

e.g., Draine and Weingartner 1997, Lazarian 2007, 
Cho and Lazarian 2007…



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

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

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

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

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

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

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

4.2. Self-scattering

4.2.1. Model Prediction

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

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

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

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

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

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

10 RADMC-3D is an open code of radiative transfer calculations. The code is
available online: http://www.ita.uni-heidelberg.de/~dullemond/software/
radmc-3d/.
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After 2015 - ALMA polarization and progress of theory

• ALMA observations - many 
polarimetric detections at 870, 
1.3, and 3.1 mm wavelengths 

• Self-scattering - a new idea of 
origin of polarization  

• Direction of the aligned 
grains - grains may be aligned, 
but not with the direction of B-
fields

Dramatic progress in 5 years



Motivation 1:  polarization morphologies 
ALMA polarization of smooth and inclined disks, around a low-mass stars, with scales less than 100 au

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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HD 163296 (0.9 mm)

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 l p2 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 140pc
(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 ´0. 45 0. 29,
corresponding to ~ ´63 41 au at a distance of 140 pc to the
target. The rms for Stokes I, Q, and Uis 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 6.9μJy.
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 s= + - =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
s5 PI. The contours correspond to ´( )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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(a) (b)
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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 (0.9 mm)

Mixture

Dent et al. 2019, Stephens et al. 2017, 
Hull et al. 2018, Bacciotti et al. 2018…

4 Mori et al.

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

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

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

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

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

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

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

Figure 1. ALMA polarimetric observations at 3.1 mm (top, Kataoka et al.
2017), 1.3 mm (middle), and 870 μm (bottom), where the red vectors show the
>3σ polarization morphology (i.e., vectors have not been rotated). Vector
lengths are linearly proportional to P. The color scale shows the polarized
intensity, which is masked to only show 3σ detections. Stokes I contours in
each panel are shown for [3, 10, 25, 50, 100, 200, 325, 500, 750, 1000] × Is ,
where Is is 44, 154, and 460 μJy bm−1 for 3.1 mm, 1.3 mm, and 870 μm,
respectively.
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Figure 1. 870µm ALMA maps of the Class II protoplanetary disk IM Lup. The peak values of the total intensity (Stokes I), polarized
intensity (P ), and polarization fraction images are 120.74 mJy beam�1, 1.37 mJy beam�1, and 0.011, respectively. The rms noise values in
the total intensity and polarized intensity thermal dust emission images are �I = 100µJy beam�1 and �P = 22µJy beam�1, respectively.
The black ellipses in the lower-left corners of all panels represent the ALMA synthesized beam (resolution element), which measures 0.0050 ⇥
0.0040 at a position angle of 76.9�, corresponding to a linear resolution of ⇠ 72 au at a distance of 161 ± 10 pc (Gaia Collaboration et al. 2016).
Top: Polarization map of IM Lup. Contours are the total intensity thermal dust emission, plotted at 3, 8, 16, 32, 64, 128, 256, 512, 1024 ⇥�I .
Grayscale is the polarized thermal dust emission, plotted starting at 3�P . Line segments are the polarization orientation � of the
dust emission, with lengths proportional to the polarization fraction Pfrac. Bottom left: Grayscale is the total intensity thermal dust
emission; contours are the polarized intensity P , plotted at 0.06, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 ⇥ the peak of 1.37 mJy beam�1. Bottom
right: Grayscale is the total intensity thermal dust emission; contours are the polarization fraction Pfrac = P/I, plotted at levels of
0.005, 0.006, 0.007, 0.008, 0.009, 0.01. The coordinates and the grayscale are identical in the two bottom panels. The ALMA data used to
make this figure are available in the online version of this publication.
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Figure 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

disk, and the polarized intensity peaks at the center of the disk.
In contrast, the model for radiative alignment predicts that
polarized emission would peak at two points along the major
axis in RY Tau and MWC 480. Additionally, we note that
while Haro 6–13 and MWC 480 have nearly the same
inclination angle (40° and 36°, respectively) they have different
polarization morphologies, which indicates that the differences
in these two disks cannot be attributed solely to differences in
inclination angle.

The variation in polarization with wavelength in HL Tau has
been explained by scattering dominating at 870 μm and
radiation alignment dominating at 3 mm, with a combination
of the two mechanisms present at 1.3 mm (Stephens 2017).
With our observations of DG Tau, Haro 6–13, MWC 480, and
RY Tau, we provide the first evidence of different polarization
morphologies in otherwise similar disks at 3 mm, implying that
different polarization mechanisms may dominate in these disks
at the same wavelength.

4.1. Potential Evolutionary Effects

The differences in polarization mechanisms in these disks
may indicate that the disks are at different stages of evolution.
Polarization from scattering is present at a longer wavelength in
MWC 480 and RY Tau than in HL Tau. This could indicate
that MWC 480 and RY Tau have (compared to HL Tau) larger
dust grains, which could imply a more evolved disk with time
to allow dust to grow to larger sizes. To determine whether
evolutionary effects are responsible for the variation seen in
these disks, we will need observations at other wavelengths to
determine more quantitatively where the transitions between
polarization patterns take place.
The dust opacity spectral index (β) has been used to estimate

grain sizes in circumstellar disks with assumed dust properties.
Kwon et al. (2015) obtained β values of 0.6745±0.0069
(viscous accretion disk model) to 0.615±0.006 (power-law
disk model) for HL Tau and β values consistent with zero or a
small positive number for Haro 6–13. Even with the
uncertainty of 0.25 on these values, HL Tau’s β value is
higher than Haro 6–13ʼs, which is consistent with Haro 6–13

Figure 4. Models of expected polarization morphology in DG Tau and Haro 6–13 from radiative alignment, alongside the maps from Figure 1. In models, gray
contours represent Stokes I, blue shading represents polarized intensity, and black pseudo-vectors represent polarization angle. The color scale is relative and not
meant to quantitatively predict polarized intensity values.
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Fig. 1. Stokes I (left panel), polarized intensity (middle panel) and polarization fraction (right panel) of our Band 3 (upper panels), Band 6 (middle
panels) and Band 7 (lower panels) ALMA data. The contours indicate the intensity levels of the Stokes I emission in each band, being 30, 60, 90,
120, 150,180 times the rms for bands of 3 and 6 (rmsBand 3 ⇠ 0.012 mJy beam�1 and rmsBand 6 ⇠ 0.15 mJy beam �1), and 30, 60, 90, 120 times
0.52 mJy beam�1, the rms for Band 7. The synthesized beams are 0.2200 ⇥ 0.1700 (position angle = �61.46�) for Band 3, 0.2600 ⇥ 0.1500 (position
angle = �85.65�) for Band 6 and 0.2100 ⇥ 0.1800 (position angle = �72.79�) for Band 7. The vector map indicates the orientation of the polarization
whose length is proportional to the polarization fraction. The vectors are sampled as one vector every two pixels. The two star-symbols at the
middle-lower panel indicate the position of the two continuum peaks detected in the 34 GHz VLA data, being VLA 5a the northern peak and VLA
5b the southern one (see also Fig. 2).

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

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

2.2. VLA

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

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

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

Article number, page 3 of 8

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

Band 3

Band 7

Band 6

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

no extended polarized emission is detected at scales larger than
5.700, which corresponds to ⇠ 1
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We used the Karl G. Jansky Very Large Array (VLA) to observe
the continuum emission at 34.5 GHz (� ⇠ 8.7 mm, Ka band) in
its most extended configuration. The observations were carried
out on December 4 and 10, 2016. The total on-source time was
77 minutes. The calibration was performed using the standard
CASA VLA pipeline. The maps were obtained from the cali-
brated visibilities using a robust weighting of 0, which provided
a synthesized beam of 0.1000 ⇥ 0.0400 with a position angle of

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

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

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

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

2.2. VLA

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

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

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

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

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

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

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

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

Figure 1. ALMA polarimetric observations at 3.1 mm (top, Kataoka et al.
2017), 1.3 mm (middle), and 870 μm (bottom), where the red vectors show the
>3σ polarization morphology (i.e., vectors have not been rotated). Vector
lengths are linearly proportional to P. The color scale shows the polarized
intensity, which is masked to only show 3σ detections. Stokes I contours in
each panel are shown for [3, 10, 25, 50, 100, 200, 325, 500, 750, 1000] × Is ,
where Is is 44, 154, and 460 μJy bm−1 for 3.1 mm, 1.3 mm, and 870 μm,
respectively.
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870 μm, the positive regions almost completely disappear.
StokesU shows two positive and two negative regions at
3.1 mm. The negative blobs disappear at 1.3 mm, while the
positive regions connect, and at 870 μm, the positive regions
turn into a single, large region.
For the Stokes V images (Figure 2), 3.1 mm appears to be

purely noise. For both 1.3 mm and 870 μm, StokesV has a
negative flux blob offset to the top-right of the Stokes I
intensity, and this blob is significantly brighter in 870 μm.
Although circular polarization can in principle be produced by
scattering of linearly polarized light off non-spherical grains
(e.g., Tazaki et al. 2017), StokesV has not been well
characterized for ALMA, so its detection could be spurious
and will not be discussed in detail in this paper.
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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
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where Is is 44, 154, and 460 μJy bm−1 for 3.1 mm, 1.3 mm, and 870 μm,
respectively.
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The transition of polarization morphologies from one
wavelength to another is also apparent in the StokesQ and U
images, as seen in Figure 2. Specifically, at 3.1 mm the
StokesQ image shows negative regions from north to south
and positive regions from east to west. At 1.3 mm, the negative
regions are much brighter than the positive regions, and at
870 μm, the positive regions almost completely disappear.
StokesU shows two positive and two negative regions at
3.1 mm. The negative blobs disappear at 1.3 mm, while the
positive regions connect, and at 870 μm, the positive regions
turn into a single, large region.
For the Stokes V images (Figure 2), 3.1 mm appears to be

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

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

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

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

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

Figure 1. ALMA polarimetric observations at 3.1 mm (top, Kataoka et al.
2017), 1.3 mm (middle), and 870 μm (bottom), where the red vectors show the
>3σ polarization morphology (i.e., vectors have not been rotated). Vector
lengths are linearly proportional to P. The color scale shows the polarized
intensity, which is masked to only show 3σ detections. Stokes I contours in
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HL Tau  
(Class I-II)

Kataoka et al. 2017, Stephens et al. 2017
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Motivation 2: wavelength dependence
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• Pre-ALMA era and ALMA discovery of 
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• Theories/models (~20 min.) 

• Self-scattering polarization 

• Grain alignment in protoplanetary disks 

• Basic interpretations (~5 min.) 

• Implications to planet formation? What can 
be and cannot be explained by the theories? 
Recent progress? (~15 min.)



Grain alignment

Directions 
-B-fields 
- radiation 
-gas flow

Linear polarization
e.g., Cho and Lazarian 2007, Tazaki et al. 2017, 
Lazarian and Hoang 2007, Kataoka et al. 2019

Self-scattering
IR scattered light

Infrared

millimeter

disk

radio scattered light 
(self-scattering)

Kataoka et al. 2015

Polarization mechanisms

Note: dust grains at midplane do 
not receive stellar photons
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Polarization due to scattering

Horizontal Polarization

a dust grain

thermal dust emission 
of other dust grains
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perpendicular to the plane 

of this slide)
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Polarization due to scattering
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Polarization due to scattering

Unpolarized
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Polarization due to scattering

Vertical Polarization
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Radiative transfer calculations
I [mJy/arcsec2]

-2 -1  0  1  2
[arcsec]

-2

-1

 0

 1

 2

[a
rc

se
c]

100

101

102

103
P[%]

-2 -1  0  1  2

[arcsec]

-2

-1

 0

 1

 2

[a
rc

se
c]

0.00

0.50

1.00

1.50

2.00

2.50

3.00

P[%]

-2 -1  0  1  2

[arcsec]

-2

-1

 0

 1

 2

[a
rc

se
c] Radial inside, 

azimuthal outside

Parallel to the 
disk minor axis

Pol. vectors

Kataoka, et al., 2015, Ohashi et al. 2020,…

Kataoka, et al., 2016a, Yang et al. 2016, 
Dent et al. 2019, Okuzumi and Tazaki 2019, 
Ohashi and Kataoka 2019, Lin et al. 2020, 
Brunngräber and Wolf 2020 …

2802
H

.Yang
etal.

based
m

ostly
on

C
A

R
M

A
observations

at1.3
and

2.7
m

m
.Itis

in
agreem

entw
ith

the
spatially

averaged
value

obtained
from

A
L

M
A

observations
from

0.87
to

2.9
m

m
(A

L
M

A
Partnership:

B
rogan

etal.2015).T
his

value
is

significantly
low

er
than

the
typicalISM

value
of

β
∼

1.5–2.
T

he
difference

is
usually

taken
as

evidence
for

grain
grow

th
to

m
illim

etre
size

or
larger

(Testietal.2014),al-
though

other
interpretations

are
possible.For

exam
ple,R

iccietal.
(2012)show

ed
thata

value
of

β
∼

1
orlow

ercan
be

obtained
w

ith-
outm

m
/cm

-sized
grains

if
partof

the
disc

is
optically

thick.Som
e

supportforthis
possibility

is
provided

by
the

spatially
resolved

dis-
tribution

of
β

derived
from

the
A

L
M

A
data,w

hich
show

s
β

∼
0

indicative
ofoptically

thick
em

ission
atthe

centralcontinuum
peak

and
tw

o
rings

(B
1

and
B

6,A
L

M
A

Partnership:B
rogan

etal.2015,
see

their
fig.

3).
A

nother
possibility

is
that

the
index

β
is

sensi-
tive

to
not

only
the

size
but

also
the

shape
of

the
grains.

Indeed,
V

erhoeff
et

al.
(2011)

w
ere

able
to

reproduce
the

spectral
energy

distribution
(SE

D
)

of
the

disc
of

H
D

142527
(w

ith
β

∼
1

in
the

m
illim

etre
regim

e)w
ith

irregulargrains
ofsizes

up
to

only
2.5

µ
m

;
the

grain
shape

w
as

treated
w

ith
the

distribution
of

hollow
spheres

(M
in,H

ovenier&
de

K
oter2005).T

he
grains

inferred
in

ourm
odel

of
dustscattering-induced

polarization
for

the
H

L
Tau

disc
have

a
significantly

largerm
axim

um
size

(ofthe
orderoftens

ofm
icrons).

T
hey

m
ay

stillbe
able

to
reproduce

the
observed

(averaged)opacity
spectralindex

of
β

∼
0.73

if
the

grains
are

irregular
and/or

partof
the

disc
is

optically
thick.D

etailed
exploration

ofthis
possibility

is
beyond

the
scope

ofthe
presentw

ork.
If

large,
m

m
/cm

-sized,
grains

are
responsible

for
the

relatively
low

value
of

β
observed

in
the

H
L

Tau
disc,

it
is

natural
to

ask
w

hether
they

can
produce

a
polarization

pattern
that

m
atches

the
observed

one
through

scattering.Itis
unlikely,because

the
key

to
producing

the
observed

pattern
is

the
polarization

degree
of

the
scattered

lightpeaking
near

90
◦

(as
in

the
R

ayleigh
lim

it),and
this

requirem
entis

notsatisfied
for

m
m

/cm
-sized

grains.For
exam

ple,
forthe

grain
m

odeladopted
by

K
ataoka

etal.(2015a),the
polariza-

tion
degree

(defined
asthe

ratio
ofthe

tw
o

elem
entsin

the
scattering

m
atrix,−

Z
12 /Z

11 ,w
hich

is
essentially

the
polarization

fraction
but

can
be

either
positive

or
negative)

is
nearly

zero
at0.87

m
m

for
all

scattering
angles

exceptaround
135

◦,w
here

itreaches
a

(negative)
‘peak’

value
of∼

−
0.2

for
a

m
ax

=
1

m
m

and
1

cm
(see

the
right

paneloftheirfig.2).T
he

negative
value

isknow
n

asthe
polarization

reversal(e.g.M
urakaw

a
2010;K

irchschlager&
W

olf2014)w
hich,

together
w

ith
the

shiftof
the

polarization
‘peak’

aw
ay

from
90

◦,is
expected

to
produce

a
polarization

pattern
very

differentfrom
the

R
ayleigh

scattering
case.

A
s

an
illustration,w

e
repeat

the
com

putation
of

the
scattering-

induced
polarization

at
λ

=
1.3

m
m

in
Section

3,butw
ith

an
M

R
N

-
type

pow
er-law

size
distribution

up
to

a
m

ax =
4

m
m

(instead
of

72
µ

m
),using

the
dustm

odelofK
ataoka

etal.(2015a)and
M

ie
theory.

T
he

m
axim

um
grain

size
is

chosen
such

that
a

m
ax

≈
3
λ,w

hich
is

roughly
the

m
inim

um
value

required
to

yield
an

opacity
spectral

index
of

β
∼

1
according

to
D

raine
(2006).

T
he

distribution
of

the
polarization

degree
w

ith
scattering

angle
in

this
case

is
show

n
in

Fig.
6.

It
is

very
sim

ilar
to

that
obtained

by
K

ataoka
et

al.
at

0.87
m

m
,

except
that

the
‘peak’

is
slightly

low
er

(−
0.17)

and
is

shifted
to

a
slightly

sm
allerangle

of∼
130

◦.
In

Fig.
7,

w
e

plot
the

distribution
of

the
polarized

intensity
together

w
ith

polarization
vectors

for
the

large
grain

case
of

a
m

ax
=

4
m

m
.

T
here

are
several

features
that

are
w

orth
noting.

First,
unlike

the
R

ayleigh
scattering

case,
the

polarized
intensity

is
no

longer
sym

m
etric

w
ith

respectto
the

m
ajor

axis.T
his

is
be-

cause
large,m

m
/cm

-sized,grains
preferentially

scatter
lightin

the
forw

ard
direction

(e.g.B
ohren

&
H

uffm
an

1983),m
aking

the
side

F
igure

7.
Scattering-induced

polarization
by

large
grains.

A
s

in
Fig.

5,
plotted

are
the

polarized
intensity

(colour
m

ap)
and

polarization
vectors

(line
segm

ents,w
ith

length
proportionalto

the
polarization

fraction).N
ote

the
strong

asym
m

etry
w

ith
respect

to
the

m
ajor

axis
in

both
the

polarized
intensity

and
the

polarization
vectors.T

he
polarization

along
the

m
ajoraxis

in
the

centralregion
is

due
to

polarization
reversal,w

hich
m

ay
be

a
robust

indicator
of

scattering
by

large,m
m

/cm
-sized,grains.T

he
near

side
of

the
disc

is
on

the
right.

of
the

disc
closer

to
the

observer
(the

righthalf)
brighter.T

he
po-

larization
fraction

is,
how

ever,
higher

on
the

far
side

(especially
tow

ards
the

outer
partof

the
disc)

because
the

polarization
degree

of
the

scattered
light

is
higher

for
backw

ard
scattering

than
for

forw
ard

scattering
(see

Fig.
6).

T
he

m
ost

striking
difference

be-
tw

een
this

case
and

the
R

ayleigh
scattering

case
show

n
in

Fig.
5

lies
in

the
polarization

direction.
T

he
difference

com
es

from
the

polarization
reversalin

the
large

grain
case,w

hich
yields

an
intrin-

sic
(or

face-on)
polarization

direction
in

the
radial

(as
opposed

to
azim

uthal)
direction

and
an

inclination-induced
polarization

along
the

m
ajor

(rather
than

m
inor)

axis.T
he

interplay
betw

een
the

in-
trinsic

and
inclination-induced

polarization
leads

to
polarization

directions
in

the
region

of
high

polarized
intensity

(the
m

osteasily
observable

part)
com

pletely
different

from
those

observed
in

H
L

Tau
(see

Fig.1).
W

e
are

therefore
left

w
ith

an
interesting

conundrum
.

T
he

po-
larization

pattern
in

the
H

L
Tau

disc
is

suggestive
of

R
ayleigh

scattering
by

relatively
sm

alldustgrains
(although

stillm
uch

larger
than

the
typical

ISM
grains),

but
such

grains
m

ay
have

difficulty
reproducing

the
observed

opacity
spectralindex

β
(!

1).T
he

index
can

be
reproduced

m
ore

easily
w

ith
larger,

m
m

/cm
-sized,

grains,
butitis

difficultto
generate

the
observed

polarization
pattern

w
ith

such
grains

through
scattering.Itis

conceivable
thatthere

are
tw

o
populations

of
dust

grains,
w

ith
one

responsible
for

polarization,
the

other
for

β
.T

he
tw

o
populations

do
nothave

to
be

located
co-

spatially
in

the
disc;

for
exam

ple,large
grains

responsible
for

the
bulk

of
the

unpolarized
continuum

(and
thus

β
)

m
ay

have
settled

close
to

the
m

id-plane,
w

hereas
sm

aller
grains

that
dom

inate
the

polarized
m

illim
etre

radiation
m

ay
rem

ain
floating

higherup
above

the
m

id-plane
(e.g.D

ullem
ond

&
D

om
inik

2004;Tanaka,H
im

eno
&

Ida
2005;B

alsara
etal.2009).Ifthisspeculation

turnsoutcorrect,
polarized

em
ission

in
m

illim
etre

w
ould

provide
a

pow
erful

probe
ofnotonly

grain
grow

th,butalso
the

expected
verticalstratification

of
grain

sizes,especially
in

conjunction
w

ith
observations

of
opti-

cal/IR
polarization,w

hich
probe

even
sm

aller,m
icron-sized,grains

thatare
higherup

stillabove
the

disc
m

id-plane.

M
N

R
A

S
456,2794–2805

(2016)

 at University Heidelberg on July 5, 2016 http://mnras.oxfordjournals.org/ Downloaded from 



what can we learn 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



what can we learn from self-scattering?

Anisotropies of 
radiation field at the 

observed wavelengths.
Grain size Polarization=×

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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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

(grain size) ~ λ/2π



Grain alignment

Directions 
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- radiation 
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Linear polarization
e.g., Cho and Lazarian 2007, Tazaki et al. 2017, 
Lazarian and Hoang 2007, Kataoka et al. 2019
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IR scattered light

Infrared

millimeter

disk

radio scattered light 
(self-scattering)

Kataoka et al. 2015

Polarization mechanisms

Note: dust grains at midplane do 
not receive stellar photons
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If grains are aligned with B-fields…

L62 G. H.-M. Bertrang, M. Flock and S. Wolf

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

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

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

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

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

2.2 Disc model

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

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

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

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

3 R ESULTS

We aim at exploring the feasibility of high-angular resolution po-
larimetric observations and their interpretation to validate MHD
predictions on magnetic fields in protoplanetary discs (for a dis-
cussion of the unpolarized dust emission, see Flock et al. 2015;
Ruge et al. 2016). The questions arising from our MHD results are:
can these magnetic field structures actually be traced? How can
the differences between these models be detected to determine the
physics taking place in a certain observational object? To answer
these questions, we focus on simulated 1.3 mm maps of our models.
We assume a distance to the disc of 100pc.
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disk symmetry axis and the line of sight. We plot the direction of
polarization for three different wavelengths and two different
viewing angles. The lines represent the direction of polarization.
Since we assume that magnetic field is azimuthal, the direction
of polarization is predominantly radial (see Fig. 10, bottom). In
Figure 11 we show similar plots for radiation from the disk inte-
rior only. For k > 100 !m, the polarization patterns in Figure 11
are very similar to those in Figure 10. But near the disk edges,
Figure 10 shows a larger degree of polarization than Figure 11,
because the emission from the disk interior is very weak there
compared with that from the disk surface layer. For k < 100 !m,
the polarization patterns in Figure 11 are very different from those
in Figure 10, because polarized emission from the disk surface layer
dominates that from the disk interior. Note that since the degree
of polarization of emission from the disk surface layer is very sen-
sitive to themaximumgrain size in the surface layer, the results for
k < 100 !m should be very sensitive to the maximum grain size
in the surface layer.

While the polarimetry of the spatially resolved accretion disks
is promising with a new generation of instruments (see x 6.2), at
present one can study disk magnetic fields with unresolved accre-
tion disks. Below we provide predictions for this case. Figure 12
shows a SED for such a disk for four different viewing angles.
When " ¼ 90 (i.e., for edge-on disk), the inner part of the disk
(i.e., region close to the star) is invisible due to high opacity.
Therefore, the SED truncates for k < 10 !m.When " ¼ 0 (i.e., for
face-on disk), the polarized emission is zero as expected.4

Finally, Figure 13 shows the change of the degree of polarization
for selected wavelengths. The left panel shows the degree of po-
larization for total emission, while the right panel shows that for
radiation from the interior only. The degree of polarization is large

Fig. 11.—Simulated observations. Degree of polarization is calculated for the radiation from the disk interior only.

4 That is, we do not see thick dotted or thick dashed lines in Fig. 12d.

Fig. 12.—SED for four different viewing angles.When " ¼ 90 (i.e., for edge-on
disk), inner part of the disk (i.e., region close to the star) is invisible because it is
occulted by the outer part of the disk. Therefore, the SED truncates for k < 10 !m.
When " ¼ 0 (i.e., for face-on disk), the polarized emission is zero as expected,
because the assumed magnetic field configuration is perfectly azimuthal.

POLARIZED EMISSION FROM T TAURI DISKS 1093No. 2, 2007

The Astrophysical Journal, 784:121 (30pp), 2014 April 1 Suzuki & Inutsuka

Figure 3. Time evolution of the four cases. From top to bottom, Cases-I-high, -II-high, -I-low, and -II-low are shown. From left to right, the results are shown for
t = 0, 50, and 500 inner rotations. White lines illustrate magnetic fields, and colors indicate isodensity surfaces.

(Animations and a color version of this figure are available in the online journal.)
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Figure 5. Timescales relevant to RAT alignment. Top and bottom panels show the alignment timescales and the precession timescales, respectively. Left and right
panels correspond to the two different locations in the disk, (R, z) = (50 au, 0 au), and (R, z) = (50 au, 10 au), respectively. For the top panels, black and red lines
represent the timescale of the gaseous damping (tgas) and the RAT alignment timescale (trad, align). For the bottom panels, the red solid line indicates the radiative
precession timescale (trad, p). Green and blue lines show the Larmor precession timescale (tL) for paramagnetic inclusions ( fp = 10%) and superparamagnetic
inclusions ( fp = 10%, φsp = 3%, Ncl = 2 × 103), respectively. The dashed line in the bottom panels represents the gaseous damping timescale.

though sub-micron-sized grains without superparamagnetic
inclusions align with the radiation direction at surface layer,
those with superparamagnetic inclusions can become aligned
with the magnetic field. As a result, in mid-infrared polarime-
try, we expect magnetic field alignment for grains having su-
perparamagnetic inclusions.
Finally, it is worth mentioning how carbonaceous grains af-

fect on grain alignment. As shown in LH07, the alignment
induced with respect to the radiation direction is mostly in-
dependent of the grain composition, while the alignment with
respect to the magnetic field depends on the Larmor preces-
sion frequency, which is significantly reduced for carbona-
ceous grains. As a result, the introduction of the carbona-
ceous grains results in increasing the radius over which the
grains are aligned with respect to the radiation direction.

5. DEGREE OF POLARIZATION OF THE DISK
We calculate the polarization flux arising from aligned

grains, and estimate the degree of polarization of the disk. To
focus on how grain alignment affects on the degree of polar-
ization, we neglect the polarization due to the scattering. In
addition, we assume a face-on disk for the sake of simplicity;
the effect of disk inclination is discussed in Section 6.2. In
Section 5.1, we describe an analytical model of the degree of
linear polarization arising from a single ellipsoid. In Section
5.2, we present a model of the disk polarization with/without
dust settling. The results are presented in Section 5.3, 5.4, and
5.5.

5.1. Linear degree of polarization of an ellipsoid
CL07 calculated the absorption cross section along the

minor axis and the major axes using the DDSCAT code
(Draine & Flatau 1994); the degree of polarization is obtained
by

p =
Cabs,⊥ −Cabs,||
Cabs,⊥ +Cabs,||

(53)

where Cabs,⊥ and Cabs,|| are the absorption cross section for
E ⊥ â1 and E||â1, respectively, where E represents the elec-
tric field vector of the light. Obviously, for a spherical grain,
Cabs,⊥ = Cabs,||; therefore, unpolarized thermal emission is ra-
diated. CL07 showed that the degree of polarization becomes
almost zero when a grain radius is larger than λ/2π, e.g., the
geometrical optics limit. Hence, we assume

p(aeff, λ) ≈



















Cabs,⊥−Cabs,||
Cabs,⊥+Cabs,|| , 2πaeff < λ

0, otherwise.
(54)

For 2πaeff < λ, we use an electrostatic analysis of the ellip-
soid (Rayleigh approximation) to find the value of Cabs,⊥ and
Cabs,|| (e.g., Bohren & Huffman 1983). Suppose α j is the po-
larizability of the ellipsoid with respect to the axis j, where j
runs from 1 to 3; then it becomes

α j = 4πa1a22
m2 − 1

3 + 3Lj(m2 − 1)
, (55)

Dominant alignment mechanisms

Tazaki et al. 2017
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the radiative flux, i.e., for a smooth face-on disk, a polariza-
tion vector will be in the azimuthal direction.
In this paper, we revisit grain alignment in disks since the

work of CL07 was published before a theory of radiative
torque (RAT) alignment had been formulated, i.e. before the
RAT alignment paper of Lazarian & Hoang (2007, henceforth
LH07). Taking into account present-day RAT alignment the-
ory (see the review by Lazarian et al. 2015) may largely im-
pact on their results. Major updates of the RAT alignment
theory after CL07 are as follows. Firstly, CL07 adopted an
alignment condition based on Draine & Weingartner (1996);
however, LH07 showed that their condition does not express
the onset of grain alignment correctly. Secondly, CL07 as-
sumed dust grains always become aligned with the mag-
netic field when the alignment condition is satisfied. How-
ever, mm-sized grains are more likely to be aligned with the
radiation direction rather than with the magnetic field due
to their relatively slow Larmor precession in the magnetic
field (LH07, Lazarian & Hoang in preparation). Thirdly,
CL07 assumed perfect internal alignment, while all mech-
anisms of internal alignment become inefficient for suffi-
ciently large grains (Purcell 1979; Lazarian & Draine 1999;
Lazarian & Efroimsky 1999; Lazarian & Hoang 2008). In the
absence of internal alignment, grain alignment is still possi-
ble; however, the degree of alignment, and hence the degree
of polarization, is reduced (Hoang & Lazarian 2009a).
This paper is organized as follows. In Section 2, we de-

scribe our model of radiative grain alignment. In Section 3,
a disk model and dust models we use in the calculations are
summarized. In Section 4, the proper alignment axis in the
disk is presented based on the radiative transfer calculations
and a timescale argument. In Section 5, we estimate the de-
gree of polarization from the disk. In Section 6 we discuss
implications for the observations, and our conclusions are pre-
sented in Section 7.

2. MODEL OF GRAIN ALIGNMENT
In this section, we state our model for grain alignment. In

Section 2.1, we summarize the RAT alignment process. In
Section 2.2, we describe the essential timescales for RAT
alignment. In Section 2.3, based on these timescales given
in Section 2.2, we summarize the alignment conditions.

2.1. Overview of RAT alignment
In general, grain alignment involves two different alignment

processes (see also Figure 1): (1) alignment of the angular
momentum vector of the grains with the magnetic field (ξ →
0) or alignment of the angular momentum vector of grains
with the direction of the anisotropic radiation (Θ → 0), and
(2) alignment of the minor axis of the grains with the angular
momentum vector (θ → 0). These alignment processes are
referred to as external alignment and internal alignment.
The driving physics of external alignment is RAT. RAT

alignment naturally explains the observed features of the
interstellar polarization (see the review by Andersson et al.
2015). The presence of RAT was firstly realized by
Dolginov & Mitrofanov (1976) and confirmed by numer-
ical simulations by Draine & Weingartner (1996, 1997).
Draine & Weingartner (1996) found that RAT under the
isotropic radiation can spin up a grain suprathermally, and
the subsequent paramagnetic dissipation (Davis & Greenstein
1951) leads to grain alignment with respect to the magnetic
field. However, RAT arising from the isotropic radiation
is fixed in grain coordinates and this prevents grains from

Figure 1. Definition of the coordinate system. â1 is the short axis of the
grain, and â2 and â3 corresponds to the long axis of the grain. J is the
angular momentum vector of the grain. B is the local magnetic field and k is
the direction of the anisotropic radiation field, or simply the direction of the
radiative flux.

rotating suprathermally due to the effect known as thermal
flipping (Lazarian & Draine 1999; Hoang & Lazarian 2009b).
Draine & Weingartner (1997) argued that dust grains can be
spun up to suprathermal under an anisotropic radiation field.
In addition, they also found that in this case, RAT can drive
external alignment even in the absence of paramagnetic dis-
sipation. However, calculations taking into account a more
accurate treatment of crossover 4 showed that RAT under
an anisotropic radiation field often spin down the grain ro-
tation to thermal or subthermal (Weingartner & Draine 2003;
LH07). An important property of RAT alignment is that a
system of dust grains evolves into stable points in the pa-
rameter space of the angular momentum and the alignment
angle. These stable points are often referred to as the “at-
tractors” (Draine & Weingartner 1997). They often (but not
always) appear at perfect alignment i.e., ξ = 0 and Θ = 0
(Draine & Weingartner 1997; LH07). There exist two kinds
of attractors: one is high-J attractors (a spin-up state) whose
angular momentum is suprathermal, and the low-J attractors
(a spin-down state) whose angular momentum is thermal or
subthermal. High-J and low-J attractors can appear simul-
taneously in the phase trajectory map; however, even in this
case, only a small fraction of grains reaches to the high-J at-
tractor. For this reason, it turns out that suprathermal rotation
driven by RAT should not be used as a necessary condition
for the alignment (see also the review by Lazarian 2007). It
is worth noting that the appearance of high-J or low-J attrac-
tors can be predicted by the qmax-parameter and Ψ (see Figure
24 of LH07), where the qmax-parameter describes the grain
morphology, or the grain helicity.
A necessary condition of RAT alignment is the precession

motion of a grain. This is essential for grain alignment be-
cause the precession axis defines the alignment axis regard-
less of the origin of precession. If dust grains are forced
to quit precession due, for example, to the gaseous damp-
ing, alignment does not occur. This is because the grain pre-
cession motion can stabilize the alignment torque. The ma-
jor origin of grain precession is Larmor precession or radia-
4 Disregard of the crossover physics resulted in the appearance of cyclic

phase trajectories in Draine & Weingartner (1997) and Weingartner & Draine
(2003). This cyclic behavior is not physical. Instead, the grains enter the low-
J attractor point (Weingartner & Draine 2003; LH07).
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Figure 7. Polarization degree is shown with the color scale and the direction of E-vector is plotted as the white bar. Left and right panels represent mid-infrared
wavelength (λ = 12 µm) and millimeter wavelength (λ = 870 µm.), respectively. The dust grains are assumed to be magnetically poor ( fp = 0.01 and φsp = 0).
The maximum grain size is amax = 1000µm. Turbulent strength and the fhigh−J -parameter are assumed to be α = 10−3 and fhigh−J = 0.5, respectively.

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

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

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

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

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

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

6. DISCUSSION
6.1. Constraint on magnetic field strength

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

B ≤ 5.9 nG a
3
2
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Figure 5. Polarization vectors due to mechanical alignment in the cases of the Stokes number is 0, 0.01, 0.1, 1.0, 10, and much
greater than unity. All disks are face-on viewed and rotating counterclockwise.

Figure 6. The di↵erence of polarization angle from the
azimuthal direction as a function of Stokes number. The
expression is �PApol = arctan(St).

enough to be radially drifting but the grain growth is
halted by some mechanisms such as fragmentation to
keep dust grains to be small in the later phase. This
is too early to conclude and thus we need more data

of polarization to investigate the grain growth in proto-
planetary disks.

4.2. Circular or elliptical?

As Yang et al. 2018 pointed out, if the grains are
aligned by a helicity-induced torque, and if the minor
axis of dust grains is in the radial direction, the incli-
nation e↵ects on the polarization pattern is non-trivial.
They have assumed that grains are aligned by radiative
torque and thus they are supposed to show basically az-
imuthal pattern of polarization vectors. However, if the
disk has a certain inclination, the polarization vectors
are not parallel to the projected elliptical pattern but
should be always normal to the center, which results
in a circular pattern of polarization vectors. If this is
true, then the mechanical alignment by gas flow should
also show the circular pattern on inclined disks. Note
that they argued that mechanical alignment shows ellip-
tical pattern but this is because they assumed the Gold
mechanism, which is not likely in protoplanetery disks
because the gas flow is presumably subsonic.

Mechanical alignment?
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where er and fe are the unit vectors in the radial and azimuthal
directions, respectively. Since we do not know the polarity,-P
is also a solution for the polarized emission.

Figure 4 shows the polarization vectors of a face-on
protoplanetary disk. The six panels represent the pattern of

linear polarization vectors with Stokes numbers, 0, 0.01, 0.1,
1.0, 10, and infinity. In the cases of St�0.01, the polarization
is almost in the azimuthal direction. When St becomes unity,
the radial and azimuthal components of gas velocity against the
dust grain become a comparable value, and thus the resultant
polarization would show a spiral pattern. The spiral looks like a
leading mode spiral, which would be a particular feature of
mechanical grain alignment. When the Stokes number exceeds
unity, the polarization vectors are in the radial direction. The
orientation of polarization is simply expressed as ( )arctan St , as
shown in Figure 5. Measurements of the orientation angle in

Figure 3. Schematic illustration of velocity vectors of dust and gas. The left panel shows the location that we are considering. We assume that the disk gas is rotating
counterclockwise and the dust is feeling the headwind from the gas. The top right panel shows the azimuthal and radial components of the gas and dust velocities. Dust
is faster than gas in rotation as well as the radial drift. The bottom right panel shows the gas velocity on the rest frame of dust. The polarization is perpendicular to this
velocity vector, which is shown as a red line in the left panel.

Figure 4. Morphologies of the polarization vectors emitted by dust grains aligned with the gas flow due to the mechanical alignment. Different panels show the cases
of the Stokes number at 0, 0.01, 0.1, 1.0, 10, and much greater than unity. All disks are face-on viewed and rotating counterclockwise.
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discussion, in this letter, we assume that dust grains are aligned
by the gas flow due to the mechanical alignment, and focus on
phenomenological discussion of the polarization vectors in a
protoplanetary disk.

Figure 1 shows the schematic illustration of the microscopic
polarimetric direction of a mechanically aligned dust grain. The
original idea has been proposed by Gold (1952), where an
oblate grain is aligned with the ambient gas for its major axis to
be parallel to the direction of the gas velocity against the dust
grain. In this case, the polarization vector is parallel to the gas
velocity against the dust grain as shown in Figure 1. However,
Lazarian & Hoang (2007b) proposed that a helical grain can be
more efficiently aligned with the velocity fields, where the
helical grain is aligned for the rotational axis parallel to the
velocity fields. In contrast to the Gold mechanism, as a result of
the rotation, the polarization orientation is perpendicular to the
velocity of the ambient gas. The helical grain alignment works
even for subsonic gas in contrast to the Gold mechanism. Since
the velocity difference between gas and dust in a protoplanetary
disk is subsonic, we take the helical grain alignment as a prior
mechanism at work in a disk.

We note the relationship between helicity and polarity. The
helicity can be either right-handed or left-handed. In both cases,
the polarization is perpendicular to the direction of the direction
of the gas velocity. Thus, as long as the dust grains have
dispersion in the helicity distribution, the dust grains have
polarization due to helical grain alignment. Whether dust grains
can obtain a sufficient helicity through the coagulation process
is in question, but it is beyond the scope of this Letter.

2.1. Velocity between Gas and Dust

First, we consider the direction of the gas velocity against a
dust grain in a protoplanetary disk. We write the radial and
azimuthal component of the velocity of the dust grain as vdust,r
and vdust,f, and those of the gas velocity as vgas,r and vgas,f.
Then, the velocity differences between gas and dust on each
component, δvf and δvr, are written as
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where St is the Stokes number, which is the dust stopping time
normalized with the Keplerian timescale, and ηvK is the gas
rotation velocity relative to the Keplerian velocity (e.g.,
Takeuchi & Lin 2002). We ignore the vertical component for
simplicity. Figure 2 shows δvf and δvr where we assume that
ηvK=53 m s−1 and set vgas,r=0 for simplicity. The radial
velocity dominates when the Stokes number is less than unity,
and the azimuthal velocity dominates when the Stokes number
exceeds unity.
Now, we are able to calculate the direction of the

polarization if the dust grain is aligned by the gas flow due
to its helicity. Figure 3 illustrates the situation that we consider.
The polarization vector is perpendicular to the gas velocity
against the dust grain. More generally, the polarization vectors

Figure 1. Schematic illustration of the direction of polarization with respect to the gas velocity against a dust grain. The left panel represents the Gold mechanism
(Gold 1952), where the polarization orientation (red) is parallel to the velocity vector (blue). The right panel represents the helical grain mechanism (Lazarian &
Hoang 2007b), where the polarization orientation (red) is perpendicular to the velocity fields (blue). Since the gas flow in a protoplanetary disk is subsonic, the helical
grain mechanism would be realized in the disk.

Figure 2. Radial and azimuthal components of the velocity difference between
gas and dust, Equations (1) and (2), in a protoplanetary disk with
ηvK=53 m s−1 and set vgas,r=0.
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Figure 5. Polarization vectors due to mechanical alignment in the cases of the Stokes number is 0, 0.01, 0.1, 1.0, 10, and much
greater than unity. All disks are face-on viewed and rotating counterclockwise.

Figure 6. The di↵erence of polarization angle from the
azimuthal direction as a function of Stokes number. The
expression is �PApol = arctan(St).

enough to be radially drifting but the grain growth is
halted by some mechanisms such as fragmentation to
keep dust grains to be small in the later phase. This
is too early to conclude and thus we need more data

of polarization to investigate the grain growth in proto-
planetary disks.

4.2. Circular or elliptical?

As Yang et al. 2018 pointed out, if the grains are
aligned by a helicity-induced torque, and if the minor
axis of dust grains is in the radial direction, the incli-
nation e↵ects on the polarization pattern is non-trivial.
They have assumed that grains are aligned by radiative
torque and thus they are supposed to show basically az-
imuthal pattern of polarization vectors. However, if the
disk has a certain inclination, the polarization vectors
are not parallel to the projected elliptical pattern but
should be always normal to the center, which results
in a circular pattern of polarization vectors. If this is
true, then the mechanical alignment by gas flow should
also show the circular pattern on inclined disks. Note
that they argued that mechanical alignment shows ellip-
tical pattern but this is because they assumed the Gold
mechanism, which is not likely in protoplanetery disks
because the gas flow is presumably subsonic.

(See Gold 1952, Hoang 2018 for the microphysics of mechanical alignment)
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Figure 5. Polarization vectors due to mechanical alignment in the cases of the Stokes number is 0, 0.01, 0.1, 1.0, 10, and much
greater than unity. All disks are face-on viewed and rotating counterclockwise.

Figure 6. The di↵erence of polarization angle from the
azimuthal direction as a function of Stokes number. The
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are not parallel to the projected elliptical pattern but
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in a circular pattern of polarization vectors. If this is
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Motivation 1: the polarization morphologies 
ALMA polarization of smooth and inclined disks, around a low-mass stars, with scales less than 100 au

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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HD 163296 (0.9 mm)

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 l p2 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 140pc
(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 ´0. 45 0. 29,
corresponding to ~ ´63 41 au at a distance of 140 pc to the
target. The rms for Stokes I, Q, and Uis 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 6.9μJy.
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 s= + - =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
s5 PI. The contours correspond to ´( )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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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 (0.9 mm)

Mixture

Self-scattering Alignment with 
radiation? gas flow?

Center: self-scattering 
outer part: self-scattering? 

Alignment?

Dent et al. 2019 Kataoka et al. 2017 Bacciotti et al. 2018

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

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

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

2.2. VLA

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

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

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

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

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

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

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

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

Figure 1. ALMA polarimetric observations at 3.1 mm (top, Kataoka et al.
2017), 1.3 mm (middle), and 870 μm (bottom), where the red vectors show the
>3σ polarization morphology (i.e., vectors have not been rotated). Vector
lengths are linearly proportional to P. The color scale shows the polarized
intensity, which is masked to only show 3σ detections. Stokes I contours in
each panel are shown for [3, 10, 25, 50, 100, 200, 325, 500, 750, 1000] × Is ,
where Is is 44, 154, and 460 μJy bm−1 for 3.1 mm, 1.3 mm, and 870 μm,
respectively.
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The transition of polarization morphologies from one
wavelength to another is also apparent in the StokesQ and U
images, as seen in Figure 2. Specifically, at 3.1 mm the
StokesQ image shows negative regions from north to south
and positive regions from east to west. At 1.3 mm, the negative
regions are much brighter than the positive regions, and at
870 μm, the positive regions almost completely disappear.
StokesU shows two positive and two negative regions at
3.1 mm. The negative blobs disappear at 1.3 mm, while the
positive regions connect, and at 870 μm, the positive regions
turn into a single, large region.
For the Stokes V images (Figure 2), 3.1 mm appears to be

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

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

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

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

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

Figure 1. ALMA polarimetric observations at 3.1 mm (top, Kataoka et al.
2017), 1.3 mm (middle), and 870 μm (bottom), where the red vectors show the
>3σ polarization morphology (i.e., vectors have not been rotated). Vector
lengths are linearly proportional to P. The color scale shows the polarized
intensity, which is masked to only show 3σ detections. Stokes I contours in
each panel are shown for [3, 10, 25, 50, 100, 200, 325, 500, 750, 1000] × Is ,
where Is is 44, 154, and 460 μJy bm−1 for 3.1 mm, 1.3 mm, and 870 μm,
respectively.
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The transition of polarization morphologies from one
wavelength to another is also apparent in the StokesQ and U
images, as seen in Figure 2. Specifically, at 3.1 mm the
StokesQ image shows negative regions from north to south
and positive regions from east to west. At 1.3 mm, the negative
regions are much brighter than the positive regions, and at
870 μm, the positive regions almost completely disappear.
StokesU shows two positive and two negative regions at
3.1 mm. The negative blobs disappear at 1.3 mm, while the
positive regions connect, and at 870 μm, the positive regions
turn into a single, large region.
For the Stokes V images (Figure 2), 3.1 mm appears to be

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

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

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

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

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

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

Kataoka et al. 2017, Stephens et al. 2017

Alves et al. 2018

Motivation 2: wavelength dependence

Self-scattering Alignment with radiation? 
gas flow?

Alignment (with B-fields? with gas flow?)



What I would like to discuss today is …
• Introduction (~5 min., done) 

• Pre-ALMA era and ALMA discovery of 
diverse morphologies of polarization. 

• Theories/models (~20 min.,done) 

• Self-scattering polarization 

• Grain alignment in protoplanetary disks 

• Basic interpretations (~5 min., done) 

• Implications to planet formation? What 
can be and cannot be explained by the 
theories? Recent progress? (~15 min.)



~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 ´ 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 0.52% 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 w=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 µ -( )n a a 3.5. We vary the maximum grain
size amax for =a 50, 70, 100max , and m150 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 ´ =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 m=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 m=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

m=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 m=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

m=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 m=a 100 mmax is the
same as the interstellar medium or higher, which corresponds
to b ~ 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
b ~ 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 (10s of μm in size) that dominate the
polarization in the disk. The second dust population primarily
consists of large grains (�100μm 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 m150 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 StokesQ and U
images, as seen in Figure 2. Specifically, at 3.1 mm the
StokesQ image shows negative regions from north to south
and positive regions from east to west. At 1.3 mm, the negative
regions are much brighter than the positive regions, and at
870 μm, the positive regions almost completely disappear.
StokesU shows two positive and two negative regions at
3.1 mm. The negative blobs disappear at 1.3 mm, while the
positive regions connect, and at 870 μm, the positive regions
turn into a single, large region.
For the Stokes V images (Figure 2), 3.1 mm appears to be

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

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

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

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

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

Figure 1. ALMA polarimetric observations at 3.1 mm (top, Kataoka et al.
2017), 1.3 mm (middle), and 870 μm (bottom), where the red vectors show the
>3σ polarization morphology (i.e., vectors have not been rotated). Vector
lengths are linearly proportional to P. The color scale shows the polarized
intensity, which is masked to only show 3σ detections. Stokes I contours in
each panel are shown for [3, 10, 25, 50, 100, 200, 325, 500, 750, 1000] × Is ,
where Is is 44, 154, and 460 μJy bm−1 for 3.1 mm, 1.3 mm, and 870 μm,
respectively.
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The transition of polarization morphologies from one
wavelength to another is also apparent in the StokesQ and U
images, as seen in Figure 2. Specifically, at 3.1 mm the
StokesQ image shows negative regions from north to south
and positive regions from east to west. At 1.3 mm, the negative
regions are much brighter than the positive regions, and at
870 μm, the positive regions almost completely disappear.
StokesU shows two positive and two negative regions at
3.1 mm. The negative blobs disappear at 1.3 mm, while the
positive regions connect, and at 870 μm, the positive regions
turn into a single, large region.
For the Stokes V images (Figure 2), 3.1 mm appears to be

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

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

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

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

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

Figure 1. ALMA polarimetric observations at 3.1 mm (top, Kataoka et al.
2017), 1.3 mm (middle), and 870 μm (bottom), where the red vectors show the
>3σ polarization morphology (i.e., vectors have not been rotated). Vector
lengths are linearly proportional to P. The color scale shows the polarized
intensity, which is masked to only show 3σ detections. Stokes I contours in
each panel are shown for [3, 10, 25, 50, 100, 200, 325, 500, 750, 1000] × Is ,
where Is is 44, 154, and 460 μJy bm−1 for 3.1 mm, 1.3 mm, and 870 μm,
respectively.
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The transition of polarization morphologies from one
wavelength to another is also apparent in the StokesQ and U
images, as seen in Figure 2. Specifically, at 3.1 mm the
StokesQ image shows negative regions from north to south
and positive regions from east to west. At 1.3 mm, the negative
regions are much brighter than the positive regions, and at
870 μm, the positive regions almost completely disappear.
StokesU shows two positive and two negative regions at
3.1 mm. The negative blobs disappear at 1.3 mm, while the
positive regions connect, and at 870 μm, the positive regions
turn into a single, large region.
For the Stokes V images (Figure 2), 3.1 mm appears to be

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

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

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

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

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

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



Akimasa Kataoka (NAOJ)

Figure 3. The 14 continuum sources with polarization detections. Background images show the Stokes I maps on a logarithmic color scale (see Appendix A for the
flux scale), and the black line segments show the normalized e-vectors. Sources with ‡are outside of the inner third of the primary beam FWHM. The blue and red
arrows indicate the outflow position angle, if known (see Section 4.1 for details). The gray bars show the major-axis position angle of the continuum sources detected
in polarization, except IRAS 16293B, as this source is near face-on and does not have a well-constrained continuum position angle. For VLA 1623 A, we show two
gray bars: the filled one shows the position angle of the compact disk from Harris et al. (2018), and the open one shows the position angle of the extended disk.
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The transition of polarization morphologies from one
wavelength to another is also apparent in the StokesQ and U
images, as seen in Figure 2. Specifically, at 3.1 mm the
StokesQ image shows negative regions from north to south
and positive regions from east to west. At 1.3 mm, the negative
regions are much brighter than the positive regions, and at
870 μm, the positive regions almost completely disappear.
StokesU shows two positive and two negative regions at
3.1 mm. The negative blobs disappear at 1.3 mm, while the
positive regions connect, and at 870 μm, the positive regions
turn into a single, large region.
For the Stokes V images (Figure 2), 3.1 mm appears to be

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

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

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

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

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

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

4.2. Self-scattering

4.2.1. Model Prediction

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

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

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

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

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

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

10 RADMC-3D is an open code of radiative transfer calculations. The code is
available online: http://www.ita.uni-heidelberg.de/~dullemond/software/
radmc-3d/.
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Figure 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. 3. Millimeter dust opacity for the adopted dust model. Left top panel: dust opacity at 1 mm as a function of amax for a grain size distribution
n(a) ∝ a−q between amin = 0.1 µm and amax. Different curves are for different values of q, as labelled. The dust grains adopted here are porous
composite spheres made of astronomical silicates (≈10% in volume), carbonaceous materials (≈20%) and water ice (≈30%; see text for the
references to the optical constants). Left bottom panel: β between 1 and 3 mm as a function of amax for the same grain distributions. Right panel:
dust opacity at 1 mm as function of β between 1 and 3 mm for the same grain distributions; different iso-amax curves for amax = 0.1, 1, 10 cm are
shown. In the plots the unit of measure for the dust opacity is cm2 per gram of dust.

in the midplane in a protoplanetary disk is much higher than in
the surface. At millimeter wavelengths, where the disk is mostly
optically thin to its own radiation, the midplane total emission
dominates over that of the surface (although the surface dust
plays a crucial role for the heating of the disk). As a conse-
quence, we can extract information from our analysis only on
the dust opacity of the midplane, and so when we consider the
dust opacity we will refer only to the midplane component for
the rest of the paper.

For the dust grains in the disk surface we assumed the same
chemical composition and shape as for the midplane grains,
while we assumed for their size distribution for amin and amax
values around 0.1 µm (the sub-mm SED is insensitive to these
values as long as amax in the surface is much lower than amax in
the midplane, as expected if dust settling is important).

Once the chemical composition and shape of the dust grains
in the midplane are set, the dust opacity law depends on amin,
amax and q. Considering a value of 0.1 µm for amin (the depen-
dence of the millimeter dust opacity from this parameter turns
out to be very weak), the model parameters for our analysis are
the stellar parameters (L", Teff , M"), which have been set and
listed in Table 2, plus those of the disk (Σdust,1, p, Rout, q, amax),
or equivalently (Mdust, p, q, amax, Rout) where Mdust is the mass
of dust in the disk.

For reasons described in Sect. 4 it is convenient to approx-
imate the millimeter dust opacity law discussed so far in terms
of a power-law at millimeter wavelengths κ = κ1mm(λ/1 mm)−β,
with κ1 mm in units of cm2 per gram of dust. At a fixed value
of q the relations between κ1 mm, β and amax can be determined.
These are shown in Fig. 3 for q = 2.5, 3, 3.5, 4.

4. Results

The sub-mm/mm SED fits for all the objects in our sample
are reported in Fig. 46. As discussed in Testi et al. (2003) and

6 We did not include existing NIR and mid-IR data in our analysis be-
cause at these shorter wavelengths the disk emission is optically thick

Natta et al. (2004), the only quantities that can be constrained
by the sub-mm/mm SED are the millimeter dust opacity spec-
tral index β (in this paper calculated between 1 and 3 mm) and
the Mdust × κ1 mm product7. From the SED alone it is impos-
sible to constrain the value of the surface density exponent p,
since it is generally possible to fit the SED data with either
very flat (p = 0.5) or very steep (p = 2) surface density pro-
files. However, all available high angular resolution observa-
tions performed so far suggest that p ≤ 1.5 (e.g. Dutrey et al.
1996; Wilner et al. 2000; Kitamura et al. 2002; Testi et al. 2003;
Andrews & Williams 2007; Isella et al. 2009; Andrews et al.
2009).

The degeneracy of the SED on p and Rout has an impact onto
the derived uncertainties for β and Mdust × κ1 mm. Considering
both this degeneracy and uncertainties of the observational data,
the total absolute uncertainties are approximately 0.2−0.3 for β
and a factor of ≈ three and ≈ four for Mdust × κ1 mm for the spa-
tially resolved and unmapped disks respectively. These uncer-
tainties are mainly due to the adopted ranges for Rout (listed in
Table 4) and p between 0.5 and 1.5, whose values determine the
impact of the optically thick regions of the disk to the total emis-
sion, as explained in Sect. 3.

The estimates for β and Mdust×κ1mm obtained by our analysis
are reported in Table 5.

4.1. Spectral slopes and dust opacity index

Before analysing the values of β, which provide information on
the level of grain growth in the outer disk regions, it is impor-
tant to check whether our results could be affected by detection
biases: indeed, for a given flux at ∼1 mm, a disk with large

and thus depends on the properties of the dust grains located in the sur-
face layers of the inner disk regions. The aim of our analysis is instead
to probe the optically thin disk emission to investigate the dust proper-
ties in the disk midplane.
7 Note that according to the adopted disk model the midplane tempera-
ture is well constrained after fixing the stellar parameters and these two
quantities from the observed SED.
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Fig. 11. Polarization maps with overplotted polarization vectors after 0.1 Myr, 1 Myr, and 3 Myr of dust evolution and for a disk inclination angle
of 40�. The images are produced at 0.87 mm.

Table 2. Dependence of the net polarization on the dust composition.

Dust species Net polarization [%]
Mixture 0.042
Silicate 0.048
Carbon 0.25
Water ice 0.006

Notes. The fractional abundances for the mixture are taken as 7% sili-
cate, 21% carbon and 42% water ice, so that the amount of vacuum is
30%.

evolution. The absorption opacity dominates over the scattering
opacity for the small grains so that their scattering at mm wave-
lengths is ine�cient. At longer times of evolution, grains grow to
larger sizes and drift to the region of high pressure. The third po-
larization ring already appears after approximately 0.5 Myr be-
cause of this e�cient grain growth mechanism. From 1 Myr of
dust evolution on there is a quite stable situation for the overall
polarization structure. At t = 3 Myr only the polarization degree
in the innermost ring is slightly reduced owing to the ongoing
drift of particles toward the star. Contrarily, the maximum polar-
ization degree in the outermost ring becomes slightly higher.

3.2.5. Effect of dust composition

We study the e↵ect of the dust composition on the polarization
by considering three “extreme” cases of pure silicate, pure car-
bon, and pure water ice apart from our usual mixture (7% sil-
icate, 21% carbon, and 42% water ice). We find that the dust
composition has no e↵ect on the overall polarization ring struc-
ture. In all cases, three polarization rings are produced at the
described locations. This is a large advantage of dust scattering
as a method to constrain the grain sizes in protoplanetary disks.
For a more quantitative study, the net polarization for the models
at 40� inclination is listed in Table 2. At first sight it is remark-
able that the values for the mixture and the pure silicate case are
almost equal. This is not surprising, since the refractive index
of the mixture is dominated by silicates due to its high mate-
rial density, even though its volume fraction is small. Hence, the
polarization curves plotted in Fig. 14 for the silicate case and
those for the dust mixture shown in Fig. 6 are comparable. As a
consequence, for any mixture including silicates the polarization
degree hardly depends on the dust composition. The situation
changes for pure carbon with its high net polarization, and the

opposite case of pure water ice, for which the lowest net po-
larization is found. This is explained by Fig. 12 illustrating the
Stokes Q and U images. The negative Q values (brown color)
clearly exceed the amount of positive Q (cyan color) for carbon.
Since the absolute value of ⌃Q is nearly two orders of magni-
tude higher than that for ⌃U, the net polarization is determined
by the Stokes Q component and is larger than zero in the end. For
water ice the summed up Q value dominates the U component,
however, it is still substantially lower than for carbon. These re-
sults are also supported by the polarized intensity profiles plotted
in the bottom row of Fig. 13. The polarized intensity peaks are
highest for carbon and lowest for water ice, silicate is situated in
between. Furthermore, Fig. 14 illustrates the e↵ective degree of
polarization. For carbon the polarization curves show the highest
polarization degrees for all radii considered and no polarization
reversal is detected between the relevant scattering angles of 50�
and 130�. Contrarily, the maxima for the polarization curves of
pure water ice are lower and considerable negative polarization
exists. Overall, these e↵ects lead to the low net polarization of
water ice compared to the mixture, the pure silicate, and pure
carbon case.

Apart from the net polarization, there are also significant dif-
ferences in the local polarization degree. We once again explain
the two limiting cases of pure carbon and water ice. Interestingly,
the behavior of the net polarization calculations has transformed.
The polarization degree is plotted in Fig. 13 (black lines). It is
basically determined by the flux gradients shown in the radial in-
tensity cuts in the top row of Fig. 4 and by the e↵ective polariza-
tion curves in Fig. 14. From the former, one can understand the
di↵erences in the polarization degree of the innermost and out-
ermost peak. The gradient of the intensity curve is much steeper
for water ice leading to a higher polarization degree. Although
the di↵erence in the flux gradient is also slightly seen for the sec-
ond polarization peak, it is noticeable that optical depth e↵ects
also come into play. In Fig. 15 the optical depth in the verti-
cal direction considering the vertically integrated dust density,
⌧abs(r) =

R
amax

amin
�d(a, r) abs(a), is plotted for � = 0.87 mm. At the

position of the second ring (⇠70 au), the optical depth of carbon
is larger than for water ice. Considering that we investigate in-
clined disks, which increases the optical depth, this means that
the carbon model is marginally optically thick. Therefore, the
corresponding radiation field is isotropic, so that we do not ex-
pect any polarization. Thus, the second peak in the polarization
degree for water ice is also higher than the associated peak for
the carbon case.
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Fig. 2. Snapshots of the vertically integrated dust density distribution for evolutionary times of 0.1, 1 and 3 Myr. The planet is located at 60 au and
the planet-to-star mass ratio is 10�3. The horizontal dashed lines represent the particle sizes corresponding to a size parameter of x = 2⇡a/� ⇠ 1
considering � = 0.87 mm, � = 1.3 mm, and � = 3.1 mm. If the dominant grain size at a certain disk location is less than ⇠�/2⇡, there is significant
polarization in scattered light.

Fig. 3. Vertically integrated dust density distribution after 1.0 Myr of
dust evolution for the planet embedded at 20 au (left) and the compari-
son case without any planet (right).

by the disk boundaries, proven by a model with an extended
disk radius of 300 au instead of 140 au. At the location of the
pressure bump big cm and mm grains (�150 µm), which do not
produce polarization, are present as well. Although the polar-
ized intensity is not zero, since there are particles with a suitable
size for polarization, the amount of unpolarized intensity is high.
Hence, the ratio of polarized to unpolarized radiation is tiny and
no polarization is expected in that region. Another important pre-
requisite to have such a significant polarization degree is that the
radiation field has a strong gradient field. Thus, the third ring has
the highest polarization degree since it is located outside of the
bright intensity ring. The dominant photon source for the outer
disk is determined by the thermal emission from this intensity
peak.

The two inner rings are inside of the bright emission ring. For
the innermost ring, it is expected that the incident radiation orig-
inates primarily from the very inner disk acting as a point source.
The polarization vectors in all rings are orientated in azimuthal
direction for this face-on disk. Two e↵ects play an important role
here, the propagation direction of incident photons and the sign
of the polarization. Most of the incident photons for the last scat-
tering come from the inner disk or emission from the ring region
and, therefore, propagate radially outward. Thus, assuming that
we are in the Rayleigh scattering regime and hence there is no
polarization reversal, the radiation is azimuthally polarized.

It should be emphasized that if the amount of polarized in-
tensity is too low, no polarization can be detected, even if the
polarization degree itself were high. Since the polarized inten-
sity is highest around 85 au, the second and third polarization
ring might be observationally most important. The width of the

bright emission ring in PI is ⇠30 au, which defines the minimum
spatial resolution needed to resolve the ring structure.

3.2.2. Effect of disk inclination

Figure 7 shows polarization maps for di↵erent disk inclina-
tions (20�, 40�, 60�, and 90�) with respect to the observer. All
other simulation parameters are the same as in the reference
model presented in Sect. 3.2.1 and shown in Fig. 4. The gen-
eral polarization degree structure, i.e., the number and position
of the rings, stays the same since the dust density distribution
has not been changed. Nonetheless, the amount of polarization
and orientation of the polarization vectors drastically changes.
In Sect. 3.2.1 we showed that a high polarization degree for a
face-on disk is linked to a strong flux gradient, which causes the
polarization vectors to be azimuthally orientated. In the follow-
ing this mechanism is referred to as gradient-induced polariza-
tion. For an inclined disk there is an interplay between this ef-
fect and inclination-induced quadrupole polarization, which, in
the following, is called sideways polarization. Both polarization
mechanisms are sketched in Fig. 8.

The light coming from a direction along the major axis is
scattered by 90� in an inclined disk and, therefore, fully polar-
ized along the minor axis in the Rayleigh limit. Contrarily, inci-
dent light from the minor axis is scattered by 90� ± i, which is
then partially polarized along the major axis of the disk. Thus,
the majority of the polarization vectors are orientated along the
minor axis. Qualitatively, Yang et al. (2016) found a similar po-
larization vector behavior for the specific case of HL Tau using
a semianalytic model. To better understand the sideways polar-
ization, one should first take a look at the case of an edge-on
disk (right most panel of Fig. 7). The basic mechanism is il-
lustrated in Fig. 8. The polarization e↵ect seen in this case is
comparable to that for a tube-like density distribution (cf. Fig. 5
in Kataoka et al. 2015) in that bending the tube would form a
ring. The radiation inside the tube is polarized radially and so
it is detected for the edge-on disk because the net flux from
the azimuthal direction is larger than that from the radial di-
rection. Since the midplane is, however, optically thick, the po-
larization degree values themselves are quite low. The decrease
of polarization degree at optically thick regions was also re-
ported in Kataoka et al. (2015). Furthermore, the vector orien-
tation changes for the location where the vertical optical depth
reaches unity. Therefore, the vertical gradient of radiation dom-
inates and the polarization vectors are azimuthally orientated.
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Fig. 2. Snapshots of the vertically integrated dust density distribution for evolutionary times of 0.1, 1 and 3 Myr. The planet is located at 60 au and
the planet-to-star mass ratio is 10�3. The horizontal dashed lines represent the particle sizes corresponding to a size parameter of x = 2⇡a/� ⇠ 1
considering � = 0.87 mm, � = 1.3 mm, and � = 3.1 mm. If the dominant grain size at a certain disk location is less than ⇠�/2⇡, there is significant
polarization in scattered light.

Fig. 3. Vertically integrated dust density distribution after 1.0 Myr of
dust evolution for the planet embedded at 20 au (left) and the compari-
son case without any planet (right).

by the disk boundaries, proven by a model with an extended
disk radius of 300 au instead of 140 au. At the location of the
pressure bump big cm and mm grains (�150 µm), which do not
produce polarization, are present as well. Although the polar-
ized intensity is not zero, since there are particles with a suitable
size for polarization, the amount of unpolarized intensity is high.
Hence, the ratio of polarized to unpolarized radiation is tiny and
no polarization is expected in that region. Another important pre-
requisite to have such a significant polarization degree is that the
radiation field has a strong gradient field. Thus, the third ring has
the highest polarization degree since it is located outside of the
bright intensity ring. The dominant photon source for the outer
disk is determined by the thermal emission from this intensity
peak.

The two inner rings are inside of the bright emission ring. For
the innermost ring, it is expected that the incident radiation orig-
inates primarily from the very inner disk acting as a point source.
The polarization vectors in all rings are orientated in azimuthal
direction for this face-on disk. Two e↵ects play an important role
here, the propagation direction of incident photons and the sign
of the polarization. Most of the incident photons for the last scat-
tering come from the inner disk or emission from the ring region
and, therefore, propagate radially outward. Thus, assuming that
we are in the Rayleigh scattering regime and hence there is no
polarization reversal, the radiation is azimuthally polarized.

It should be emphasized that if the amount of polarized in-
tensity is too low, no polarization can be detected, even if the
polarization degree itself were high. Since the polarized inten-
sity is highest around 85 au, the second and third polarization
ring might be observationally most important. The width of the

bright emission ring in PI is ⇠30 au, which defines the minimum
spatial resolution needed to resolve the ring structure.

3.2.2. Effect of disk inclination

Figure 7 shows polarization maps for di↵erent disk inclina-
tions (20�, 40�, 60�, and 90�) with respect to the observer. All
other simulation parameters are the same as in the reference
model presented in Sect. 3.2.1 and shown in Fig. 4. The gen-
eral polarization degree structure, i.e., the number and position
of the rings, stays the same since the dust density distribution
has not been changed. Nonetheless, the amount of polarization
and orientation of the polarization vectors drastically changes.
In Sect. 3.2.1 we showed that a high polarization degree for a
face-on disk is linked to a strong flux gradient, which causes the
polarization vectors to be azimuthally orientated. In the follow-
ing this mechanism is referred to as gradient-induced polariza-
tion. For an inclined disk there is an interplay between this ef-
fect and inclination-induced quadrupole polarization, which, in
the following, is called sideways polarization. Both polarization
mechanisms are sketched in Fig. 8.

The light coming from a direction along the major axis is
scattered by 90� in an inclined disk and, therefore, fully polar-
ized along the minor axis in the Rayleigh limit. Contrarily, inci-
dent light from the minor axis is scattered by 90� ± i, which is
then partially polarized along the major axis of the disk. Thus,
the majority of the polarization vectors are orientated along the
minor axis. Qualitatively, Yang et al. (2016) found a similar po-
larization vector behavior for the specific case of HL Tau using
a semianalytic model. To better understand the sideways polar-
ization, one should first take a look at the case of an edge-on
disk (right most panel of Fig. 7). The basic mechanism is il-
lustrated in Fig. 8. The polarization e↵ect seen in this case is
comparable to that for a tube-like density distribution (cf. Fig. 5
in Kataoka et al. 2015) in that bending the tube would form a
ring. The radiation inside the tube is polarized radially and so
it is detected for the edge-on disk because the net flux from
the azimuthal direction is larger than that from the radial di-
rection. Since the midplane is, however, optically thick, the po-
larization degree values themselves are quite low. The decrease
of polarization degree at optically thick regions was also re-
ported in Kataoka et al. (2015). Furthermore, the vector orien-
tation changes for the location where the vertical optical depth
reaches unity. Therefore, the vertical gradient of radiation dom-
inates and the polarization vectors are azimuthally orientated.
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Fig. 4. Intensity I, polarized intensity PI, and polarization degree P overlaid with polarization vectors for the reference model (planet-to-star mass
ratio of 10�3, planet located at 60 au, 1 Myr of dust evolution, dust opacity mixture, � = 0.87 mm, and face-on disk).

Fig. 5. Radial cut of the intensity profile (blue) and polarization degree
(black) along the major axis for the case in Fig. 4. The gray crosshatched
areas visualize the two inner polarization peaks.

Intermediate inclined disks, such as i = 20�, 40� or 60�, indi-
cate that for all rings there is a decrease of polarization along the
minor axis and enhanced polarization along the major axis. In
the outer ring the gradient-induced polarization and, therefore,
the azimuthal vector orientation still dominates, since the ma-
jor emission comes from the inside. As already mentioned, the
bright intensity ring works as the thermal emission source here.
In contrast, the inclination-induced sideways e↵ect is strong for
the central region inside of the intensity ring, where the gradient-
induced polarization is already weak for the face-on disk. Hence,
there is a polarization direction change by 90� along the minor
axis in the inner disk. Indeed, the fraction of scattered radiation
polarized due to disk inclination gets larger with increasing in-
clination angle.

The polarization detection generally depends on the spatial
resolution. If the disk cannot be spatially resolved, i.e., it is seen
as a point source, it depends on the disk inclination whether po-
larization can be actually detected. Considering this case, for
a face-on disk, where exclusively gradient-induced polarization
acts, the polarization components cancel out ending in no po-
larization at all. However, for an inclined disk, where the side-
ways polarization plays an important role, polarization can be
detected even for a point source. In Fig. 9 the net polarizationp

(⌃Q)2 + (⌃U)2/⌃I is plotted versus the disk inclination angle.
It is shown that the net polarization is zero for the face-on disk,
gradually increases with inclination, and peaks at 60�. Then, it
slightly decreases again for the edge-on disk. This clearly indi-
cates that sideways polarization is the dominant factor for the

Fig. 6. E↵ective degree of polarization (�Z12(✓)/Z11(✓))e↵ of the dust
grains dependent on the scattering angle ✓. Several locations throughout
the disk are chosen and indicated in di↵erent colors.

net polarization. Since we are interested in detecting the charac-
teristic polarization features when dust tapping is triggered by a
planet embedded in the disk, we do not consider edge-on disks
in the following simulations. We set the disk inclination angle
to an intermediate value of 40� to obtain polarization at a high
level and still resolve the structures. Since the polarization de-
gree is up to ⇠2% in this case, it is likely to be detected with
ALMA observations as in the case of HL Tau (Stephens et al.
2014; Kataoka et al. 2015; Yang et al. 2016). A spatial resolu-
tion as high as 000.2 is required to safely resolve the emission
rings in PI, and hence the polarization structures. Because of the
nondetection of polarization by previous observational studies,
we strongly argue here that a high enough spatial resolution is
the key for our science goals.

3.2.3. Wavelength dependence of polarization rings

Observations at di↵erent wavelengths are most sensitive to dif-
ferent particle sizes. Furthermore, as described in Sect. 3.2.1, the
maximum grain size for producing polarization is proportional
to the observing wavelength. Hence, although the basic polar-
ization ring structure stays the same, the ring locations slightly
change with the wavelength. More precisely, the innermost and
outermost rings move inward, while the middle ring moves in the
opposite direction for longer wavelengths as shown in Fig. 10.
The moving distance of the polarization peak is ⇠20 au for the
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One idea: flat gas surface density

4. Discussion

4.1. Implications for the Ring–Gap Substructure and
Millimeter Spectral Slope of the HL Tau Disk

So far we have focused on the polarized emission of the HL
Tau disk on a 100 au scale. It is also interesting to see what our
model implies for the ring–gap intensity profiles observed in
the earlier ALMA observations (ALMA Partnership et al.
2015). In the middle and right panels of Figure 6, we plot the
radial profiles of the Planck brightness temperatures TB at
λ=0.87, 1.3, and 2.9 mm (corresponding to ALMA Bands 7,
6, and 3) obtained from our dust evolution models. Here the
three-band brightness temperatures are calculated using
Equations (21) and (22) of O16, which assume slab geometry
and neglect scattering. This approach gives an accurate
estimate for the total intensities unless the disk is optically
thick and has a high albedo (Rybicki & Lightman 1979;
Birnstiel et al. 2018; Liu 2019; Zhu et al. 2019). This is the case
at least in the model with CO2 mantles and γ=0, where the
aggregates in the optically thick sintering zones have a
relatively low albedo of ∼0.4. The solid and dotted lines in
Figure 6 show the profiles before and after Gaussian smoothing
at the spatial resolutions of the corresponding ALMA
observations. The local bumps visible in the model TB profiles

correspond to the dust rings in the sintering zones. For
comparison, we also show in the left panel of Figure 6 the
radial brightness temperature profiles of the HL Tau disk
derived from the ALMA high-resolution images (ALMA
Partnership et al. 2015). O16 produced these profiles by
azimuthally averaging the observed maps (see Section 2.1
of O16 for more details).
The most prominent feature in the intensity profiles caused

by CO2 ice mantles is a deep gap at r≈10 au. Interestingly,
the location of this deep gap coincides with that of HL Tau’s
innermost gap (ALMA Partnership et al. 2015). In these
models, the deep gap is caused by the rapid growth and
depletion of H2O-mantled grain aggregates between the H2O
and CO2 snow lines as described in Section 3.1. The models
with CO2 ice mantles generally predict that the 10 au gap is the
deepest among the multiple dust rings, in qualitative agreement
with the ALMA images of the HL Tau disk. However, these
models overestimate the depth of the 10 au gap, implying that
further tuning of model parameters is needed to achieve a more
quantitative match. Sintering also produces a 10 au gap (O16)
as seen in the models without CO2 ice mantles. However, this
sintering-induced gap is substantially shallower than the 10 au
gap in the models with CO2 ice mantles.

Figure 4. Left column: ALMA polarimetric image of the HL Tau disk at λ=0.87 mm (Stephens et al. 2017). The color scale is the polarized intensity, and the red
line segments show the direction and degree of polarization. Contours are the total intensity, with the contour intervals taken to be the same as in Figure 1 of Stephens
et al. (2017). Middle and right columns: synthetic polarimetric images at λ=0.87 mm from four dust evolution models. The model images are after convolution with
an elliptic Gaussian kernel of 0 44×0 35, the beam size for the corresponding observation.
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• How can we achieve 100 µm grain size 
for the entire region? 

• Non-sticky (=fragile) dust grains, such 
as covered by CO2 mantle 

• Radially flat gas surface density, that 
makes radially flat grain size
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the earlier ALMA observations (ALMA Partnership et al.
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radial profiles of the Planck brightness temperatures TB at
λ=0.87, 1.3, and 2.9 mm (corresponding to ALMA Bands 7,
6, and 3) obtained from our dust evolution models. Here the
three-band brightness temperatures are calculated using
Equations (21) and (22) of O16, which assume slab geometry
and neglect scattering. This approach gives an accurate
estimate for the total intensities unless the disk is optically
thick and has a high albedo (Rybicki & Lightman 1979;
Birnstiel et al. 2018; Liu 2019; Zhu et al. 2019). This is the case
at least in the model with CO2 mantles and γ=0, where the
aggregates in the optically thick sintering zones have a
relatively low albedo of ∼0.4. The solid and dotted lines in
Figure 6 show the profiles before and after Gaussian smoothing
at the spatial resolutions of the corresponding ALMA
observations. The local bumps visible in the model TB profiles

correspond to the dust rings in the sintering zones. For
comparison, we also show in the left panel of Figure 6 the
radial brightness temperature profiles of the HL Tau disk
derived from the ALMA high-resolution images (ALMA
Partnership et al. 2015). O16 produced these profiles by
azimuthally averaging the observed maps (see Section 2.1
of O16 for more details).
The most prominent feature in the intensity profiles caused

by CO2 ice mantles is a deep gap at r≈10 au. Interestingly,
the location of this deep gap coincides with that of HL Tau’s
innermost gap (ALMA Partnership et al. 2015). In these
models, the deep gap is caused by the rapid growth and
depletion of H2O-mantled grain aggregates between the H2O
and CO2 snow lines as described in Section 3.1. The models
with CO2 ice mantles generally predict that the 10 au gap is the
deepest among the multiple dust rings, in qualitative agreement
with the ALMA images of the HL Tau disk. However, these
models overestimate the depth of the 10 au gap, implying that
further tuning of model parameters is needed to achieve a more
quantitative match. Sintering also produces a 10 au gap (O16)
as seen in the models without CO2 ice mantles. However, this
sintering-induced gap is substantially shallower than the 10 au
gap in the models with CO2 ice mantles.

Figure 4. Left column: ALMA polarimetric image of the HL Tau disk at λ=0.87 mm (Stephens et al. 2017). The color scale is the polarized intensity, and the red
line segments show the direction and degree of polarization. Contours are the total intensity, with the contour intervals taken to be the same as in Figure 1 of Stephens
et al. (2017). Middle and right columns: synthetic polarimetric images at λ=0.87 mm from four dust evolution models. The model images are after convolution with
an elliptic Gaussian kernel of 0 44×0 35, the beam size for the corresponding observation.
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Figure 3. Snapshots of the characteristic size a* (top row), Stokes number St (second row), surface density Σd (third row), and scale height Hd (bottom row) of dust
aggregates as a function of radial distance r for four models with γ=1 and 0 (left and right columns, respectively), and with and without a CO2 mantle (black and
gray lines, respectively). The gray and orange vertical lines mark the locations of the H2O and CO2 snow lines. The dashed lines in the panels for a* and St indicate the
growth limit set by fragmentation (Equations (8) and (7), respectively). The dashed lines in the panels for Σd and Hd mark Σd=0.01Σg and Hd=Hg, respectively.
The purple bars in the bottom panels mark the upper limit of Hd at r≈100 au inferred from the geometric thickness of the dust rings in the HL Tau disk (Pinte
et al. 2016).
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• IRS 48 - lopsided disk 

• How can we explain both 
polarization at 0.9mm bright 
emission at 8.8 mm (VLA)? 

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

Another idea: optically thick disk

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

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

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

2 O B S E RVAT I O N S

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

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

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

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

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

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

To obtain the spectral index, we used the total intensity band
7 visibilities together with ALMA archive data taken in 2015 Au-
gust in band 6 (originally published by Isella et al. 2016). Data were
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Figure 1. 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

DSHARP; Isella et al. 2018

Dent et al. 2019

HD 163296

(See also Ohashi and Kataoka 2019)

• Even if assuming100 µm grains, beam convolution of 
optically thick rings (α~2) and thin gaps (α~4) can 
explain both spectral index and polarization.

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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Akimasa Kataoka (NAOJ)

• 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

Miyake and Nakagawa 1993

← with scattering

← no scattering



Akimasa Kataoka (NAOJ)

• Optical depth is > 10 (!) at rings and ~5 at 
gaps at 870 micron

Full modeling on radial profile - HL Tau

∼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 HLTau 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.

4

The Astrophysical Journal, 883:71 (21pp), 2019 September 20 Carrasco-González et al.

available millimeter observations in HL Tau with a disk made
of particles with sizes 100 μm.

One possibility to explain the discrepancy in particle sizes
between the two methods could be the likely presence of

several dust grain populations with different amax (Kataoka
et al. 2017; Liu et al. 2017); the relative location of each
particle population in the disk, together with the wavelengths
and angular resolutions used in the polarization observations,

Figure 6. Results of the radial SED fitting (see Section 3.3 for details). Vertical lines in all panels show the positions of bright and dark rings with a notation following
Huang et al. (2018). Top panel:total (scattering+absorption) optical depth profiles at the different observed wavelengths. The horizontal dashed line marks the limit
between optically thick and optically thin emission, τ=1. Central panel:radial profile of the slope of the extinction (scattering+absorption) coefficient, χν=κν +
σν∝nbc. This parameter describes the spectral behavior of the extinction coefficient in the 1–10 mm wavelength range. A horizontal dashed line shows the value
observed in the interstellar medium (βχ=1.7). Bottom panel:radial profile of the albedo at a wavelength of 1 mm. Horizontal dashed lines show the expected values
for different values of the maximum size in the dust particle distribution. In all panels, errors are shown at the 1σ and 2σ levels as filled bands around the nominal
values.
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See the talks by Anibal Sierra for the similar analysis on several 
targets with MAPS data and Enrique Macias for TW Hya

Carrasco-Gonzalez et al. 2019

(See Ueda et al. 2020 for TW Hya)
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Is the alignment-induced polarization 
wavelength dependent?

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

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

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

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

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

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

Figure 1. ALMA polarimetric observations at 3.1 mm (top, Kataoka et al.
2017), 1.3 mm (middle), and 870 μm (bottom), where the red vectors show the
>3σ polarization morphology (i.e., vectors have not been rotated). Vector
lengths are linearly proportional to P. The color scale shows the polarized
intensity, which is masked to only show 3σ detections. Stokes I contours in
each panel are shown for [3, 10, 25, 50, 100, 200, 325, 500, 750, 1000] × Is ,
where Is is 44, 154, and 460 μJy bm−1 for 3.1 mm, 1.3 mm, and 870 μm,
respectively.
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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.
For the Stokes V images (Figure 2), 3.1 mm appears to be

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

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

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
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where Is is 44, 154, and 460 μJy bm−1 for 3.1 mm, 1.3 mm, and 870 μm,
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images, as seen in Figure 2. Specifically, at 3.1 mm the
StokesQ image shows negative regions from north to south
and positive regions from east to west. At 1.3 mm, the negative
regions are much brighter than the positive regions, and at
870 μm, the positive regions almost completely disappear.
StokesU shows two positive and two negative regions at
3.1 mm. The negative blobs disappear at 1.3 mm, while the
positive regions connect, and at 870 μm, the positive regions
turn into a single, large region.
For the Stokes V images (Figure 2), 3.1 mm appears to be

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

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

For 1.3 mm and 870 μm, there is a slight asymmetry for P
along the major axis of the disk, with the southeast more
polarized than the northwest. For 1.3 mm, the absolute
difference between the two P peaks along the major axis is
0.0013 ± 0.0014, which is not statistically significant. The
asymmetry for 870 μm is more apparent, although the southeast
part of the disk does not peak (i.e., it is still increasing at the
edge of the detected polarized emission). The P peak toward
the northwest is 0.0077 ± 0.0010. Drawing a line from the
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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
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>3σ polarization morphology (i.e., vectors have not been rotated). Vector
lengths are linearly proportional to P. The color scale shows the polarized
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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).
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CASA VLA pipeline. The maps were obtained from the cali-
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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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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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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)
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Figure 2. Elliptical versus circular polarization pattern. The red solid line
segments are for polarization orientations, and green dashed line segments
for the direction of the required radiative flux projected into the sky plane
in the case of radiative alignment.

ways to improve the model predictions. Additional challenges of
aligned grain models in explaining the multiwavelength observa-
tions of the HL Tau disc are briefly discussed. Our main results are
summarized in Section 5.

2 PO L A R I Z AT I O N O R I E N TAT I O N

2.1 Polarization pattern from radiative alignment in an
inclined disc is circular, not elliptical

A major reason that the HL Tau polarization in ALMA Band 3 was
attributed to radiative alignment was that the polarization vectors
appear to follow the elliptical contours of constant brightness (which
are the circles of constant dust emission in the disc plane projected
onto the sky plane; see Fig. 1a) and the radiative alignment was
thought to produce such an elliptical pattern (see fig 3b of Kataoka
et al. 2017). The expectation would be true if the grains have their
shortest axes aligned by radiative flux along the radial direction
in the disc plane and their longest axes staying in the disc plane
(i.e. parallel to the local tangent of the circle in the disc plane
that passes through the grain). In such a case, the long axes of the
grains projected in the sky plane would still be aligned with the
tangents to the circles projected to the sky plane (i.e. the ellipses),
as illustrated by the solid line segments in the left-hand panel of
Fig. 2. An intuitive way to visualize the situation is to imagine the
extreme case where needle-like grains are aligned along circles in
the disc plane. When viewed at an inclination rather than face-on,
the ‘needles’ would remain ‘painted’ on the circles, which now
become the ellipses in the sky plane, producing an elliptical pattern.

However, this is not what happens in the case of radiative align-
ment. Even though the shortest axes of the radiatively aligned grains
are expected to be in the radial direction in the disc plane, their
longest axes will not stay in the disc plane because of the spin
around their shortest axes.2 The net effect is that the radiatively
aligned grains are effectively oblate (due to spin or ensemble aver-
age), with their shortest axis (which is also the symmetry axis for the
effectively oblate shape) in the radial direction. In this case, the short
axis of the projected grain shape in the sky plane remains aligned
with a radial line that passes through the center (see the green dashed
line segments in the right-hand panel of Fig. 2 for illustration). To
visualize the situation better, it is again helpful to go to the extreme
case, where the effectively oblate grains are infinitely thin ‘discs’
(or ‘flakes’). In this case, it is easy to show that, when projected
to the sky plane, the ‘discs’ become ‘ellipses’ with their short axes

2Even in the absence of any spin, the longest axes would be distributed
randomly in the plane perpendicular to the radial direction.

along the radial direction in the sky plane and long axes perpendic-
ular to the radial direction, producing a circular polarization pattern
as illustrated by the red solid line segments in the right-hand panel
of Fig. 2. This is consistent with the well-known result of the po-
larization orientation from magnetically aligned grains in (optically
thin) molecular clouds, which is always perpendicular to the B-field
component in the sky plane (e.g. Andersson et al. 2015). If the el-
liptical pattern shown in the left-hand panel of Fig. 1 were to be
produced by radiatively aligned grains (as previously envisioned,
see Kataoka et al. 2017), the radiative flux would be oriented in
such directions that, when projected into the sky plane, follow the
green dashed lines, which would not go through the center (and
thus not in the radial direction), contradicting the expectation in an
axisymmetric disc.

2.2 Aerodynamic alignment can produce elliptical
polarization pattern

Besides alignment by radiation field, grains can also be aligned aero-
dynamically when moving relative to the ambient gas (Gold 1952;
Lazarian 1995). This is a possibility in circumstellar discs where the
gas and the dust orbit the central object at different speeds because
the former experiences the gas pressure gradient directly but the lat-
ter does not. In the simplest case where the gas pressure increases
radially inward, the gas would rotate at a sub-Keplerian speed be-
cause of the partial pressure support against the stellar gravity. Dust
grains would rotate faster, and thus experiencing a ‘head-wind’.3

The relative speed between the gas and the dust depends on several
factors, particularly the gas density, grain sizes, and especially the
relative speed between the dust and the gas. In particular, efficient
grain alignment through this mechanism may require a supersonic
relative motion (e.g. Hoang & Lazarian 2014), which may be diffi-
cult to achieve in a relatively quiescent protoplanetary disc. Whether
the mechanism can align the grains emitting in the ALMA Bands or
not remains to be determined; we will postpone a detailed treatment
of this mechanism to a future investigation. In what follows, we will
argue that the polarization pattern expected from this mechanism is
elliptical rather than circular, unlike the case of radiative alignment.

The aerodynamically aligned grains are expected to have their
longest axes along the ‘streaming direction’, the direction of the
relative movement between the gas and the dust, which is in the az-
imuthal direction in the disc plane. If the grains precess rapidly
around the streaming direction, they would have an ‘effective’
prolate shape. Even in the absence of any precession, ensemble-
averaging of a large number of grains with their long axes preferen-
tially aligned along the same (streaming) direction would also yield
an ‘effective’ prolate shape. As discussed earlier in Section 2.1,
prolate grains with their long axes aligned along the azimuthal di-
rection in the disc plane produce an elliptical rather than circular
polarization pattern in the sky plane. Again, this can be visualized
most easily in the extreme case of ‘needle-like’ grains.

2.3 Differences between circular and elliptical patterns

In this subsection, we quantify the expected difference in polar-
ization orientation between the elliptical and circular patterns il-

3It is also possible for the gas pressure to decrease radially inward, such
as near the inner edge of a dense ring. In this case, the gas would rotate
faster than the dust, again creating a relative motion between the two that is
conducive to aerodynamic grain alignment.
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• If grains are aligned with radiation gradients, polarization 
pattern would be circular. 

• HL Tau Band 3 shows elliptical pattern, which is inconsistent 
with alignment with radiative flux but with gas flow. But it 
requires supersonic flow.

Yang et al. 2019

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 l p2 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 140pc
(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 ´0. 45 0. 29,
corresponding to ~ ´63 41 au at a distance of 140 pc to the
target. The rms for Stokes I, Q, and Uis 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 6.9μJy.
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 s= + - =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
s5 PI. The contours correspond to ´( )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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(See Mori and Kataoka 2021 for radiative transfer simulations)

6 Mori et al.

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

position is also presented as with (c).

AS 209 (0.9 mm)

Mori et al. 2019

Kataoka et al. 2017
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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.

F. Kirchschlager and G. H.-M. Bertrang: Self-scattering of non-spherical dust grains
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Fig. 6. Albedo ! times scattering polarisation Psca for a grain size distribution dn / a�3.5
eff daeff as a function of the maximum grain size amax.

This figure represents the grain size that contributes most to the polarised intensity. Left: scattering on oblate grains (c/b= 1.5) perpendicular to
the grain’s symmetry axis (⇥sca,2 = 90�). Centre: scattering on spherical grains (c/b= 1.0) . Right: scattering on oblate grains (c/b= 1.5); the grain’s
symmetry axis is coplanar to the scattering plane (⇥sca,2 = 0�).

degree of ⇠29% at grain sizes up to 1 mm. The peak polari-
sation of the scattering plane coplanar to S (⇥sca,2 = 0�) even
drops to approximately � 70% for amax = 120 µm and converges
to approximately�21% for larger grain sizes, and the peak polar-
isation is flipped in orientation by 90� for all size distributions
with amax & 110 µm.

We also calculated the scattering polarisation for a size
distribution of spherical dust grains using DDA (Fig. 5). The
polarisation degrees of the spherical grains are larger than that of
scattering along the short axis (coplanar scattering) and smaller
than that of scattering along the long axis (perpendicular to
symmetry axis S). The scattering polarisation of the spheri-
cal grains is 10% for small grains and starts decreasing to
⇠0�10% when amax & 100 µm, which is comparable to the result
of Kataoka et al. (2015). We note that Kataoka et al. (2015)
used a different dust composition made of silicate, water ice, and
organics.

Independent of the grain axis ratio or scattering plane, the
scattering angle of the peak polarisation shows strong oscilla-
tions and discontinuous jumps due to the occurrence of multiple
polarisation maxima for grain sizes larger than ⇠100 µm. The
scattering angles of the peak polarisation significantly deviate
from ⇥sca = 90� and cover the full interval from 0� to 180�. We
also plotted in Fig. 5 the scattering polarisation at ⇥sca = 90�,
which shows absolute differences of up to 30% compared to the
peak polarisation values.

Furthermore, we calculated the scattering polarisation of
grain size distributions for the different ALMA wavebands
B6, B5, B4, B3, B2, and B1 (�= 1.3 mm, 1.5 mm, 2.1 mm,
3.1 mm, 4 mm and 7 mm; see Appendix A). The Rayleigh
limit is linearly shifted with wavelength to larger maximum
grain sizes while the differences between the polarisation
degree and orientation of spherical and non-spherical grains are
preserved.

Figure 6 shows the product of the scattering polarisation
Psca and the albedo != sca/(abs+sca) where abs and sca are the
absorption and scattering mass opacity of the grain size dis-
tributions, respectively. Contrary to the scattering polarisation,
the albedo is almost zero for amax⌧ �/2⇡ and increases with

increasing grain size. Following the approach of Kataoka et al.
(2015) for spherical grains, the product of albedo and scatter-
ing polarisation, ! Psca, defines a window function for the grain
sizes that contribute to the scattering polarisation: only grain
size distributions with maximum radii amax ⇠ �/2⇡ have both
a significant scattering polarisation and albedo and dominate the
polarisation signal at (sub-)millimetre wavelengths. The window
functions of non-spherical (Fig. 6, left and right) and spherical
(Fig. 6, centre) dust grains are very similar to each other for
maximum sizes smaller than or comparable to �/2 ⇡, indicat-
ing that grains of at least ⇠�/2⇡ in size are required to account
for polarisation levels of a few percent detected in several (sub-)
millimetre observations. Furthermore, the window functions
of non-spherical and spherical dust grains peak at the same
grain radii and the peak polarisations increase with increasing
wavelength.

The crucial differences between the window functions of
non-spherical and spherical dust grains appear when the grain
size approaches the wavelength. The amount of scattering polar-
isation of spherical grains drops to a much lower value than for
non-spherical grains (Fig. 5). A significant polarisation persists
for large oblate grains that contribute to the self-scattering signal.
Consequently, the grain sizes inferred from self-scattering obser-
vations are increased to values significantly larger than ⇠�/2⇡
when considering non-spherical grains. The self-scattering of
non-spherical grains helps to reconcile the existing discrepancy
between grain sizes inferred from self-scattering and more indi-
rect measurements as well as those expected from theory (e.g.
Beckwith et al. 1990). The potential detection of a polarisation
reversal in the self-scattering signals gives further information
about whether the scattering is predominantly along the short or
long axis of the spheroidal grains.

Higher polarisation degrees can be realised by, amongst
other causes, larger grain axis ratios c/b. Thus, self-scattering on
non-spherical dust grains allows for higher polarisation fractions
than usually known from scattering on spherical grains. This is
an important result as high polarisation values observed in discs
have usually been interpreted as being produced by the polarised
emission of elongated grains and not by self-scattering.
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See the talks by Ryo Tazaki and Florian Kirchschlager

• If grains are porous, polarization can be 
detectable in a wider size range, but the 
fraction gets smaller.

• If grains are non-spherical, even large 
grains can emit polarization at 870 micron 
wavelengths.

(See also Bertrang and Wolf 2017)
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• Non-detection of CN circular polarization 

• TW Hya (Vlemmings et al. 2019) 

• See Mazzei et al. 2020 for radiative transfer 
for Zeeman effect 

• Non-detection (?) of CO linear polarization 

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

Line polarization
Line Polarization toward HD 142527 and IM Lup 13

Figure 14. HD 142527 IQUV moment 0 maps over the velocity range shown in the bottom left of the panel, which is the pink
shaded area shown in Figure 12. The spectra in Figure 12 is the average spectra taken at the location of the white circle.

Figure 15. IM Lup IQUV moment 0 maps over the velocity range shown in the bottom left of the panel, which is the pink
shaded area shown in Figure 13. The spectra in Figure 13 is the average spectra taken at the location of the white circle.

the QUV moment 0 maps is � = 0.78mJybm�1 km s�1,
anything that is red-colored is above 2� and white-
colored is above 3�. While the >2� pixels are blotchy
rather than a smooth cohesive structure, we note that
for an image that is purely noise, only 2.3% of the area is
expected to be above the 2� value. Since the Stokes Q

image of HD 142527 has a region where substantially
more than 2.3% of the area is above 2�, this is likely a
robust detection. Similarly, the red and white colors for
IM Lup (Figure 13) is above 2� and 3�, respectively, as
the QUV moment 0 maps is � = 0.96mJybm�1 km s�1.
Since we used an algorithm that optimizes a circular

aperture to have the best SNR as possible, we wanted
to confirm that this algorithm does not create a false
signal. We used a Monte Carlo simulation to find the
typical SNR that one would expect at each pixel of our
CO(2–1) Stokes Q maps. As above, for each 0.0011 pixel,
we searched for the highest SNRQ possible for a range
of circular apertures and channels. We focused on pix-
els within a radius of 1500 from the center of the map,
which allows us to probe well beyond the disks where

Stokes Q is expected to be pure noise. We tried cir-
cular apertures with integer radii sizes between 1 and
27 pixels (0.0011 ⇥ 300). For every circular aperture, we
looked for the highest SNRQ possible for 2 to 32 con-
secutive channels (i.e., a window of sizes between ⇠0.16
and 2.5 km s�1), restricting the search for a signal within
a vlsr velocity range of 0 to 7 km s�1 for HD 142527 and
1 to 8 km s�1 for IM Lup. We chose a maximum win-
dow of 2.5 km s�1 because this captures the majority of
Stokes I for any pixel, and we chose the vlsr ranges be-
cause they capture the vast majority of the Stokes I

emission across the entire map.
Figure 16 shows the maximum SNRQ at each

pixel based on these Monte Carlo simulations. For
HD 142527, the mean SNRQ for each pixel is 4.7 with
a standard deviation of 0.9. The signal shown in Fig-
ure 12 is indeed the pixel with the highest SNRQ found
(SNRQ = 8.7). However, there is a signal o↵ the disk
with comparable signal (SNRQ = 8.6). For IM Lup,
the mean SNRQ for each pixel is 5.0 with a standard
deviation of 1.0, and the signal shown in Figure 13

Stephens et al. 2020
See the talks by Rachel Harrison for upper limit on 
AS 209 and Boy Lankhaar for more prediction



Summary
• Millimeter polarization of protoplanetary disks 

• Disks show combination/superposition of self-scattering 
and alignment-induced polarization. 

• Grain size inconsistency 

• Many disks show self-scattering polarization at 0.9 mm, 
which indicates 100 µm grains. 

• Radially flat gas surface density and fragile grains? Optically 
thick disks? Optically thick substructures?  

• Grain microphysics 

• Porosity? Mie regime? Fundamental discussion on 
alignment physics is missing. 

• Line polarization - no robust detection so far


