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2015), the Class 0 disk candidate of NGC 1333 IRAS 4A
(Cox et al. 2015), the Herbig AE late-stage protoplane-
tary disk HD 142527 (Kataoka et al. 2016), and the disk
candidate of the high-mass protostar Cepheus A HW2
(Fernández-López et al. 2016). Polarization toward disks
have also been detected at mid-infrared wavelengths of
8.7, 10.3, and 12.5µm (Li et al. 2016, 2017). However,
polarized emission at mid-infrared wavelengths can occur
due to absorption, emission, and sometimes scattering,
causing di�culty in interpreting the polarization mor-
phology.
Despite these detections, the polarization morpholo-

gies usually were not consistent with what would be ex-
pected from magnetically aligned dust grains. In particu-
lar, Stephens et al. (2014) used the Combined Array for
Research in Millimeter-wave Astronomy (CARMA) to
measure the 1.3 mm polarization morphology in HL Tau.
The morphology was inconsistent with grains aligned
with the commonly-expected toroidal magnetic fields
(polarization/E-field vectors distributed radially in the
disk). Instead, the E-vectors were oriented more or less
along the minor axis of the disk. Kataoka et al. (2015,
2016) and Yang et al. (2016) suggested that the polariza-
tion morphology is actually consistent with that expected
from self-scattering (also see Pohl et al. 2016; Yang et
al. 2017). Indeed, several disks where polarization is
detected show consistency with the polarization mor-
phology expected from self-scattering rather than grains
aligned with the magnetic field. However, except for
the ALMA observations of HD 142527 (Kataoka et al.
2016) and HL Tau (Kataoka et al. 2017), the published
observations are too coarse to resolve more than a few
independent beams across the disk, making it di�cult
to distinguish between scattering and other polarization
mechanisms.
The high-resolution ALMA observations of HD 142527

by Kataoka et al. (2016) resolved polarization for many
10s of independent resolution elements across the disk.
The polarization was radial throughout most of the disk,
which is expected for grains aligned with a toroidal field,
but toward the edges the morphology changed from ra-
dial to azimuthal, which is more consistent with scatter-
ing. Models in Kataoka et al. (2016) found that scatter-
ing can broadly reproduce the features observed in parts
of the disk – especially where the polarization orienta-
tions change sharply – but not everywhere. A complete
understanding of this interesting case is still missing.
HL Tau is one of the brightest Class I/II in the sky at

(sub)millimeter wavelengths, and thus the polarization
morphology can be determined at high resolution with
reasonable integration times. Kataoka et al. (2017) fol-
lowed up on the Stephens et al. (2014) observations with
3mm observations of HL Tau. Surprisingly, they found
that the polarization morphology was azimuthal, which
suggests grains aligned with their long axes perpendicu-
lar to the radiation field, as predicted by Tazaki et al.
(2017). Henceforth, we will call this grain alignment
mechanism “alignment with the radiation anisotropy.”
The very di↵erent polarization morphologies observed

at 1.3mm (0.006 resolution, Stephens et al. 2014) and 3mm
(0.004 resolution, Kataoka et al. 2017) suggest that the
morphology of the polarization emission is strongly de-
pendent on the wavelength. This Letter presents ALMA
observations at both 1.3 mm and 870µm at resolutions

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

of 0.003 and 0.004, respectively.

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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where r is the orbital radius. The mass of the central star is
taken to be M1.9 :. The adopted values are 0.6 g cm0

2S = - ,
r 173d = AU, w 27d = AU, and h r19.8 AU 173 AUg

1.5( )= ,
which corresponds to the isothermal disk of 36 K. The dust
mass of the disk is M5.0 10 3´ -

:. We confirm that the results
in the case of a power-law temperature distribution do not show
any significant difference from the constant temperature
adopted here (see Appendix B for more details).

These choices of parameters are motivated by recent results
of the modeling of HD 142527 (Muto et al.), although we use
different dust models. In addition, the dust density is assumed
to be zero if R 70< AU or if R 300> AU. We assume that
the target is at 140 pc and thus 1 arcsec = 140 AU. Note
that the optical depth at the peak is 0 abst k= S ´ =
0.6 g cm 0.51 cm g 0.312 2 1´ =- - . Thus, this object is opti-
cally thin.

Figure 7 shows the intensity, the polarized intensity, and the
polarization degree overlaid with polarization vectors. The
polarization degree has a double-ring structure. The polariza-
tion vectors are orientated to totally opposite directions in the
two rings. The vectors in the outer polarization ring are in the
azimuthal direction. This is because the background thermal
emission has a strong radial gradient at the location of the outer

polarized ring. This corresponds to point B in Figure 6. By
contrast, the vectors are in the radial direction in the inner
polarization ring. This is due to the net flux from the azimuthal
direction being larger than the net flux in the radial direction.
This corresponds to point A in Figure 6. This double-ring
pattern is a unique feature of the polarization due to dust
scattering, and thus this will be a clue to distinguish the
polarization mechanism.

3.2. Polarization from Lopsided Protoplanetary Disks

We now calculate the expected polarization from a lopsided
disk. To mimic the lopsided disk structure observed with
ALMA (e.g., Fukagawa et al. 2013), we further add an
azimuthally Gaussian distribution (e.g., Pérez et al. 2014) as
follows:
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Since the broad range of azimuthal contrast of dust
continuum emission has been reported so far (1.5 for
SAO206462, Pérez et al. 2014; 24 for HD 142527, Fukagawa
et al. 2013; 130 for IRS 48, van der Marel et al. 2013), we
consider two cases: model A for low azimuthal contrast and
model B for high azimuthal contrast. In model A, we use the

Figure 7. Same as Figure 5, but for the case of the ring-shaped protoplanetary disk.

Figure 8. Same as Figure 5, but for model A in the case of the lopsided protoplanetary disk. The object is optically thin everywhere.
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• Old and new theories for explaining 
millimeter-wave polarization 

1. Alignment with magnetic fields 

2. Self-scattering of thermal dust emission 

3. Alignment with radiation fields 

• Testing the theory with ALMA polarization 
observations 

• HD 142527 - morphology of pol. vectors 

• HL Tau - wavelength dependence

Millimeter Polarization

100 AU

Kataoka et al. 2015

Kataoka et al. 2016
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Dust is big in disks
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Figure 1. Left: J-band azimuthally polarized intensity image Q� in logarithmic scale for better visualization. Right: Q� ⇥ r2

in linear scale with annotations for the gap and ring structures. Each image pixel is multiplied with the square of its distance
to the star, r2, to compensate for the stellar illumination drop-o↵ with radius. All flux scales are normalized to half of the
brightest pixel along the inner ring. The region masked by the coronagraph is indicated by the gray circle. North is up, East
points towards left.

Figure 2. Left: zoom-in on the central 0.003 of the J-band Q� ⇥ r2 image. Right: polar map of the Q� ⇥ r2 image. The flux
scales are normalized to half of the brightest pixel along the ring. The horizontal dashed line indicates a radius of 0.0018.

with �, the position angle of the location of interest
(x, y) with respect to the star location. In this coordi-
nate system, the azimuthally polarized flux appears as
a positive signal in the Q� image, whereas the U� image
remains free of disk signal and can be used as an esti-
mate of the residual noise in the Q� image (Schmid et al.
2006). This is only valid for disks with face-on geome-
try since multiple scattering e↵ects in inclined disks can
cause a considerable physical signal in U� (e.g., TCha:
Pohl et al. 2017). The correction for instrumental po-

larization is done using a U� minimization, by subtract-
ing scaled versions of the total intensity frame from the
Stokes Q and U frames. The final data images were cor-
rected for the true North (by rotating them by 1.775� in
the counterclockwise direction, Maire et al. 2016). We
do not attempt to perform an absolute flux calibration
of our images due to the inherent problems with mea-
suring flux in PDI images.

3. POLARIZED INTENSITY IMAGES

example (face-on, PI)

Pohl et al. 2017

?
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self-scattering in an inclined disk
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Conditions of dust grains for polarization
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Grain size constraints by polarization

Polarization of protoplanetary disks 3
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Fig. 3.— The polarization P at the scattering angle of 90� and the albedo ! = 
sca

/(
abs

+ 
sca

) as a function of maximum grain size.
The size distribution is assumed to have power law of n(a) / a�3.5. The wavelengths are assumed to be 1.3 mm for the left panel and
870 µm for the right panel. The arrows indicate the maximum grain size which has the most e�cient polarization by 90� scattering.

TABLE 1
The sensitive grain size for observed

wavelengths

wavelengths � the sensitive grain size a
max

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

tion due to 90� scattering.

2.4. Detectable grain size for each wavelength

We have demonstrated that the polarization due to 90�

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

ciency on grain size especially in the case of wavelengths
are 870 µm and 3.1 mm, which correspond to ALMA
Band 7 and 3, respectively. Figure 3 shows both albedo
! = 

sca

/(
abs

+ 

sca

) and polarization P at 90�.
The polarization at 90� scattering shows perfect po-

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

gives the grain size that contributes most to the polarized
emission at any observed wavelength. In other words,
P! represents a window function for the grain size de-
tactable in polarization observations. Figure 4 shows P!

at the wavelengths of � = 340 µm, 870 µm, 3.1 mm, and
7 mm. The most sensitive grain sizes are summarized in
table 1. This suggests that detection and non-detection
of polarization for a wide range of sub-mm, mm, and cm
wavelengths can put a strong constraint on the grain size.

2.5. A toy model to understand the self-scattering

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

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

wavelengths to be a

max

= 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

Multi-wave polarization → constraints on the grain size

Expected polarization degree (scalable)

Kataoka, et al., 2015
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beam. Then the position of each point was moved to the nearest
local radial maximum (or minimum for dark rings). To avoid
regions where the rings become less distinct, points were
discarded if they moved outside the nominal width of the
individual rings (5 to 8 AU). Eight rings retained 55%> of the
points, to which we subsequently fit an ellipse, including its
center position, using a Markov Chain Monte Carlo (Foreman-
Mackey et al. 2013). The results are listed in Table 2, with the
full range of parameters given for the eight most distinct rings,
and just the semimajor axis for the others. It seems likely that
the “gap,” “enhancement,” and “clump” observed in VLA 1.3
and 0.7 cm images (Greaves et al. 2008; Carrasco-González
et al. 2009) at ∼10, 20, and 55 AU along the major axis of the
disk correspond to the D1, B1, and the combined emission
from the B2 to B4 rings, respectively.

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

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

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

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

Figure 2. Panels (a), (b), and (c) show 2.9, 1.3, and 0.87 mm ALMA continuum images of HL Tau. Panel (d) shows the 1.3 mm PSF for the same FOV as the other
panels as well as an inset with an enlarged view of the inner 300 mas centered on the PSF’s peak (the other bands show similar patterns). Panels (e) and (f) show the
image and spectral index maps resulting from the combination of the 1.3 and 0.87 mm data. The spectral index (α) map has been masked where 4errorα α < . The
synthesized beams are shown in the lower left of each panel; also see Table 1. The range of the color bar shown for panel (b) at 1.3 mm corresponds to 2− × rms to
0.9× the image peak using the values in Table 1. The color scales for panels (a), (c), and (e) are the same except using the values of rms and image peak
corresponding to each respective wavelength in Table 1.
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• i = 47° (ALMA Partnership 2015) 

• The polarization vectors are parallel to the minor axis

HL Tau pol. - prediction

Kataoka, et al., 2016a (see also Yang et al. 2016)

λ=870µm
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self-scattering alignment with radiation

AASTEX wavelength-dependent polarization 5

100 AU 100 AU

Figure 2. Comparison of the polarization images between � = 1.3 mm (CARMA Stephens et al. 2014) and � = 3.1 mm

(ALMA, this observation). The ALMA image is smoothed to have the same beam size of CARMA where the beam size is

0.6500 ⇥ 0.5600 with the PA of 79.5 degrees. The color scale represents the polarized intensity while the grey contours represent

the continuum emission. The levels of the grey contours are (3, 6, 12, 24, 48, 96)⇥�
I

where �
I

= 2.1 mJy/beam for the CARMA

data and �
I

= 34.9 mJy/beam ALMA data.

Figure 3. Schematic illustrations for the di↵erences of polarization vectors of each mechanism of polarization of thermal dust

emission. The major axis is on the horizontal direction. Note that each panel represents E-vectors. (a) The grain alignment

with the toroidal magnetic fields. (b) The grain alignment with the radiation fields. (c) The self-scattering of the thermal dust

emission

The wavelength dependence in the polarization frac-
tion in the case of the self-scattering is strong (Kataoka
et al. 2015) while it is weaker in the case of the grain
alignment. Therefore, the most natural interpretation
is that the alignment with the radiation fields provides
the axisymmetric azimuthal polarization vectors on both
wavelengths while the self-scattering dominates at 3.1
mm.

4.2. Modeling the scattered components

By modeling the scattered components of the polariza-
tion, we can constrain the grain size in the HL Tau disk.
To model the scattering components in polarization, we
consider the total polarization fraction of the target. If

we integrate the polarization all over the disk, the ax-
isymmetric vectors are canceled out. The scattering-
induced polarization provides the vectors parallel to the
minor axis, which resides as the total polarization frac-
tion. However, the alignment with the radiative flux is
almost axisymmetric and thus does not contribute so
much on the integrated polarization fraction. We esti-
mate the contribution of the radiative flux alignment to
the total polarization fraction assuming that the disk is
geometrically and optically thin, the local alignment ef-
ficiency p is the same in the entire disk (Fiege & Pudritz
2000; Tomisaka 2011), and there is no wavelength depen-
dence. The contribution is calculated to be 0.114⇥p and
the polarization vectors are parallel to the major axis.

Polarization mechanisms
self-scatteringalignment with B-fields alignment with radiation

Kataoka, et al., 2017
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Total polarization fraction
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Figure 2. Comparison of the polarization images between � = 1.3 mm (CARMA Stephens et al. 2014) and � = 3.1 mm

(ALMA, this observation). The ALMA image is smoothed to have the same beam size of CARMA where the beam size is

0.6500 ⇥ 0.5600 with the PA of 79.5 degrees. The color scale represents the polarized intensity while the grey contours represent

the continuum emission. The levels of the grey contours are (3, 6, 12, 24, 48, 96)⇥�
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where �
I

= 2.1 mJy/beam for the CARMA

data and �
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Figure 3. Schematic illustrations for the di↵erences of polarization vectors of each mechanism of polarization of thermal dust

emission. The major axis is on the horizontal direction. Note that each panel represents E-vectors. (a) The grain alignment

with the toroidal magnetic fields. (b) The grain alignment with the radiation fields. (c) The self-scattering of the thermal dust

emission

The wavelength dependence in the polarization frac-
tion in the case of the self-scattering is strong (Kataoka
et al. 2015) while it is weaker in the case of the grain
alignment. Therefore, the most natural interpretation
is that the alignment with the radiation fields provides
the axisymmetric azimuthal polarization vectors on both
wavelengths while the self-scattering dominates at 3.1
mm.

4.2. Modeling the scattered components

By modeling the scattered components of the polariza-
tion, we can constrain the grain size in the HL Tau disk.
To model the scattering components in polarization, we
consider the total polarization fraction of the target. If

we integrate the polarization all over the disk, the ax-
isymmetric vectors are canceled out. The scattering-
induced polarization provides the vectors parallel to the
minor axis, which resides as the total polarization frac-
tion. However, the alignment with the radiative flux is
almost axisymmetric and thus does not contribute so
much on the integrated polarization fraction. We esti-
mate the contribution of the radiative flux alignment to
the total polarization fraction assuming that the disk is
geometrically and optically thin, the local alignment ef-
ficiency p is the same in the entire disk (Fiege & Pudritz
2000; Tomisaka 2011), and there is no wavelength depen-
dence. The contribution is calculated to be 0.114⇥p and
the polarization vectors are parallel to the major axis.

We can extract the self-scattering components

integrating

0.5% <0.1%

weak polarization
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HL Tau polarization

Kataoka, et al., 2017

The maximum grain size is ~ 70 µm
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What can we do at MIR?
MIR
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Fig. 1.— Illustration of the structure, grain evolution processes and observational constraints for protoplanetary disks. On
the left side we show the main grain transport and collision mechanism properties. The different lengths of the arrows
illustrate the different velocities of the different grains. On the right hand side, we show the areas of the disk that can be
probed by the various techniques. The axis shows the logarithmic radial distance from the central star. The horizontal
bars show the highest angular resolutions (left edge of the bars) that can be achieved with a set of upcoming facilities and
instruments for at the typical distance of the nearest star forming regions.

with respect to the gas. The force exerted on them depends
not only on the relative motion between gas and dust, but
also on the particle size: small particles that are observable
at up to cm wavelength can quite safely be assumed to be
smaller than the mean free path of the gas molecules and are
thus in the Epstein regime. If the particles are larger than
about the mean free path of the gas molecules, a flow struc-
ture develops around the dust particle and the drag force is
said to be in the Stokes drag regime (Whipple, 1972; Wei-
denschilling, 1977). Large particles in the inner few AU of
the disk could be in this regime, and the transition into the
Stokes drag regime might be important for trapping of dust
particles and the formation of planetesimals (e.g. Birnstiel
et al., 2010a; Laibe et al., 2012; Okuzumi et al., 2012). An
often used quantity is the stopping time, or friction time,
which is the characteristic time scale for the acceleration or
deceleration of the dust particles ⌧

s

= mv/F , where m
and v are the particle mass and velocity, and F is the drag
force. Even more useful is the concept of the Stokes num-
ber, which in this context is defined as

St = ⌦

K

⌧
s

, (1)

a dimensionless number, which relates the stopping time to
the orbital period ⌦

K

. The concept of the Stokes number is
useful because particles of different shapes, sizes, or com-
position, or in a different environment have identical aero-
dynamical behavior if they have the same Stokes number.

2.1.2. Radial drift

The simple concept of drag force leads to important
implications, the first of which, radial drift, was realized
by Whipple (1972), Adachi et al. (1976), and by Weiden-
schilling (1977): an orbiting parcel of gas is in a force bal-
ance between gravitational, centrifugal, and pressure forces.
The pressure gradient is generally pointing outward because
densities and temperatures are higher in the inner disk.
This additional pressure support results is a slightly sub-
Keplerian orbital velocity for the gas. In contrast, a freely
orbiting dust particle feels only centrifugal forces and grav-
ity, and should therefore be in a Keplerian orbit. This slight
velocity difference between gas and a free floating dust par-
ticle thus causes an efficient deceleration of the dust par-
ticle, once embedded in the gaseous disk. Consequently,
the particle looses angular momentum and spirals towards

3
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Current understandings

pre-main-sequence stars of 2–4Me) at the distance of 144 pc
(DeWarf et al. 2003). At 4±1Myr old, this source still shows
evidence of significant accretion (∼10−7Meyr

−1; DeWarf
et al. 2003; Tang et al. 2012). AB Aur is surrounded by a
prominent disk, with mid-IR and 1.3 mm dust emission
detected out to ∼280 au and CO line emission detected out to
∼500 au from the star (Mariñas et al. 2006; Tang et al. 2012).
In both CO and near-IR scattered-light images, the disk is rich
in morphological features such as spiral arms and gaps,
suggesting a dynamical disk environment and, perhaps,
ongoing planet formation (Piétu et al. 2005; Hashimoto
et al. 2011; Tang et al. 2012). Previous observations at various
wavelengths gave a fairly consistent disk inclination of 27°
(where 0° corresponds to pole-on), with the major axis of the
disk oriented at a position angle (P.A.) of 70° (measured E
from N) (Piétu et al. 2005; Tang et al. 2012; Rodríguez
et al. 2014). H-band (1.6 μm) polarization of the AB Aur disk
has been imaged by Hashimoto et al. (2011), showing a clear
centrosymmetric pattern indicative of scattering, as expected at
these short IR wavelengths.

The paper is organized as follows. Section 2 describes our
data acquisition and reduction, with results presented in
Section 3. Disk models are presented in Section 4. The
implications of our study are discussed in Section 5, with our
findings summarized in Section 6.

2. OBSERVATIONS AND DATA REDUCTION

We observed AB Aur on 2015 February 6 UT using the
10 μm band dual-beam polarimetry mode of CanariCam. We
integrated on AB Aur for 360 s (on-source) in the Si-4 filter
(λ=10.3 μm, δλ=0.9 μm). We chose this filter because it is
one of CanariCamʼs most sensitive filters within the 8–13 μm
atmospheric transmission window, and the spectral energy
distribution of AB Aur has a strong silicate emission feature
roughly centered at 10μm, which should provide the best
signal-to-noise ratio. For flux and point-spread function (PSF)
calibration, we observed the standard star HD 31398 prior to
AB Aur.

In the dual-beam polarimeter mode, a Wollaston prism in the
optical path divides incoming light into two beams (ordinary
and extraordinary), which are recorded by the detector
simultaneously. During integration, a half-wave plate (HWP)
in the optical beam rotates to four positions (0°, 22°.5, 45°, and
67°.5), which rotates the incoming polarization by 0°, 45°, 90°,
and 135°. This procedure results in two separate estimates of
the fractional Stokes parameters (q=Q/I and u=U/I) per
full HWP rotation. Using the so-called ratio method to
determine q and u, small responsivity differences of the
detector are cancelled for each HWP setting (Tinbergen 1996).
The linear polarization p is calculated as s+ -q u2 2 2 and
the P.A. as * u q0.5 arctan( ). Here, σ is the noise of q and u.
This term is introduced to remove the positive bias in p
resulting from the noise in the signal.

We computed Stokes I, Q, and U images from the raw data
using iDealCam (Li et al. 2013). The instrumental polarization
(IP) was 0.89±0.05%, as measured with HD 31398, and was
subtracted from the observations of AB Aur in the Q–U plane
(see Appendix A for more details). We note that at the disk
center, where the highest sensitivity is achieved, the uncertainty
in p is dominated by the uncertainty associated with the IP
correction (±0.05%).

The raw data obtained for AB Aur consisted of 80 frames,
which permitted us to check for inconsistencies and anomalies
within the data. We divided the data into a number of subsets
and reduced them separately. Results from different subsets
were in good agreement with each other, which ruled out the
possibility that the net polarization detected from AB Aur arose
as a result of short-term seeing or pointing fluctuations, either
of which could result in the movement of the PSF of a bright,
compact emission source during the exposure.

3. RESULTS

The 10.3 μm polarization map centered on AB Aur is shown
in Figure 1. The angular resolution achieved in our observation
is 0 35, or 50 au at 144 pc, corresponding to the FWHM
intensity of the profile for the PSF standard HD 31398.
Extended emission from the disk of AB Aur is spatially
resolved (Figure 2), confirming previous results of Mariñas
et al. (2006). Linear polarization is clearly detected out to 1 2
(170 au) from the star. The azimuthally averaged p increases
gradually from 0.44±0.05% near the star to 1.4±0.4% at
170 au. Polarization vectors (p-vectors) within the radius of
∼0 5 (70 au, the “inner disk”) are oriented almost uniformly
with a mean P.A. of 163°±3°, a pattern defined by about a
half-dozen resolution elements. In contrast, between 0 5 and
1 2 from the star (70<r<170 au, the “outer disk”), the
configuration of p-vectors is clearly centrosymmetric.

Figure 1. Polarization map of the AB Aur protoplanetary disk at 10.3 μm.
Displayed in color is the total intensity image of the disk, superimposed by
white contours of polarized intensities at 20, 40, 80, 160, 320, and 640 mJy
arcsec−2. Each polarization vector is derived from an aperture of 3×3 pixels
in the original image. Polarization vectors are only plotted where the signal-to-
noise ratio (S/N) is higher than 150 in the total intensity image, yielding a
maximum uncertainty in the degree of polarization (p) of ∼1%. Near the disk
center, where the highest S/N is reached, the typical uncertainty in p is ∼0.1%.
The angular resolution of the observation is 0 35, as shown in the bottom-left
corner. The upper-left sketch shows the projected spin axis (thick line) and
major axis (dashes) of the disk. In the dual-beam polarimeter mode, the
effective field of view of CanariCam is a long rectangle ∼2 7 in height, as
indicated by the two dotted lines.
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the continuum emission. The levels of the grey contours are (3, 6, 12, 24, 48, 96)⇥�
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where �
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= 2.1 mJy/beam for the CARMA

data and �
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= 34.9 mJy/beam ALMA data.

Figure 3. Schematic illustrations for the di↵erences of polarization vectors of each mechanism of polarization of thermal dust

emission. The major axis is on the horizontal direction. Note that each panel represents E-vectors. (a) The grain alignment

with the toroidal magnetic fields. (b) The grain alignment with the radiation fields. (c) The self-scattering of the thermal dust

emission

The wavelength dependence in the polarization frac-
tion in the case of the self-scattering is strong (Kataoka
et al. 2015) while it is weaker in the case of the grain
alignment. Therefore, the most natural interpretation
is that the alignment with the radiation fields provides
the axisymmetric azimuthal polarization vectors on both
wavelengths while the self-scattering dominates at 3.1
mm.

4.2. Modeling the scattered components

By modeling the scattered components of the polariza-
tion, we can constrain the grain size in the HL Tau disk.
To model the scattering components in polarization, we
consider the total polarization fraction of the target. If

we integrate the polarization all over the disk, the ax-
isymmetric vectors are canceled out. The scattering-
induced polarization provides the vectors parallel to the
minor axis, which resides as the total polarization frac-
tion. However, the alignment with the radiative flux is
almost axisymmetric and thus does not contribute so
much on the integrated polarization fraction. We esti-
mate the contribution of the radiative flux alignment to
the total polarization fraction assuming that the disk is
geometrically and optically thin, the local alignment ef-
ficiency p is the same in the entire disk (Fiege & Pudritz
2000; Tomisaka 2011), and there is no wavelength depen-
dence. The contribution is calculated to be 0.114⇥p and
the polarization vectors are parallel to the major axis.
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Figure 1. Left: J-band azimuthally polarized intensity image Q� in logarithmic scale for better visualization. Right: Q� ⇥ r2

in linear scale with annotations for the gap and ring structures. Each image pixel is multiplied with the square of its distance
to the star, r2, to compensate for the stellar illumination drop-o↵ with radius. All flux scales are normalized to half of the
brightest pixel along the inner ring. The region masked by the coronagraph is indicated by the gray circle. North is up, East
points towards left.

Figure 2. Left: zoom-in on the central 0.003 of the J-band Q� ⇥ r2 image. Right: polar map of the Q� ⇥ r2 image. The flux
scales are normalized to half of the brightest pixel along the ring. The horizontal dashed line indicates a radius of 0.0018.

with �, the position angle of the location of interest
(x, y) with respect to the star location. In this coordi-
nate system, the azimuthally polarized flux appears as
a positive signal in the Q� image, whereas the U� image
remains free of disk signal and can be used as an esti-
mate of the residual noise in the Q� image (Schmid et al.
2006). This is only valid for disks with face-on geome-
try since multiple scattering e↵ects in inclined disks can
cause a considerable physical signal in U� (e.g., TCha:
Pohl et al. 2017). The correction for instrumental po-

larization is done using a U� minimization, by subtract-
ing scaled versions of the total intensity frame from the
Stokes Q and U frames. The final data images were cor-
rected for the true North (by rotating them by 1.775� in
the counterclockwise direction, Maire et al. 2016). We
do not attempt to perform an absolute flux calibration
of our images due to the inherent problems with mea-
suring flux in PDI images.
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emission

The wavelength dependence in the polarization frac-
tion in the case of the self-scattering is strong (Kataoka
et al. 2015) while it is weaker in the case of the grain
alignment. Therefore, the most natural interpretation
is that the alignment with the radiation fields provides
the axisymmetric azimuthal polarization vectors on both
wavelengths while the self-scattering dominates at 3.1
mm.

4.2. Modeling the scattered components

By modeling the scattered components of the polariza-
tion, we can constrain the grain size in the HL Tau disk.
To model the scattering components in polarization, we
consider the total polarization fraction of the target. If

we integrate the polarization all over the disk, the ax-
isymmetric vectors are canceled out. The scattering-
induced polarization provides the vectors parallel to the
minor axis, which resides as the total polarization frac-
tion. However, the alignment with the radiative flux is
almost axisymmetric and thus does not contribute so
much on the integrated polarization fraction. We esti-
mate the contribution of the radiative flux alignment to
the total polarization fraction assuming that the disk is
geometrically and optically thin, the local alignment ef-
ficiency p is the same in the entire disk (Fiege & Pudritz
2000; Tomisaka 2011), and there is no wavelength depen-
dence. The contribution is calculated to be 0.114⇥p and
the polarization vectors are parallel to the major axis.
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Science: scattering is efficient at MIR?A. Kataoka et al.: Static compression of porous dust aggregates

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

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

P =
2
3

K/V +
1
3

〈∑

i

ri · Fi

〉

t

/V. (19)

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

Fi =
∑

j!i

fi, j. (20)

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

P =
2
3

K/V +
1
3

〈∑

i< j

(ri − r j) · fi, j

〉

t

/V. (21)

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

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

3. Results

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

Figure 3. HL Tau SED overlaid with models of various bheight values. The solid line is the case of bheight = 1.5 and the dashed lines are cases of bheight = 0.1, 0.2,
0.5, 1.0, and 2.0 from the bottom. The two stars indicate our data points 700 and 120 mJy at λ = 1.3 and 2.7 mm, respectively.

regime. The bheight = 1.5 case, which is closest to and does
not overestimate the data points, is presented by a solid line.
The open rectangular points are data from Men’shchikov et al.
(1999) and the solid stars mark our values at λ = 1.3 mm and
λ = 2.7 mm. Although the thinner disk models are preferred

by both of our millimeter wavelength images from CARMA,
they cannot explain the mid-infrared fluxes. In contrast, the
bheight = 1.5 case recovers the SED reasonably well over mid-
infrared to millimeter wavelengths and fits the two CARMA
images. The bump of the model SEDs in near-infrared regime is
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Conclusions
• We have observed polarization of HL Tau with ALMA 

• 3.1 mm polarization vectors are dominated by explained by the grain 

alignment, while 1.3 mm pol. vectors by the self-scattering. 

• The maximum grain size is constrained to be ~70 µm 
(Kataoka et al. 2016a ApJ, Kataoka et al. 2017 ApJL) 

• Possible science goals of MIR polarimetry of protoplanetary disks 

• HL Tau 

• Detection of MIR polarization of HL Tau -> porous dust aggregates 

• Non-detection of MIR polarization of HL Tau -> compact dust aggregates 

• Other disks 

• If scattering is observed, it would represents disks with small grains - may be 

young. This is complementary with ALMA observations. 

• If we can detect polarization due to alignment of grains with B-fields, this 

would be the unique way to study the magnetic fields in disks
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Dust opacity of protoplanetary disks

Fig. 5.— Left panel: Spectral index between 1.1 and 3 mm plotted against the flux at 1.1 mm (scaled for a common
distance of 140 pc) for disks around single stars (or wide binaries) with spectral types early M to K in nearby star forming
regions. The dashed lines mark the typical sensitivity limits of the surveys in Taurus, Ophiuchus, Lupus, Chamaeleon
and Orion Nebula Cluster. Right panel: The grey area illustrate the range of predictions for global dust evolution models
without radial drift (Birnstiel et al., 2010b), the two arrows illustrate the evolutionary trajectories in the first few million
years as predicted by the global models including the effect of radial drift (solid line) and including pressure traps in the
gas distribution to slow the rate of drift (dashed line, Pinilla et al., 2012b).

⇠ 1 mm for the vast majority of the disks. Within the rel-
atively small samples investigated so far, the distribution
of spectral indices is consistent with being the same for
nearly all the regions probed so far. The general picture
that is emerging from this comparison is that dust appears
to quickly grow to large sizes, but then it needs to be re-
tained in the disk for a relatively long time, comparable to
the disk lifetime. The only region where there may be a hint
for possibly different distribution of spectral index values is
Chamaeleon, where Ubach et al. (2012) derived a range of
� values between 0.9 and 1.8 for 8 disks. Chamaeleon is
among the oldest regions in the sample (albeit still young
with an estimated median age of ⇠ 2 Ma Luhman, 2007).
It is possible that the different values of ↵ in Chamaeleon
could be an indication for a time evolution of the grain size
distribution, with a loss of mm/cm sized pebbles relative to
smaller grains. This suggestion will be tested when statisti-
cally significant samples in younger and older star forming
regions are observed with ALMA.

Following Birnstiel et al. (2010b) and Pinilla et al.
(2012b), we show in Fig. 5 the prediction of global grain
evolution models in disks. Birnstiel et al. (2010b) found
that the measured 1.1–3 mm spectral indices can be well
reproduced by models with reasonable values for parame-
ters regulating grain fragmentation, gas turbulence and disk
structure. However, these models are able to explain only
the upper envelope of the measured fluxes (i.e. the most
massive disks in the sample). There is a large population
of disks that are difficult to reconcile with the model pre-
dictions: those with low millimeter flux and low spectral
index (low-mass disks containing a substantial amount of

large grains). This discrepancy cannot be solved by simply
reducing the mass of the disk models, as disks with lower
surface densities would hardly grow grains (Birnstiel et al.,
2010b), as can be seen by the fragmentation and drift lim-
ited growth in Equations 8 and 9, which show that the max-
imum grain size depend on the dust and gas surface density,
respectively.

Pinilla et al. (2012b) investigated the effect of time evo-
lution on these modeling results, finding that while the ra-
dial drift process would progressively reduce the disk mass,
evolving over a few Ma the models to lower 1 mm fluxes,
the drift and fragmentation processes will more efficiently
remove the large grains from the disk, resulting in a steep
increase of ↵ which would not be consistent with the ob-
servations. Pinilla et al. (2012b) showed that the drift of
large particles needs to be slowed down, but not halted com-
pletely, in order to explain the observed distribution in a
framework of disk evolution. In this context, it is important
to point out that no correlation has so far been found be-
tween individual stellar ages and ↵ (e.g. Ricci et al., 2010a).

Several mechanisms have been proposed to slow down
the radial drift of large grains. For example in MHD sim-
ulations of disks with zonal flows (Johansen and Klahr,
2005; Johansen et al., 2009; Uribe et al., 2011), the pres-
sure field in the disk would be modified and this may be
a viable mechanism to create local pressure maxima that
could efficiently trap large grains. Another possibility that
has been explored by some authors is that very large grains
are injected very early in the outer disk, then their migra-
tion is impaired as they are decoupled from the gas (e.g.
Laibe et al., 2012). This scenario would require the forma-
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