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Abstract

• Science: Microphysics of dust grains in planet formation. 

• Methods: Linear polarization of continuum emission from 
protoplanetary disks. 

• Requirements: An order-of-magnitude improvement in 
sensitivity without relying on broader bandwidth, full-
polarization capability across all ALMA bands, and 
polarization calibration accurate to 0.01%. 

• EA community: A leading role in both theoretical and 
observational studies of polarization and dust 
microphysics.
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Fig. 3. Same as Figure 2 but b = 0.69bmax (an offset collision).

comparing panels (d), (e), and (f), ucol,crit at b = 0 increases
with increasing the aggregate size. This trend is also shown at
equal-mass collisions (Wada et al. 2009). When we extrapolate
this trend, head-on collisions of larger aggregates would make
ucol,crit higher and explain the high ucol,crit > 20 m s−1 measured
in the experiments. For dust aggregates in protoplanetary disks,
however, offset collisions are dominant rather than head-on colli-
sions and collisions with the impact parameter b2 > 0.5b2max (the
impact angle θ > 45◦) become important. Including offset colli-
sions the increase in ucol,crit would not be significant as shown in
the present study. Therefore, silicate dust is still difficult to grow
in protoplanetary disks, in which the collision velocity becomes
up to several tens of m s−1.

4.3. Total ejecta mass

As discussed above, the net dust growth needs the condition
f > 0, namely how the target or the largest remnant can survive
and grow through collisions. On the other hand, small fragments
or ejecta produced during collisions of dust and planetesimals
would also play an important role in protoplanetary disks. For
example, since the observationally-indicated lifetime of small
grains are much longer than the collisional growth timescale of
grains, small grains resulting form collisional fragmentation of
growing grains are required to explain the dust retention in pro-

toplanetary disks (e.g., Birnstiel et al. 2009). In addition, debris
disks, gas-poor disks around stars with ages older than several
million years, are composed of small grains supplied from col-
lisional fragmentation of large bodies. The fragment production
rate is mainly determined by the total ejecta mass Mej defined
by Ntarget +Nproj −Nlarge (Kobayashi & Tanaka 2010). Therefore,
we investigate the total ejecta mass normalized by the projectile
mass Mproj(= Nproj), i.e., Mej/Mproj (= 1− f ) against the collision
velocity.

We plot the total ejecta mass M̄ej averaged over the impact
parameter, normalized by the mass of a projectile, Mproj, as a
function of ucol (Fig. 6). Since Mej/Mproj is calculated by 1 − f ,
Figure 6 is another expression of Figure 5. We find a trend that
M̄ej/Mproj is roughly proportional to ucol for various combina-
tions of Nproj and Ntarget although M̄ej/Mproj deviates from that
trend for low collision velocities. In Figure 6, we plot a line

M̄ej/Mproj = ucol/ucol,crit, (9)

where ucol,crit is given by 80 m s−1. This formula roughly ac-
counts for the data in the range ucol > 20 m s−1. In the lower
range ucol < 20 m s−1, Mej is significantly low compared to the
formula. According to a scaling relation on the cratering pro-
cess (Housen &Holsapple 2011), ejecta mass produced in crater-
ing on sand targets is scaled with the projectile momentum, i.e.,
Mej ∝ Mprojucol. Therefore, collisions between different-sized
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possibility is the difference in the grain size and its effects on
the alignment efficiency; the radiative torque efficiency
decreases with decreasing grain size if the grain size is smaller
than the wavelength. Therefore, if the peak emission of Stokes I
is mainly coming from grains smaller than the wavelengths, it
would decrease the alignment efficiency and thus the polariza-
tion fraction (e.g., Cho & Lazarian 2007; Lazarian &
Hoang 2007).

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

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

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

4.2. Self-scattering

4.2.1. Model Prediction

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

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

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

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

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

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

10 RADMC-3D is an open code of radiative transfer calculations. The code is
available online: http://www.ita.uni-heidelberg.de/~dullemond/software/
radmc-3d/.
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Fig. 2. Initial and final snapshots of a head-on collision (b = 0) between a projectile of Nproj = 2000 and a target of Ntarget = 128000 at
ucol = 52m s−1. Right panels show cross sectional views with particles that are painted dependent on the amount of energy dissipation as indicated
in the scale bar.

4.2. Dust growth in protoplanetary disks

We found that aggregate collisions with high mass ratios
Ntarget/Nproj lead to high growth efficiency f̄ averaged over b.
The reason of this increase in f̄ would be explained by the effect
of head-on collisions. Head-on collisions allow for aggregates to
stick with each other more effectively than offset collisions (see
Fig. 4). Experimental studies also report that head-on collisions
of porous aggregates onto large (flat) targets result in high ucol,crit
(Wurm et al. 2005; Teiser & Wurm 2009; Paraskov et al. 2007).
For high Ntarget/Nproj, offset collisions even at relatively high im-
pact parameter b closely resemble head-on collisions, therefore
producing high f . This effect promotes dust growth and plan-
etesimal formation.

In contrast, averaging over the impact parameter, the criti-
cal collision velocity for dust growth is unchanged even for col-
lisions with a high Ntarget/Nproj = 64 (the critical velocity for
ice aggregates is less than 100 m s−1). One reason for this sup-
pression is that offset collisions, at which ejected mass becomes
high, partly contribute to suppress the increase in ucol,crit. An-
other and probably main reason is that only the kinetic energy
or the velocity of the projectile is important for the growth effi-
ciency when the target size is sufficiently large. This is suggested

by the fact that the impact energy is not distributed over a whole
region of a target, limited to a region comparable to the projectile
size (Figs. 2 and 3). The collision outcomes would be similar to
cratering when the target size is sufficiently large.

As shown above, icy aggregates have sufficiently high ucol,crit
and the growth efficiency is significantly enhanced at v ∼
50m s−1 for collisions with high mass ratios. These strongly sup-
port the formation model of icy planetesimals via direct dust
growth (e.g., Okuzumi et al. 2012; Kataoka et al. 2013b). For
silicate dust aggregates, on the other hand, the critical velocity
for growth is estimated to be 8 (r/0.1µm)−5/6m s−1 from the scal-
ing relation (Eq. 7). Since the collision velocity in protoplanetary
disks could reach at least 25 m s−1, ucol,crit ≃ 8 m s−1 means that
silicate aggregates cannot grow through collisions. In contrast,
the optimistic growth possibility with ucol,crit > 20 m s−1 is in-
ferred from experimental studies (Wurm et al. 2005; Teiser &
Wurm 2009; Teiser et al. 2011; Paraskov et al. 2007). In these
experiments, however, aggregate accretion is argued based on
(nearly) head-on collisions. Head-on collisions tend to increase
the growth efficiency and we can see the trend in Figure 4, fo-
cusing on f values at b = 0. For example, in panel (f), f around
b = 0 is still positive at ucol = 174m s−1 and ucol,crit reaches
more than twice compared to that in equation (8). In addition,
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Millimeter emission of protoplanetary disks

100 AU

HL Tau (ALMA Partnership 2015)
• (Stokes I) continuum = thermal dust 

emission 

• Dust distribution, mass, size … 

• Linear polarization of continuum 

• Dust size, porosity, shape …  

• Molecular line emission 

• Gas mass, composition, kinematics… 

• Linear/circular polarization of line emission 

• Not detected yet.



Linear polarization of disks with ALMA
Note: in pre-ALMA era, non-detection has been reported on HD 163296, TW Hya, GM 
Aur and DG Tau (Hughes et al. 2009, 2013) except for HL Tau (Stephens et al. 2014)

Kataoka et al. 2016, Hull et al. 2018, Bacciotti et al. 2018, Dent et al. 2019, Stephens et al. 2017, Satoshi Ohashi et al. 2020, 
Teague et al. 2021, Ya-Wen Tang et al. 2023, cf. Kataoka et al. 2017, Satoshi Ohashi et al. 2018, Zhe-Yu Daniel Lin et al. 2023

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

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

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

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

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

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

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

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.
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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
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targets.
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possibility is the difference in the grain size and its effects on
the alignment efficiency; the radiative torque efficiency
decreases with decreasing grain size if the grain size is smaller
than the wavelength. Therefore, if the peak emission of Stokes I
is mainly coming from grains smaller than the wavelengths, it
would decrease the alignment efficiency and thus the polariza-
tion fraction (e.g., Cho & Lazarian 2007; Lazarian &
Hoang 2007).

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

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

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

4.2. Self-scattering

4.2.1. Model Prediction

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

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

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

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

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

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

10 RADMC-3D is an open code of radiative transfer calculations. The code is
available online: http://www.ita.uni-heidelberg.de/~dullemond/software/
radmc-3d/.
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GG Tau

IRS 48

consistent with the observed pattern at 0.9 mm, fail to
reproduce the polarization percentages (and hence the polar-
ization intensity) at 3 mm. Grain properties, such as the grain
shape and porosity, can also affect the polarization percentages
and orientations, as shown in Kirchschlager et al. (2019) and
Kirchschlager & Bertrang (2020). Whether using different
grain properties could improve the agreement with the
observed polarization requires further investigations.

Magnetic alignment. Guillet et al. (2020) recently investi-
gated the case where dust grains are aligned with toroidal B
fields in circumstellar disks. Because of scattering in the Mie
regime (when grain sizes are comparable to the observed
wavelength, around λ= 2πa), there will be a 90° flip in the
polarization angle depending on whether λ is smaller or greater
than 2πa. A flip between 3 and 0.9 mm is expected for
a; 250 μm (their Figure 2). The model with lognormal size
distribution of prolate grains and inclination of 45° (their

Figure 2. (a), (d) images: Polarization orientations (red segments) and tangents to ellipses (cyan segments) at 3 mm and at 0.9 mm. The cross marks the center of the
best-fit uniform dust ring with its orientation. (b), (e): Angle differences between detected polarization orientations and tangents to ellipses for the data at r > 1 85 in
(b) and for all the data in (e). Empty triangles denote a negative and solid triangles a positive difference. Larger symbols indicate larger differences. (c) Polarization at
3 mm (cyan segments) and at 0.9 mm (white segments). The orange scale denotes the continuum emission at 0.9 mm. The magenta arrow marks the [Fe II] jet axis.
The rotation direction of the circumstellar disk is marked as white arrow. (f): Polarization at 3 mm (cyan segments) overlaid on the spiral patterns revealed at NIR in
Keppler et al. (2020). (g), (h), (i) histograms: (g): Histograms of the angle differences defined in panel (b) for the 0.9 mm data, color coded for data at r > 1 85 (black)
and at r < 1 85 (red; excluding the Aa disk). The curves are the best-fit Gaussians to the data. (h): The same as in (g) but for the 3 mm data and for all radii. (i):
Histogram of the angle differences between the detected polarization orientations and the minor axis of the dust ring for data at r < 1 85 at 0.9 mm.
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to be Ipeak=120 Jy beam−1, rpeak=0 4, and σpeak=0 2 for
the main component and Ipeak=0.70 mJy beam−1, rpeak=0 2,
and σpeak=0 3 for the second component.

The brightness contrast between the southern and northern
sides of the disk is ∼170 (without the deconvolution with the
beam size), which is one or two orders of magnitudes stronger
contrast than that found in other lopsided disks such as HD
142527, LkHα 330, and HD135344B (Casassus et al. 2013;
Fukagawa et al. 2013; Isella et al. 2013; Cazzoletti et al. 2018).
The center position of the second component is slightly closer
to the central star than the main component. By taking into
account the fact that van der Marel et al. (2016) revealed that
the gas cavity is half as big as the dust cavity, these results may
suggest that the northern part of the disk only contains smaller
dust grains colocated with the gas. This distribution of small

grains was found by Geers et al. (2007) and van der Marel et al.
(2013). Such different dust size distributions are also suggested
in HD 142527 by the ALMA polarization observations (Ohashi
et al. 2018). However, the beam smearing from the southern
part may also affect the northern emission. Therefore, further
observations with higher angular resolution will allow us to
reveal differences in the center position and the width of the
north–south ring structure.

3.4. VLA Continuum Data

Here, we show the VLA image in Figure 4 again because we
analyze the grain size by using both ALMA polarization and
VLA continuum data (see Section 4). The image is marginally
resolved. Continuum emission is detected in the dust trap with
a peak intensity of 138 μJy beam−1. By comparing with the

Figure 2. 860 μm dust continuum polarization in IRS 48. The upper panels show the total intensity (Stokes I, left) and polarization fraction and position angle (right).
The lower panels show the Stokes Q (left) and U (right) emission. The black circles indicate the position of the 60 au ring. The polarization vectors and the
polarization fraction are shown where the polarized intensity is higher than 3σPI. Note that the lengths of the polarization vectors are set to be the same. The stellar
position is indicated by the star marker and is set to 16h27m37s.2–24°30′35 5.
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The center of the histogram seems to be around ∼0°,
but three of the Δθminor values significantly deviate from 0.
Given the fact that the sample size is small and each vector
is not necessarily independently sampled, we cannot conclude
whether the spread is real or not. One possibility is that
the spread comes from beam dilution, where polarization in
the outer regions can cause some angular deviations from the
minor axis. Although an observation with a smaller beam
size is necessary to confirm the statement, we conclude that
the polarization orientations in the inner region are consistent
with the direction of the minor axis.

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

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

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

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

Figure 1. Upper left (a): the total intensity (Stokes I) of the continuum emission at 870 μm. The solid contours represent total intensity with levels of 100–10,000×σI
(=60 μJy beam−1) in log space. The beam with the size of 0 94×0 62 and position angle of −75°. 3 is shown in the bottom left with the white ellipse. Upper right
(b): polarized intensity on a linear scale. The solid contour levels are (3, 5, 7, 10)×σPI (=27 μJy beam−1). The polarization vectors are presented where polarized
intensity is larger than 3σPI. We set the length of the polarization vectors to be the same. Lower left (c): the polarization fraction overlaid with the vectors. The solid
contours show polarized intensity as with the PI map. The polarization fraction where polarized intensity is less than 3σPI is removed. The synthesized beam is also
presented with the black ellipse. Lower right (d): the color map of the 1σ polarization angle error (σθ). The synthesized beam and polarization vectors are also overlaid.
The overlaid circle at the center represents the boundary of the inner and outer regions with the radius of 0 5.
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(robust=−2, highest resolution and lowest sensitivity) to
natural (robust= 2, lowest resolution and highest sensitivity)
weighting. We detect linearly polarized Stokes Q and U
emission when using a robust value of �0.5, without any
significant change in the emission morphology as a function of
the robust parameter. As such, we adopt natural weighting
(robust= 2) for the final image, which has a synthesized beam
of 0 75× 0 52 at a position angle of 93°.

We produce I, Q, and U images using the tclean function in
CASA, adopting a circular mask that encompasses the full Stokes
I emission; these images are shown in Figure 1. For Stokes I, the
rms noise level measured in an emission-free region around the
continuum emission in the non-primary-beam corrected image is
σI= 99 μJy beam−1. The integrated continuum flux density is
1.38 Jy. For the Q and U components, we find rms noise values
of σQ= 33 μJy beam−1 and σU= 31 μJy beam−1. Due to the
technical challenges involved with calibrating circular polariza-
tion observations with ALMA, we focus here on the linear
polarization observations; however, we do discuss the detection
of circularly polarized (Stokes V ) emission, which is most likely
instrumental in nature, in Section 4.3.

The polarized intensity P and the polarization angle χ were
then calculated as follows:

( )= +P Q U , 12 2

( )⎜ ⎟⎛⎝ ⎞⎠c = - U
Q

1
2

tan . 21

As P will always be positive, while both Q and U will be
positive and negative, we debias P following the procedure in
Wardle & Kronberg (1974). Following this debiasing proce-
dure, described fully in the Appendix, we can assume that
σP≈ σQ≈ σU, when 2P / (σQ+ σU) 1.

We show a map of P, where P / σP> 1, in the right-hand
panel of Figure 1. The line segments show the linear
polarization orientation χ. Segments are plotted at the Nyquist
rate, i.e., every half-beam full width at half-maximum
(FWHM), in locations where P / σP> 3. The median con-
tinuum polarization fraction is 0.20%, with a peak of 0.74%.
The observed azimuthal morphology of the polarization and the
polarization fraction are comparable to 226 GHz continuum

observations published in Vlemmings et al. (2019), which we
discuss in more detail in Section 4.1.

2.3. Line Emission

Continuum emission was subtracted from the line emission
using the CASA task uvcontsub, which uses a linear fit to
the line-free channels to model the continuum emission. This is
expected to have little impact on the molecular emission,
except in the inner regions of the disk where the continuum
opacities are large and may lead to an underestimation of the
peak brightness temperature (see Boehler et al. 2017 for a
discussion).
We image the lines using a channel width of 30 m s−1. This

is close enough to Nyquist sampling to minimize artifacts when
using the shifting and averaging techniques described below,
while preserving any channel-to-channel correlations asso-
ciated with the spectral response function.
As with the continuum, we made images using the range of

robust values, spanning uniform weighting to natural weight-
ing. We do not detect any obvious polarization in any maps,
thus we adopt a robust value of 0.5 for the final image, resulting
in a resolution of ∼0 6, as summarized in Table 2. The choice
of a lower robust value than for the continuum is because our
line-averaging technique benefits from a larger number of
independent samples, which are increased with higher angular
resolution. As the radial extent of the continuum is ∼1″,
adopting a lower robust value would not significantly improve
the number of independent measurements in the disk, but
would decrease our sensitivity.
Prior to making the images, for each line we made a dirty

image of five consecutive line-free channels, which we used to
measure the noise in each of the Stokes components by taking
the rms of the non-primary-beam-corrected values. We use this
noise level as the threshold for a noninteractive tclean using
a Keplerian mask13 tailored to the 12CO emission, which also
provides good fits to the 13CO and CS emission. We set the
tclean stopping threshold to twice the noise level measured
in the line-free channels. We present a summary of the images

Figure 1. Summary of continuum observations. The Stokes I, Q, U, and polarized intensity P images are shown from left to right, with the synthesized beam shown in
the bottom left of each panel with a size of 0 52 × 0 75 and a position angle of 93°. P is shown at a significance of >1 σP, where σP = 32 μJy beam−1. In the right-
most panel, the orange line segments show the polarization orientation. The semitransparent segments show the polarization morphology in locations where
2σP < P < 3σP, while all opaque bars indicate detections where P > 3σP.

13 The code to make Keplerian masks can be found at https://github.com/
richteague/keplerian_mask.
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• Linear polarization of continuum 
is detectable but weak; ~ 1 % or 
less of Stokes I emission 

• We need high sensitivity. 

• Spatial resolution especially at 
long wavelength (i.e., Band 3) 
is not high enough to resolve 
substructures.

Why was it hard to detect continuum polarization?

~ 1 %

polarization

λ

λFλ
α=2

2<α<3.7

λ ~ mm



• Polarization can be decomposed into 
two components 

• Polarization parallel to the minor 
axis, which is consistent with self-
scattering of thermal emission. 

• Polarization in the azimuthal 
direction, which is somewhat 
consistent with intrinsic 
polarization of elongated dust 
grains.

Science with millimeter-wave polarization

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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Self-scattering
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 140pc
(Rebull et al. 2004). The circumstellar disk is around in
∼100 au scale (Kwon et al. 2011). The disk has several ring
and gap structures with tens of au scales (ALMA Partnership
et al. 2015). The observed band corresponds to wavelengths of
3.1 mm, which is sufficiently longer than the previous CARMA
polarimetric observations at 1.3 mm (Stephens et al. 2014).

2. Observations

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

We further perform the iterative CLEAN deconvolution
imaging with self-calibration to improve the image quality. We
employ the briggs weighting with the robust parameter of 0.5
and the multiscale option with scale parameters of 0, 0.3, and
0.9 arcsec. The beam size of the final product is ´ ´ ´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 Uis 9.6, 6.9, and 6.9 μJy,
respectively.

3. Results

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

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

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

Q and −40.6 μJy for Stokes U. Therefore, the integrated
polarized intensity is 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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What can we learn from self-scattering?
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Fig. 3.— The polarization P at the scattering angle of 90� and the albedo ! = sca/(abs + sca) as a function of maximum grain size.
The size distribution is assumed to have power law of n(a) / a�3.5. The wavelengths are assumed to be 1.3 mm for the left panel and
870 µm for the right panel. The arrows indicate the maximum grain size which has the most e�cient polarization by 90� scattering.

TABLE 1
The sensitive grain size for observed

wavelengths

wavelengths � the sensitive grain size amax

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

tion due to 90� scattering.

2.4. Detectable grain size for each wavelength

We have demonstrated that the polarization due to 90�

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

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

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

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

2.5. A toy model to understand the self-scattering

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



The blackbody radiation is assumed to be at the Rayleigh–
Jeans tail,14 so that α = β + 2; κabs(ν) ∝νβ, where β is the
opacity index. In this limit, the spectral index is only
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row. For various porosities, the α changes from the ISM value
(∼3.7) at the small-particle end to lower values (∼3.0) at the
big-particle end. When the particle is compact, the spectral
indices have peaks at l p~a 2max due to the interference
feature in the absorption opacity. For ALMA bands, α can be
as high as 5.0. Even with a moderate porosity, e.g., f= 0.3,
these peaks with very high values disappear. Instead, the
spectral indices are similar (with a slight increase) to the ISM
value until ~a fmax several millimeters. After that, the spectral
indices start to drop. This trend also happens in particles with
smaller filling factors, but the drop of spectral indices is
moving to larger particle sizes. The spectral index at the large
particle extreme can be approximated using β≈ (q− 3)βISM

(Draine 2006), where q= 3.5 and βISM= 1.7. An important
implication for these trends is that with porosity, the particle
size becomes difficult to infer from the spectral index since
they are less sensitive to a fmax . For example, the spectral
indices observed similar to the ISM values can even be due to

~a fmax millimeter particles.
The spectral indices at the optically thick regime mainly

depend on the effective albedo, ωeff, and can be taken as the
ratio of the logarithmic intensity reduction between two
wavelengths plus two (αthick= dln(Iν/Bν)/dlnν + 2). If there
were no scattering, the spectral index should be exactly two in
the Rayleigh–Jeans approximation.
We introduce the intensity reduction due to the dust scattering,

Iν/Bν, shown in the second row of Figure 3. The reduction factor
is shown in the curly braces in Equation (1) and in the optically
thick limit with the assumption μ = 1 (the disk is face-on).15 The
reduction is stronger if the disk is inclined (Zhu et al. 2019;

Figure 3. From top to bottom: the size (a fmax ) dependence of the κabs (absorption opacity), Iν/Bν (intensity reduction due to scattering compared to the blackbody
radiation), αthin, αthick (spectral indices at optically thin and thick regimes), and Pωeff (the product of the polarization fraction at 90°, P and the effective albedo, ωeff).
In the bottom panels, solid lines are Pωeff, dotted lines are ωeff, and dashed–dotted lines are P. From left to right, the filling factors are f = 1, 0.3, 0.1, and 0.01. Red,
blue, black, and magenta curves represent these quantities at 0.87, 1.29, 2.14, and 7.89 mm. The circles (●) represent x = 1, delineating Rayleigh and Mie regimes.
The squares (+) are locations where kx = 3/8 (for absorption) delineating Mie’s optically thin and thick regimes for the dust particles. Horizontal yellow dashed lines
are α = 2.5 as a reference point between αthin and αthick.

14 Note that in protoplanetary disks’ midplane, the temperature can be at
several tens of kelvin. At ALMA bands, hν/kT 1, but not much less than
unity, so the blackbody spectrum is not completely in the Rayleigh–Jeans tail,
i.e., the wavelength dependence is shallower than Bν ∝ν2. Nevertheless, the
factor is highly temperature dependent and does not deviate from the two
significantly.

15 Note that in some parameter space the intensity can be enhanced by
scattering. If the disk is optically thin and its dust has a high albedo, the
intensity with scattering can be higher than that without scattering at a face-on
view (Sierra & Lizano 2020). This is because the scattering can remove the
photons in the optically thick edge-on direction and put them into the optically
thin face-on direction.
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The squares (+) are locations where kx = 3/8 (for absorption) delineating Mie’s optically thin and thick regimes for the dust particles. Horizontal yellow dashed lines
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14 Note that in protoplanetary disks’ midplane, the temperature can be at
several tens of kelvin. At ALMA bands, hν/kT 1, but not much less than
unity, so the blackbody spectrum is not completely in the Rayleigh–Jeans tail,
i.e., the wavelength dependence is shallower than Bν ∝ν2. Nevertheless, the
factor is highly temperature dependent and does not deviate from the two
significantly.

15 Note that in some parameter space the intensity can be enhanced by
scattering. If the disk is optically thin and its dust has a high albedo, the
intensity with scattering can be higher than that without scattering at a face-on
view (Sierra & Lizano 2020). This is because the scattering can remove the
photons in the optically thick edge-on direction and put them into the optically
thin face-on direction.
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the Rayleigh–Jeans approximation.
We introduce the intensity reduction due to the dust scattering,
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blue, black, and magenta curves represent these quantities at 0.87, 1.29, 2.14, and 7.89 mm. The circles (●) represent x = 1, delineating Rayleigh and Mie regimes.
The squares (+) are locations where kx = 3/8 (for absorption) delineating Mie’s optically thin and thick regimes for the dust particles. Horizontal yellow dashed lines
are α = 2.5 as a reference point between αthin and αthick.

14 Note that in protoplanetary disks’ midplane, the temperature can be at
several tens of kelvin. At ALMA bands, hν/kT 1, but not much less than
unity, so the blackbody spectrum is not completely in the Rayleigh–Jeans tail,
i.e., the wavelength dependence is shallower than Bν ∝ν2. Nevertheless, the
factor is highly temperature dependent and does not deviate from the two
significantly.

15 Note that in some parameter space the intensity can be enhanced by
scattering. If the disk is optically thin and its dust has a high albedo, the
intensity with scattering can be higher than that without scattering at a face-on
view (Sierra & Lizano 2020). This is because the scattering can remove the
photons in the optically thick edge-on direction and put them into the optically
thin face-on direction.
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axis. For the inner three gaps, there are local peaks in both polarized 
intensity and fraction. By contrast, for Stokes I rings, there are local 
troughs, except the very central Stokes I peak.

The fact that the polarized intensity is stronger in the gaps was unex-
pected, as there is less dust. Furthermore, the Stokes I is typically 
more symmetric along the major axis than the polarized intensity. For 
example, the Stokes I fluxes along the cut for the first gap (D14) differ 
by 6%, whereas the polarized intensity and fraction differ by about 
30%. An increased asymmetry of these quantities is not expected 
along the major axis of an axisymmetric disk for polarization because 
of scattering or grain alignment, suggesting there are features in the 
disk not seen in Stokes I. For example, there could be a slight warp 
in the disk, a difference along the major axis in the dust scale height 

or a difference in dust grain properties (for example, composition, 
albedo or sizes)6.

By contrast, for an inclined dust disk that is not geometrically thin, 
asymmetries are fully expected along the minor axis, with the near side 
of the disk (that is, the part of the disk closer to the observer) expected 
to be more polarized than the far side of the disk17. The near side of HL 
Tau is towards the bottom right16, yet the ring between the first two 
gaps has a more polarized intensity towards the far side of the disk. This 
again suggests that there are some asymmetries along the minor axis. 
However, interior to the first gap (that is, the central bright emission), 
the polarized intensity is higher on the near side compared with that 
on the far side, as expected for a thicker dust disk.

Building on previous work9, we create a model that can broadly 
explain the three key features mentioned earlier, with the details of 
the model in the Methods. Our attempts at a model with polarization 
solely from the scattering of spherical grains, which is also applica-
ble to randomly aligned grains, could mostly reproduce the three key  
features. However, it cannot re-create the large polarized intensity 
with an azimuthally oriented polarization morphology13 in the first 
gap (D14). By including both polarized thermal emission and scatter-
ing of aligned effectively prolate grains spinning about its long axis, 
the model not only explains all three features but also fits them more 
closely than the scattering-only model. In our model, we find that the 
long axis of a grain is aligned azimuthally around the disk, which is also 
consistent with the polarization morphology at 3.1 mm (ref. 18). The 
effective sizes of the prolate grains follow an a−3.5 power-law distribu-
tion19 with a maximum grain size of 100 µm and creates the general 
scattering polarization morphology. Prolate-like grains are favoured 
over oblate-like grains because oblate grains have difficulty producing 
the observed polarized morphology and intensity along the minor axis 
observed in D14. Nevertheless, there is probably a mix of grain shapes, 
and our model suggests that the observations are most consistent with 
the effective shapes that are predominantly prolate.

This model explains why the polarization is higher in the gaps than 
in the rings (key feature 1) because the rings have higher optical depth 
that minimizes polarization from grain alignment because of a higher 
dichroic extinction. In turn, this also allows for an azimuthal compo-
nent only in the gaps (key feature 2) because the optical depth of the 
rings is too high to produce significant polarized emission from grain 
alignment, but still sufficiently low enough in the gaps that the azi-
muthal pattern from aligned grains dominates the uniform pattern 
from scattering. The model also produces larger polarization fractions 
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Fig. 1 | The 870-µm polarization morphology overlaid on the total-intensity 
images of HL Tau. The length of the vectors is proportional to the percentage 
of light that is polarized (P), with a 2% scale bar shown at the bottom right. A 
100 #U scale bar is shown on the bottom left. The vectors are plotted when both 
their total intensity (Stokes I) and the polarized intensity are detected at a 3σ 
level, and for P < 10%. Vectors with P < 0.5% are drawn as thinner lines. The 
resolution (beam) is shown as a small blue ellipse at the bottom right. Dec, 
declination; RA, right ascension.
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Fig. 2 | The 870-µm total-intensity (Stokes I) image of HL Tau. a,b, The 
resolution (beam) is shown as a small blue ellipse at the bottom right. a and b are 
identical, except that b has ellipses at the locations of the gaps16, which includes 

the previously unidentified eighth gap. The number on the label of each gap 
indicates the semimajor axis length in #U. Scale bars, 100 #U. Dec, declination; 
RA, right ascension.
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and intensities along the major axis than the minor axis (key feature 3) 
because the polarization from grain alignment and inclination-induced 
scattering7 are constructive along the major axis and destructive along 
the minor axis.

To match the polarization fraction of the model to that of the obser-
vations, we can adjust the intrinsic polarization of dust grain emission 
by changing the elongation of the grain. Assuming the grains are per-
fectly aligned, we find that an intrinsic polarization between 10% and 
15% (prolate grain short- to long-axis aspect ratio of around 0.85) is 
needed to match the observations. Although the observations show 
typical polarization levels of 2–3% in the gaps, the model suggests they 
are being smoothed (beam averaged) by the low polarization levels 
of the rings. As such, higher resolution observations are likely to have 
much higher polarization fractions. The high intrinsic polarization is 

similar to that found in the interstellar medium20,21, although the grains 
in the disk have grown to a much larger size. The intrinsic aspect ratio 
is probably even smaller than 0.85 because that value assumed 100% 
alignment efficiency.

Furthermore, the model shows that rings are optically thick and 
must be a factor of approximately 10 times stronger in the gaps, which 
has been suggested in multi-wavelength studies of HL Tau22. We can 
come to this conclusion just with the polarization observations at a 
single wavelength. As the rings are much more optically thick, most of  
the mass must be in these optically thick rings. These rings are thus the 
probable reservoirs for the future formation of planetesimals.

Grains of about 100 µm size are probably not a unique solution and 
would underestimate the intensity of the image at longer wavelengths 
(for example, 3 mm). Models could be further fine-tuned, but they 
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Fig. 3 | Polarization fraction and intensity maps of HL Tau. a,b, The gaps in the disk that were presented in Fig. 2 are shown. The resolution (beam) is shown as a 
small blue ellipse at the bottom right. Scale bars, 100 #U.
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Fig. 4 | Stokes I, polarized intensity, and polarization fraction profiles along 
the major axis of HL Tau (southeast to northwest). a,b, The Stokes I cut is in 
blue, and the polarized intensity (a) and fraction (b) are in black. The shaded 
grey area shows the standard deviation (1σ). The shaded yellow region shows 

the resolution of the observations along the major axis (0.032%). The red line in 
a is the 3σ cutoff for polarized intensity. Panel b shows only polarization 
fractions measured above the 3σ level; therefore, the black curve does not 
extend to the outer edge of the disk. Gaps are labelled with vertical lines.

The gaps have ~4% polarization fraction, 
while the rings have 0.5%
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The transition of polarization morphologies from one
wavelength to another is also apparent in the StokesQ and U
images, as seen in Figure 2. Specifically, at 3.1 mm the
StokesQ image shows negative regions from north to south
and positive regions from east to west. At 1.3 mm, the negative
regions are much brighter than the positive regions, and at
870 μm, the positive regions almost completely disappear.
StokesU shows two positive and two negative regions at
3.1 mm. The negative blobs disappear at 1.3 mm, while the
positive regions connect, and at 870 μm, the positive regions
turn into a single, large region.
For the Stokes V images (Figure 2), 3.1 mm appears to be

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

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

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

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

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

Figure 1. ALMA polarimetric observations at 3.1 mm (top, Kataoka et al.
2017), 1.3 mm (middle), and 870 μm (bottom), where the red vectors show the
>3σ polarization morphology (i.e., vectors have not been rotated). Vector
lengths are linearly proportional to P. The color scale shows the polarized
intensity, which is masked to only show 3σ detections. Stokes I contours in
each panel are shown for [3, 10, 25, 50, 100, 200, 325, 500, 750, 1000] × Is ,
where Is is 44, 154, and 460 μJy bm−1 for 3.1 mm, 1.3 mm, and 870 μm,
respectively.
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However, we cannot rule out the grain alignment with the
poloidal magnetic flelds. 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 flelds 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 flelds 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
fiux is almost axisymmetric and thus does not contribute so
much on the integrated polarization fraction. We estimate the
contribution of the radiative fiux alignment to the total
polarization fraction assuming that the disk is geometrically
and optically thin, the local alignment efflciency 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 signiflcance, which might be an upper
limit of the polarization fraction, while we use the reported
value in Stephens et al. (2014) in this Letter. We calculate the
total degree of polarization observed with CARMA at 1.3 mm
with the data reported by Stephens et al. (2014), which
is o0.52% 0.1%.

Figure 4 compares that the theoretical prediction and the
observational results of the total polarization fraction. The
contribution of the self-scattering is estimated as w=P CP90 ,
where C is the calibration factor set to be 2.0%, P90 is the
polarization efflciency for the scattering angle of 90° in a single
scattering, and λ is the albedo (Kataoka et al. 2015, 2016a).
This prediction is conflrmed 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 flducial 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 efflciency 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 (10s of μm in size) that dominate the
polarization in the disk. The second dust population primarily
consists of large grains (�100μm in size) that produce

Figure 4. Total polarization fraction as a function of the observed wavelengths.
The total polarization fraction is derived by integrating each Stokes I, Q, and U
component. The curves represent the prediction of the HL Tau disk with the
self-scattering model where the maximum grain sizes are =a 50, 70, 100max ,
and 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
efflciency of =p 0%, 1.8%, 3.6%, respectively.
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Wavelength dependence is strong. 
Wide-band upgrade may be 
problematic for increasing sensitivity.



Requirements

• (Angular resolution): The highest 
resolution currently achievable with 
ALMA 

• Sensitivity: An order-of-magnitude 
improvement in polarization sensitivity 

• Multiband polarization: Full-
polarization capability across Bands 1–
10 

• Polarization accuracy: Absolute 
accuracy at the 0.01% level 

• (Circular polarization): Reliable Stokes 
V measurements for magnetic-field 
studies

that that the large grains responsible for scattering at 870 μm
are already settled into a thin layer (Yang et al. 2017). Evidence
for dust settling in HL Tau was also found in Kwon et al.
(2011, 2015) based on modeling of the millimeter dust
continuum, and in Pinte et al. (2016) based on the shape of
gaps in dust continuum images

4. 1.3 mm Morphological Model of HLTau

For illustrative purposes, we have also developed two simple
models for the 1.3mm data: one for the polarization orientation
and the other for the spatial distribution of the polarized intensity.

The polarization orientation model is a simple 50–50 mix of
a purely azimuthal pattern (mimicking the pattern observed at
3.1 mm) and a uni-directional pattern along the minor axis (an
idealization of the pattern observed at 870 μm). We created the
model by averaging the Stokes Q and U of the two patterns
separately. Figure 3 shows the model compared with the
observations. The two match remarkably well, which strength-
ens the notion that the 1.3 mm emission is a transition case
between 3.1 mm and 870 μm.

The polarized intensity model is based on a disk model
similar to ModelA of Yang et al. (2017), but with a reduced
scale height for the dust layer. The grains are assumed to be
oblate spheroids with their shortest axes aligned radially, as
expected in the case of alignment with the radiation anisotropy.
The intrinsic polarization fraction of the non-spherical grains is
set to 1% and the effective grain size is 30 μm. The direct

emission and scattering by such grains are computed under the
electrostatic approximation (see Yang et al. 2016b for details).
The resulting polarization pattern is shown in Figure 4 and
broadly matches the observed pattern, especially the dumbbell-
shaped distribution of the polarized intensity and the morph-
ology of the polarization vectors. This model is not unique and

Figure 2. ALMA observations of the Stokes parameters IQUV and the linear polarization fraction P for 3.1 mm (top), 1.3 mm (middle), and 870 μm (bottom). Stokes I
contours for a particular wavelength is shown in each panel for [4, 25, 100, 500] Is´ , where Is is given in Figure 1.

Figure 3. Morphological 1.3 mm model for a 50–50 mix of azimuthal and
uniform patterns is shown with yellow vectors, which are overlaid on top of the
observed polarization morphology (red vectors). The contours are StokesI,
with the levels given in Figure 1.
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that that the large grains responsible for scattering at 870 μm
are already settled into a thin layer (Yang et al. 2017). Evidence
for dust settling in HL Tau was also found in Kwon et al.
(2011, 2015) based on modeling of the millimeter dust
continuum, and in Pinte et al. (2016) based on the shape of
gaps in dust continuum images

4. 1.3 mm Morphological Model of HLTau

For illustrative purposes, we have also developed two simple
models for the 1.3mm data: one for the polarization orientation
and the other for the spatial distribution of the polarized intensity.

The polarization orientation model is a simple 50–50 mix of
a purely azimuthal pattern (mimicking the pattern observed at
3.1 mm) and a uni-directional pattern along the minor axis (an
idealization of the pattern observed at 870 μm). We created the
model by averaging the Stokes Q and U of the two patterns
separately. Figure 3 shows the model compared with the
observations. The two match remarkably well, which strength-
ens the notion that the 1.3 mm emission is a transition case
between 3.1 mm and 870 μm.

The polarized intensity model is based on a disk model
similar to ModelA of Yang et al. (2017), but with a reduced
scale height for the dust layer. The grains are assumed to be
oblate spheroids with their shortest axes aligned radially, as
expected in the case of alignment with the radiation anisotropy.
The intrinsic polarization fraction of the non-spherical grains is
set to 1% and the effective grain size is 30 μm. The direct

emission and scattering by such grains are computed under the
electrostatic approximation (see Yang et al. 2016b for details).
The resulting polarization pattern is shown in Figure 4 and
broadly matches the observed pattern, especially the dumbbell-
shaped distribution of the polarized intensity and the morph-
ology of the polarization vectors. This model is not unique and

Figure 2. ALMA observations of the Stokes parameters IQUV and the linear polarization fraction P for 3.1 mm (top), 1.3 mm (middle), and 870 μm (bottom). Stokes I
contours for a particular wavelength is shown in each panel for [4, 25, 100, 500] Is´ , where Is is given in Figure 1.

Figure 3. Morphological 1.3 mm model for a 50–50 mix of azimuthal and
uniform patterns is shown with yellow vectors, which are overlaid on top of the
observed polarization morphology (red vectors). The contours are StokesI,
with the levels given in Figure 1.
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• (Angular resolution): The highest 
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ALMA 
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improvement in polarization sensitivity 

• Multiband polarization: Full-
polarization capability across Bands 1–
10 

• Polarization accuracy: Absolute 
accuracy at the 0.01% level 

• (Circular polarization): Reliable 
Stokes V measurements for magnetic-
field studies

stacking V(v) from the red side of the disk with−V(v) from the
blue side of the disk should increase the signal-to-noise ratio of
any Stokes V emission that comes from a toroidal field.
However, this method of stacking would destroy any Stokes V
signal from a vertical magnetic field, as we expect the direction
of the vertical component of the field to remain the same across
the disk. Nonetheless, stacking the lines in this way did not lead
to a detection of circularly polarized emission. We fit the
weighted sum of the line profiles = å n

V B Z w w
I i i

dI
d I Ztot

1
2 los

i

i0
to

the stacked line data, where the iʼs are lines 1, 2, 3, 4, 8, and 9;
I0 is the maximum Stokes I intensity, and wI and wZ are
weighting factors that account for the relative intensities of the
lines and the relative strengths of their Zeeman splitting factors,
respectively. The stacked spectra are shown in Figure 4. The
best-fit values for Blos from this stacking technique were
−4.2± 6.9 mG for the redshifted side of the disk, 2.0± 4.6 mG
for the blueshifted side of the disk, and 0.4± 4.9 mG for the
full disk. Because this method does not account for circular
polarization from instrumental effects, we report the results of
using the first fitting technique described above as our final
upper limits on the magnetic field strength.

3.2. Continuum Linear Polarization

The continuum polarization pattern in AS 209 at 1.3 mm is
shown in Figure 5. Our observations are similar to those
observed at 870 μm by Mori et al. (2019), with the direction of
polarization oriented parallel to the disk’s minor axis in the
inner part of the disk and oriented azimuthally in the outer part
of the disk. This pattern closely matches the polarization from
scattering in a disk with a similar inclination to AS 209ʼs
predicted by the model in Yang et al. (2016). We plan to
explore the possible mechanisms behind this polarization
pattern in a future paper.

4. Discussion

We did not detect circular polarization in any of the
individual CN 2–1 lines or in the stacked lines, so we have
calculated 3σ upper limits on the net toroidal and vertical
magnetic field strengths. The minimum detectable degree of
circular polarization with ALMA is 1.8% of the peak Stokes I
flux according to the ALMA Cycle 7 Technical Handbook. The
Stokes V flux does not reach this 1.8% threshold in any channel
of any individual hyperfine line or the stacked lines in our

Figure 4. Stacked Stokes I and V spectra using gofish for the redshifted (a) and blueshifted (b) sides of the disk, and for the full disk (c). The black lines represent the
best fit of the equation =

n
V ZB dI

d
1
2 LOS to the data. The dashed horizontal lines in the plots of V/I0 represent ±1.8% of the I/I0 peak.
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Fig. 1. Full polarization images in 873 µm of PDS 70. Left panel: total intensity (color scale) and polarization position angles (line segments).
Right panel: total intensity (contours) and the polarization fraction. Contour levels are 197 µJy beam→1 (5-ω) ↑[3, 6, 12]. The cross symbol marks
the location of the host star. Filled and open circles mark the locations of PDS 70b and 70c and their L4 and L5 points. The synthesized beam is
shown in the lower left.

complex gain calibrators. The calibrators can be looked up at the
ALMA data archive1.

2.2. Archival ALMA Band 6 observation

We retrieved the archival ALMA Band 6 observations, which
were taken via project 2019.1.01619.S. There were two inde-
pendent spectral tunings. Each spectral tuning employed one
broad bandwidth (1.875 GHz) spectral window for observing
continuum emission at high signal-to-noise ratios (S/N) and sev-
eral narrow bandwidth spectral windows for observing spectral
lines. We only utilized the data taken from the broad band-
width spectral windows of the two independent spectral tunings,
which respectively have centroid wavelengths of 1226 µm and
1287 µm.

The observations at each tuning included short-spacing
observations, which provided an angular resolution of ↓0.↔↔4, and
high angular resolution observations, which provided an angu-
lar resolution of ↓0.↔↔1. Concatenating all 1226 µm observations
yielded a 10.1–2674 kε uv coverage, while concatenating all
1287 µm observations yielded a 9.8–2552 kε uv coverage. The
MRS of these observations are larger than those of our Band 7
observations (Table A.1), which avoided missing fluxes. We refer
to the previous publication of these observations (Facchini et al.
2021) for more technical details.

3. Results

Figure 1 shows the Stokes I intensities, polarization position
angles, and polarization fractions resolved at the 873 µm wave-
length. The Stokes I intensities at the 1226, 1287, 2068, and
3075 µm wavelengths are presented in Figure 2, and they have
been smoothed to circular beams to allow the diagnosing of
substructures without being confused by the smearing effect of
asymmetric beams.
1 https://almascience.nrao.edu/aq/

At these wavelengths, the total intensities trace an inclined
ring and two crescents situated in the northwest and southwest
of the PDS 70 ring (Figure 2). The higher intensity crescent
in the northwest of the ring (hereafter the northwest crescent)
has been reported in recent studies (Isella et al. 2019; Keppler
et al. 2019; Liu et al. 2024a; Doi et al. 2024; Sierra et al.
2025; Domínguez-Jamett et al. 2025). The fainter crescent in
the southwest (hereafter the southwest crescent) shows a consis-
tent angular offset from the projected major axis of the PDS 70
ring in the multiwavelength observations (Figure 2). It is more
evident in the images at 1226, 1287, 2068, and 3075 µm. The
southwest crescent is less prominent at 873 µm and shorter wave-
lengths (Figure 1; Isella et al. 2019; Keppler et al. 2019; Sierra
et al. 2025; Domínguez-Jamett et al. 2025) in spite of the better
angular resolutions of these short wavelength observations, due
to the high dust optical depths at short wavelengths (more below;
Liu et al. 2024a; Sierra et al. 2025). Using MCRT modeling
(more below; see Appendix C), we determined the deprojected
centroid position angles (defined north-to-east with respect to
the major axis) of northwest crescent and southwest crescent to
be 317↗ ± 1↗ and 225↗ ± 3↗, respectively.

The morphology of the bulk of the PDS 70 ring can be
described by a geometrically narrow belt (hereafter narrow ring)
centered at a radius of ↓77 AU and superimposed on a fainter,
radially more extended ring (hereafter wide ring). The wide ring
has a larger extension inward of the 77 AU radius (Isella et al.
2019; Keppler et al. 2019; Doi et al. 2024).

We detected 873 µm linear polarization close to the radial
range of the narrow ring. The observations resolved azimuthal
variations of the polarization fraction in the range of ↓1–2.5%.
The polarization fraction is maximized in the west and presents
a minimum at the northwest crescent (Figure 1). The mean
polarization position angle is 68↗, which is close to that of
the projected minor axis of the PDS 70 ring. The polarization
position angles are rather uniform, with a modest observed dis-
persion of 27↗. The actual dispersion of polarization position
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consistent with the observed pattern at 0.9 mm, fail to
reproduce the polarization percentages (and hence the polar-
ization intensity) at 3 mm. Grain properties, such as the grain
shape and porosity, can also affect the polarization percentages
and orientations, as shown in Kirchschlager et al. (2019) and
Kirchschlager & Bertrang (2020). Whether using different
grain properties could improve the agreement with the
observed polarization requires further investigations.

Magnetic alignment. Guillet et al. (2020) recently investi-
gated the case where dust grains are aligned with toroidal B
fields in circumstellar disks. Because of scattering in the Mie
regime (when grain sizes are comparable to the observed
wavelength, around λ= 2πa), there will be a 90° flip in the
polarization angle depending on whether λ is smaller or greater
than 2πa. A flip between 3 and 0.9 mm is expected for
a; 250 μm (their Figure 2). The model with lognormal size
distribution of prolate grains and inclination of 45° (their

Figure 2. (a), (d) images: Polarization orientations (red segments) and tangents to ellipses (cyan segments) at 3 mm and at 0.9 mm. The cross marks the center of the
best-fit uniform dust ring with its orientation. (b), (e): Angle differences between detected polarization orientations and tangents to ellipses for the data at r > 1 85 in
(b) and for all the data in (e). Empty triangles denote a negative and solid triangles a positive difference. Larger symbols indicate larger differences. (c) Polarization at
3 mm (cyan segments) and at 0.9 mm (white segments). The orange scale denotes the continuum emission at 0.9 mm. The magenta arrow marks the [Fe II] jet axis.
The rotation direction of the circumstellar disk is marked as white arrow. (f): Polarization at 3 mm (cyan segments) overlaid on the spiral patterns revealed at NIR in
Keppler et al. (2020). (g), (h), (i) histograms: (g): Histograms of the angle differences defined in panel (b) for the 0.9 mm data, color coded for data at r > 1 85 (black)
and at r < 1 85 (red; excluding the Aa disk). The curves are the best-fit Gaussians to the data. (h): The same as in (g) but for the 3 mm data and for all radii. (i):
Histogram of the angle differences between the detected polarization orientations and the minor axis of the dust ring for data at r < 1 85 at 0.9 mm.
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radiation. Also, the intensity peak is about 26 mJy beam−1,
which corresponds to an optical depth τ∼0.2 when assuming
T=30 K, so the polarization may not be caused by extinction.
Therefore, the magnetic fields may be inferred by 90° rotation of
polarization directions, which results in a pattern in the central
region that is broadly consistent with a toroidal magnetic field
projected in the sky plane. On the other hand, self-scattering
cannot be ruled out by the data set taken only in Band 6.
However, note that even in this case, it may provide indirect
evidence for the presence of a circumstellar disk(-like) structure
at the center, since self-scattering has been found so far only
toward disks with large grains. Therefore, the main result of this
paper does not change. The ambiguity will be tackled by further
polarimetric observations in different wavelengths. Indeed, we
have carried out polarimetric observations in ALMA Band 3 as
well, and the preliminary results support the interpretation of
magnetic fields. These results will be discussed in a following
paper (W. Kwon et al. 2019, in preparation).

In addition, there is the possibility that the central
polarization pattern is produced by magnetic field lines that
are dragged by an equatorial accretion flow into a configuration
that is parallel to the midplane of the system. However, we
believe this possibility is less likely than the rotationally
induced toroidal field interpretation because there is already
evidence for significant velocity gradient along the equatorial
plane (see, e.g., Figure11 of Tobin et al. 2018). Nevertheless,
higher resolution line observations are needed to firmly
establish whether the intriguing field orientation near the
center is produced by accretion or rotation. Note the seven
vectors around the source A within or on the inner most
contour in the right zoomed-in plot of Figure 1. A detailed
modeling may be required to constrain the structure size of a
toroidal magnetic field. However, based on the number of
vectors showing the shifted direction, which is 1.5 of the beam
area, the central disk could be up to about 50 au in radius:
considering a beam smoothing, the real structure would be
about 0.5 of the beam area, so r=(0.5Abeam/π)0.5d, where
Abeam is the beam area and d is the target distance. Further
molecular line observations at a high angular resolution will

provide the information on how large the disk is, if it existed,
and whether it is rotationally supported.
Note that the self-scattering polarization pattern is expected

to be parallel to the minor axis of an inclined disk (e.g., Yang
et al. 2016; Kataoka et al. 2017; Stephens et al. 2017b), which
means that after a 90° rotation, the corresponding B vectors
look like a toroidal feature. If the toroidal field interpretation is
correct, it would indicate that rotation has become fast and
energetic enough to wind up the field lines, which likely signals
the formation of a rapidly rotating disk. If the dust self-
scattering interpretation is correct, it would indicate that grains
in the flattened structure on the scale of several tens of
astronomical units have grown to roughly 100μm sizes or
more, which again would favor the existence of a rotationally
supported disk that is conducive to grain growth through a
higher density and longer time compared to a dynamically
collapsing inner envelope. Recently, some other ALMA
polarimetric observations have also presented polarization
patterns of self-scattering or toroidal magnetic fields in the
central regions of Class 0 and I YSOs with a disk (Lee et al.
2018; Sadavoy et al. 2018) and disk candidates (Cox et al.
2018). Additional polarimetric observations at different
wavelengths will allow us to distinguish magnetic field
alignment from self-scattering (e.g., Alves et al. 2018, Kwon
et al. 2019, in preparation).
The contours in the right panel of Figure 1 also show the

binary companion (L1448 IRS 2B), which is separated from the
primary by about 0 6 (corresponding to ∼180 au at the target
distance) toward the west. This companion is less bright in the
1 mm continuum and has been detected at 9 mm (Ka-band;
Tobin et al. 2016) and at 1 mm (Tobin et al. 2018). The blue
and red contours overlaid in the figure are CO 2–1 molecular
line data taken by ALMA (2013.1.00031.S; Tobin et al. 2018).
The angular resolution of the CO 2–1 observations is
0 35×0 25 (PA: 21°), which is slightly better than the
polarimetric continuum data. Since these observations lack
short baselines, only the cavity walls were detected, as the
extended features between the walls (as detected in Tobin et al.
2015) are filtered out. Interestingly, the less bright companion
L1448 IRS 2B seems to be more coincident with the bipolar

Figure 1. Magnetic field morphology around L1448 IRS 2. The green vectors have been rotated by 90° from the polarization directions to indicate the inferred
magnetic field direction. Vectors of 2σ level or better detections are marked every 0 21, which is comparable to the Nyquist sampling. The gray scale and black and
white contours present the total intensity distribution with levels of 2, 3, 5, 9, 17, 33, 65, and 129 times 0.1 mJy beam−1. The blue and red contours are CO 2–1
intensity distributions integrated in velocity ranges of −8.0 to 2.0 and 7.5 to 16.0 km s−1, respectively, at levels of 3, 4, 5, 7, and 9 times 11 K km s−1. The central
region zoomed-in is presented on the right. The synthesized beams of the CO and the continuum data are marked in the bottom right corner in blue and hatched white,
respectively. The binary system positions are 2A(03:25:22.407 +30:45:13.21) and 2B(03:25:22.363 +30:45:13.12) in J2000.
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(~15%) in the radial direction is expected to originate from the mag-
netically aligned grains15,16 under the toroidal magnetic field17–19. By 
contrast, other alignment mechanisms, such as radiative alignment 
or mechanical alignment, predict azimuthally polarized emission20–22, 
which may be the case for the 1.3, 2.1 and 2.7 mm polarizations in the 
northern region. Note that the magnetic alignment also predicts azi-
muthally polarized emission at millimetre wavelengths when the dust 
is larger than 1 mm due to the negative polarization fraction in the Mie 
regime23. Therefore, we conclude that at least the smaller dust grains 
in the southern region are magnetically aligned, as occurs in the inter-
stellar medium15,16. This may imply that the dust grains in the southern 
region contain large iron inclusions that are aligned with the magnetic 
field in the protoplanetary disks24.

For the southern region, the polarization vector is expected to be 
perpendicular to the magnetic field direction projected onto the sky 
plane. Thus, we investigated the magnetic morphology by rotating the 
polarization vectors by 90°. Figure 2 indicates that the toroidal field is 
dominant, as expected from magnetohydrodynamics simulations25–27. To 
further constrain the magnetic field structure, we measured the angular 
offset of the observed magnetic field from the purely toroidal case, assum-
ing a disk inclination and position angle of 27° and 161°, respectively6,28.

are also plotted on the PI and PF images. The horseshoe structure can be 
recognized in the Stokes I images at all wavelengths, as revealed in previ-
ous observations8–11. Although the Stokes I images are similar in these 
wavelengths, the polarization images show different morphologies. In 
particular, the polarization vectors and fraction in the northern region 
change significantly with wavelength. The 0.87 mm polarization vectors 
show a flip around the peak of the Stokes I emission, as also shown in pre-
vious studies10,12, whereas the 2.1 and 2.7 mm polarization vectors seem to 
be almost azimuthally aligned. The 1.3 mm polarization vectors also show 
the flip, although it is less prominent13. These different polarization pat-
terns can be explained by the contribution of the self-scattering, which 
is efficient only when the maximum grain size is close to the observing 
wavelength. Therefore, dust grains of size ~100 µm are abundant in the 
northern region12,14. In contrast to the northern region, the southern 
region shows almost the same polarization pattern regardless of the 
observed wavelength. All the polarization vectors are in the radial direc-
tion, and the polarization fraction reaches as high as 15%.

The consistent polarization vectors and polarization fractions in 
the southern region (position angle of 100–250°; Methods and Sup-
plementary Figs. 1, 2 and 3) suggest that the polarization is produced 
by grain alignment rather than self-scattering. The high polarization 
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regime23. Therefore, we conclude that at least the smaller dust grains 
in the southern region are magnetically aligned, as occurs in the inter-
stellar medium15,16. This may imply that the dust grains in the southern 
region contain large iron inclusions that are aligned with the magnetic 
field in the protoplanetary disks24.
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perpendicular to the magnetic field direction projected onto the sky 
plane. Thus, we investigated the magnetic morphology by rotating the 
polarization vectors by 90°. Figure 2 indicates that the toroidal field is 
dominant, as expected from magnetohydrodynamics simulations25–27. To 
further constrain the magnetic field structure, we measured the angular 
offset of the observed magnetic field from the purely toroidal case, assum-
ing a disk inclination and position angle of 27° and 161°, respectively6,28.

are also plotted on the PI and PF images. The horseshoe structure can be 
recognized in the Stokes I images at all wavelengths, as revealed in previ-
ous observations8–11. Although the Stokes I images are similar in these 
wavelengths, the polarization images show different morphologies. In 
particular, the polarization vectors and fraction in the northern region 
change significantly with wavelength. The 0.87 mm polarization vectors 
show a flip around the peak of the Stokes I emission, as also shown in pre-
vious studies10,12, whereas the 2.1 and 2.7 mm polarization vectors seem to 
be almost azimuthally aligned. The 1.3 mm polarization vectors also show 
the flip, although it is less prominent13. These different polarization pat-
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is efficient only when the maximum grain size is close to the observing 
wavelength. Therefore, dust grains of size ~100 µm are abundant in the 
northern region12,14. In contrast to the northern region, the southern 
region shows almost the same polarization pattern regardless of the 
observed wavelength. All the polarization vectors are in the radial direc-
tion, and the polarization fraction reaches as high as 15%.
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the southern region (position angle of 100–250°; Methods and Sup-
plementary Figs. 1, 2 and 3) suggest that the polarization is produced 
by grain alignment rather than self-scattering. The high polarization 

−300−200−1000100300 200

300

200

100

0

−100

∆
δ 

(a
u)

∆
δ 

(a
u)

∆
δ 

(a
u)

∆α (au)
−300−200−1000100200

∆α (au)
−300−200−1000100200

∆α (au)
−300−200−1000100200

∆α (au)

−200

−300

300

200

100

0

−100

−200

−300

300

200

100

0

−100

−200

−300

10

3

6

1

0.2

0

15

TB (K)
20

0.2

0

0.4

0.1

0.05

0.01

0

0.3

1.2

3

6

12

18
(%)PF

PI PI PI

Stokes I Stokes I Stokes I

PF PF

0.87 mm wavelength 1.3 mm wavelength 2.1 mm wavelength 2.7 mm wavelength

Stokes I

PI

PF

TB (K)

Fig. 1 | Polarized thermal emission from dust grains in the protoplanetary 
disk around HD 142527. Stokes I (top), polarized intensity (PI) (middle) and 
polarization fraction (PF) (bottom) at 0.87, 1.3, 2.1 and 2.7 mm wavelengths 
plotted against right ascension (∆α) and declination (∆δ). Polarization vectors 
are also shown on the PI and PF images. The Stokes I and PI are converted to the 
brightness temperature (TB) by assuming the Rayleigh–Jeans approximation.  

The PF and polarization vectors are plotted where the polarized intensity is 
detected above the 3σ noise level. Contours on the PI and PF images indicate the 
brightness temperatures of the Stokes I emission of [0.1, 1, 10, 20] K for 0.87 mm, 
[0.1, 1, 5, 10, 20] K for 1.3 mm, [0.1, 1, 5, 9] K for 2.1 mm and [0.06, 0.3, 1, 3] K for 
2.7 mm. The resolution (beam size) is shown as a small ellipse in the lower left 
corner of each panel.

Satoshi Ohashi et al. 2025

L1448 IRS 2

Kwon et al. 2019

scale has been found to be mainly due to magnetically aligned
grains (see, e.g., Cox et al. 2018; Maury et al. 2018; Kwon
et al. 2019; Lee et al. 2019). For the case of HH 111, the dust
polarization is also likely due to magnetically aligned grains.
The inner envelope has a brightness temperature of ∼1–6 K,
much lower than the temperature there previously derived from
the C18O gas, which is ∼40 K (Lee 2010). Therefore, the
continuum emission is optically thin at the observed wave-
length. As a result, the dust polarization is likely due to thermal
emission of the dust, and the magnetic field orientation can be
obtained by rotating the polarization orientation by 90°, as
shown in Figure 2. In this case, the magnetic fields in the inner
envelope are almost everywhere parallel to the major axis and
are thus mainly toroidal, although a highly pinched poloidal
(particularly radial) component is needed to explain the
observed polarization orientations near the two edges along
the major axis where the toroidal field component is close to
the line of sight in this highly inclined system (and thus
contributes little to the polarization). This is reasonable because
the motion there is dominated by rotation (Lee et al. 2016),
which twists the field lines into a predominantly toroidal

configuration (see, e.g., Machida et al. 2008; Li et al. 2013;
Kwon et al. 2019).

5. Origin of the Dust Polarization in the Disk

Previous studies at a lower resolution of ∼0 12 suggested
that the dust polarization in the HH 111 disk could be due to
magnetically aligned grains, dust self-scattering, or both (Lee
et al. 2018). In order to further determine the origin of the dust
polarization in the disk, we construct a fiducial disk model and
then generate dust polarization maps with these two polariza-
tion mechanisms to compare with the dust polarization mapped
here at higher resolutions.

5.1. Disk Model

To construct the fiducial model, we adopt the same flared
disk model previously used to model the continuum map of this
disk obtained at a similar resolution in Lee et al. (2020).
Therefore, the dust in the disk has the following mass density
and temperature distributions in cylindrical coordinates (R, f,

Figure 1. Polarization maps of the continuum emission at λ ∼ 870 μm toward the HH 111 disk and envelope at angular resolutions of 0 080 × 0 070,
0 062 × 0 046, and 0 041 × 0 030, respectively, in the top, middle, and bottom rows. The left column shows the total intensity. The right column shows the
polarized intensity with the color image and polarization orientation and degree with line segments (red for detections of 2.5σp–3σp and orange for detections greater
than 3σp). (a) Contour levels start from 6σ with a step of 6σ, where σ = 186 mK. (b) The contour shows the first contour shown in (a). In (a)–(d), the green dotted
ellipse marks the rough boundary of the disk. In (c)–(f), the white dashed curves mark the spiral arms previously identified in Lee et al. (2020). In (d), the two white
ellipses show the interarm regions with high polarized intensity.
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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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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

Tazaki et al., 2019

at 3.1 mm. The self-scattering polarization generally produces the
polarization vectors parallel to the minor axis, and the fraction is a
strong function of the grain size. Therefore, we set the maximum
grain size amax to be the the major parameter and change it to
reflect the strength of the self-scattering polarization. We use the
same disk models of the alignment-induced polarization of the
prolate and oblate cases, and add the self-scattering-induced
polarization.

Figure 4 shows the polarized intensity of the prolate and
oblate grain models with i=45°. The contributions of the self-
scattering model increase by increasing amax from left to right
panels while that of the alignment models is fixed.

As expected, the oblate + scattering models do not
reproduce the observation. Both polarization of the alignment
of oblate grains and self-scattering produces stronger polariza-
tion along the major axis. As a result of superposition, the
azimuthal variation becomes stronger, which is not consistent
with the observation shown in Figure 1, which shows little
azimuthal variation in polarized intensity. Instead, the prolate +
scattering model shows less azimuthal variation than the oblate
+ scattering model. This is because the prolate grain alignment
produces strong polarization along the disk major axis while
the self-scattering does so along the disk minor axis. As a result
of their superposition, the polarized intensity shows less
azimuthal variation, which is consistent with the observations.

Now the question is, how strong are the contributions of the
alignment and scattering? We focus on the prolate + scattering
model and discuss it. The top three panels of Figure 4 show the
case of different grain sizes, which correspond to difference of
contribution of self-scattering. As demonstrated in the figure, the

amax=100μm case is dominated by the alignment-induced
polarization because the polarized intensity is stronger along the
minor axis, while the amax=200μm is by the self-scattering
because it is stronger along the major axis. The amax=130 μm
case shows the half-and-half contributions between alignment and
scattering, which reproduce little azimuthal variation as observed.
Therefore, we conclude that prolate + scattering model with
amax=130μm best reproduces the observed HL Tau polarization
at 3.1mm. Note that we also successfully reproduce the observed
polarization fraction with the mixture model amax=130μm as
shown in Figure 5 in the Appendix.

4. Discussion

The main results of the radiative transfer calculations are: (1)
the HL Tau 3.1 mm polarization can be reproduced with the
mixture of the alignment and self-scattering models; and (2) the
prolate grain model can explain the observations but the oblate
model does not. In this section, we discuss the implications on
the grain properties from both alignment and scattering theories
as well as the caveats of our models.

4.1. What Can Reproduce Effectively Prolate Shape?

As discussed also by Yang et al. (2019), the effectively
prolate grain model is preferable for reproducing the HL Tau
polarization but it is theoretically counter-intuitive. We usually
assume that grains are spinning if they are aligned, and they are
observed as effectively oblate grains.
One possible speculation for explaining the prolate grain

model is that grains are not spinning in the HL Tau disk. The

Figure 4. The six panels show the polarized intensity of models with mixture of the grain alignment and self-scattering. The upper three panels show the case of the
combination of the aligned prolate grain and self-scattering. The prolate grain model is fixed through the three panels while the self-scattering-induced polarization is
changed by setting the maximum grain size to be amax=100 μm (left), 130 μm (center), and 200 μm (right). Note that the contribution of self-scattering is weaker for
the left panel and stronger for the right panel. The bottom panels are the same as the top panels but for oblate grains.
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grains to be α=0.9 for prolate grains and α=1.1 for oblate
grains and that the alignment efficiency is ò=0.6. We assume
that the oblate grains are aligned with their short axis parallel to
the radial direction of the disk while the prolate grains are
aligned with their long axis parallel to the azimuthal direction
of the disk. We ignore the effects of temperature for simplicity.

As pointed out by Guillet et al. (2020), to discuss the
wavelength dependence of the alignment-induced polarization,
the Mie regime is essential to be considered. In this paper,
however, we do not treat the Mie regime for simplicity and we
focus on the single band observations on the HL Tau at
3.1 mm. In the cases of further modeling at 870 μm and at
1.3 mm, the Mie regime treatment is required because the size
parameter of 200 μm grains becomes x=1.44 at 870 μm and
x=0.97 at 1.3 mm.

The scattering-induced polarization is included by turning on
the scattering in the radiative transfer simulations. We treat the
full phase function and take into account the multiple
scattering. The controlling parameter of the scattering is the
maximum grain size, amax. The self-scattering polarization is
the most effective when the maximum grain size is amax ∼λ/2π
(Kataoka et al. 2015). We assume spherical dust grains for

computing self-scattering while we assume oblate or prolate
grains for computing alignment-induced polarization. These are
not consistent but we neglect the effects of scattering by non-
spherical grains for simplicity. The angle-averaged absorption
opacity of oblate/prolate grains is set to be the same as the
spherical grains.
We also note a technical treatment. The radiative transfer code

RADMC-3D allows users to compute the alignment-induced
polarization only when the dust scattering is turned on. To
reproduce the alignment-induced polarization without scattering,
therefore, we use amax=50 μm with the scattering turned on,
where the scattering-induced polarization is negligible.

3. Results

3.1. Alignment-only Model

First, we see how the beam dilution affects the appearance of
the polarization vectors. We use the same disk model of HL
Tau but assume that the disk is observed with a face-on view,
i=0°. The left panels of Figure 3 demonstrate the effects of
beam dilution with the face-on view. To reproduce the
azimuthal polarization pattern, the prolate grains are assumed

Figure 1. ALMA Band 3 (λ=3.1 mm) polarimetric observations of the HL Tau disk, which has been previously reported by Kataoka et al. (2017) and Stephens et al.
(2017). The left panel shows the Stokes I intensity in color, the central panel shows the polarized intensity, and the right panel shows the polarization fraction. The
solid contours in the three panels are equivalent and represent the intensity with the levels of (10, 25, 60, 150, 366, 900) times the noise level, which is σI (=34 μJy
beam−1). The overlaid line segments represent the polarization vectors where the polarized intensity is larger than three times the noise level of the polarized intensity,
which is σPI (=5.3 μJy beam−1). Note that the length of the polarization vectors is set to be equal. The beam has a size of 0 51×0 41 and position angle of −6°. 76,
which is represented in the bottom left as an ellipse.

Figure 2. The left panel shows the Stokes I image of the observations, the central panel shows the model image, and the right panel shows the residual map where the
observed Stokes I subtracted from the model image. The contours of the left and the central panels are the same as Figure 1 and the contour of the right panel shows
the residual levels of (−10, −25) × σI.
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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.
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Fig. 3. Same as Figure 2 but b = 0.69bmax (an offset collision).

comparing panels (d), (e), and (f), ucol,crit at b = 0 increases
with increasing the aggregate size. This trend is also shown at
equal-mass collisions (Wada et al. 2009). When we extrapolate
this trend, head-on collisions of larger aggregates would make
ucol,crit higher and explain the high ucol,crit > 20 m s−1 measured
in the experiments. For dust aggregates in protoplanetary disks,
however, offset collisions are dominant rather than head-on colli-
sions and collisions with the impact parameter b2 > 0.5b2max (the
impact angle θ > 45◦) become important. Including offset colli-
sions the increase in ucol,crit would not be significant as shown in
the present study. Therefore, silicate dust is still difficult to grow
in protoplanetary disks, in which the collision velocity becomes
up to several tens of m s−1.

4.3. Total ejecta mass

As discussed above, the net dust growth needs the condition
f > 0, namely how the target or the largest remnant can survive
and grow through collisions. On the other hand, small fragments
or ejecta produced during collisions of dust and planetesimals
would also play an important role in protoplanetary disks. For
example, since the observationally-indicated lifetime of small
grains are much longer than the collisional growth timescale of
grains, small grains resulting form collisional fragmentation of
growing grains are required to explain the dust retention in pro-

toplanetary disks (e.g., Birnstiel et al. 2009). In addition, debris
disks, gas-poor disks around stars with ages older than several
million years, are composed of small grains supplied from col-
lisional fragmentation of large bodies. The fragment production
rate is mainly determined by the total ejecta mass Mej defined
by Ntarget +Nproj −Nlarge (Kobayashi & Tanaka 2010). Therefore,
we investigate the total ejecta mass normalized by the projectile
mass Mproj(= Nproj), i.e., Mej/Mproj (= 1− f ) against the collision
velocity.

We plot the total ejecta mass M̄ej averaged over the impact
parameter, normalized by the mass of a projectile, Mproj, as a
function of ucol (Fig. 6). Since Mej/Mproj is calculated by 1 − f ,
Figure 6 is another expression of Figure 5. We find a trend that
M̄ej/Mproj is roughly proportional to ucol for various combina-
tions of Nproj and Ntarget although M̄ej/Mproj deviates from that
trend for low collision velocities. In Figure 6, we plot a line

M̄ej/Mproj = ucol/ucol,crit, (9)

where ucol,crit is given by 80 m s−1. This formula roughly ac-
counts for the data in the range ucol > 20 m s−1. In the lower
range ucol < 20 m s−1, Mej is significantly low compared to the
formula. According to a scaling relation on the cratering pro-
cess (Housen &Holsapple 2011), ejecta mass produced in crater-
ing on sand targets is scaled with the projectile momentum, i.e.,
Mej ∝ Mprojucol. Therefore, collisions between different-sized
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•Millimeter-wave polarization provides a unique probe of dust microphysics—including grain size, 

porosity, shape, and alignment—in planet-forming disks. 

•The observed polarization is produced by multiple mechanisms, primarily dust self-scattering and 

intrinsic emission from aligned, non-spherical grains. High-resolution, multiwavelength observations 

are essential to disentangle them. 

•Current observations are strongly sensitivity-limited. An order-of-magnitude improvement would 

enable polarization imaging of disk substructures and statistical studies across a large sample of disks. 

•ALMA 2040 should provide full-polarization capability across Bands 1–10, while maintaining the 

highest angular resolution and achieving polarization calibration accuracy at the 0.01% level. 

•The East Asian community is well positioned to lead this field, with strong expertise in both 

polarization observations and theoretical modeling of dust scattering, alignment, and aggregate 

microphysics.

Summary


