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2

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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(Alves+ 2001)

L1527, envelope:10^4 AU, 
disk:10^2 AU (Tobin+ 2012)
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A ,0.2-solar-mass protostar with a Keplerian disk
in the very young L1527 IRS system
John J. Tobin1, Lee Hartmann2, Hsin-Fang Chiang3,4, David J. Wilner5, Leslie W. Looney3, Laurent Loinard6,7, Nuria Calvet2

& Paola D’Alessio6

In their earliest stages, protostars accrete mass from their surround-
ing envelopes through circumstellar disks. Until now, the smallest
observed protostar-to-envelope mass ratio was about 2.1 (ref. 1).
The protostar L1527 IRS is thought to be in the earliest stages of star
formation2. Its envelope contains about one solar mass of material
within a radius of about 0.05 parsecs (refs 3, 4), and earlier observa-
tions suggested the presence of an edge-on disk5. Here we report
observations of dust continuum emission and 13CO (rotational
quantum number J 5 2 R 1) line emission from the disk around
L1527 IRS, from which we determine a protostellar mass of
0.19 6 0.04 solar masses and a protostar-to-envelope mass ratio of
about 0.2. We conclude that most of the luminosity is generated
through the accretion process, with an accretion rate of about
6.6 3 1027 solar masses per year. If it has been accreting at that rate
through much of its life, its age is approximately 300,000 years,
although theory suggests larger accretion rates earlier6, so it may
be younger. The presence of a rotationally supported disk is con-
firmed, and significantly more mass may be added to its planet-
forming region as well as to the protostar itself in the future.

The protostar L1527 IRS (hereafter L1527), at a distance of about
140 pc, is one of the nearest class 0 protostars; this is the earliest phase
of the star formation process2, and we show a schematic diagram of a
protostellar system in Fig. 1. Observations of dust continuum emission
towards L1527 were obtained with the Submillimeter Array (SMA)
and Combined Array for Millimeter-wave Astronomy (CARMA) at
wavelengths of 870mm, 1.3 mm and 3.4 mm, following up indications
from previous Gemini results5 that L1527 harboured an edge-on disk.
The 870-mm and 3.4-mm data are shown in Fig. 2 with sufficient
resolution to resolve the emission from the disk midplane, finding
it to be extended north–south, like the 3.8-mm dark lane. The ob-
served disk is ,180 6 12 astronomical units (AU) in diameter (radius
R <90 AU), measured from inside the outer contour plotted in Fig. 2;
the dust emission appears smaller than the mid-infrared dark lane
because the lower-density outer disk is fainter than the sensitivity limit.
(1 AU is the distance from the Earth to the Sun, 1.496 3 1013 cm.) Other
studies did not conclusively detect disks around L1527 and other class
0 protostars because the spatial resolution was too low to distinguish
the disk emission from the envelope and/or the disks were too small7,8.
We estimate a disk mass of 0.007 6 0.0007 M[ from the 870-mm flux
density (F870mm 5 213.6 6 8.1 mJy); details are given in Supplementary
Information section 3. We consider this mass a lower limit because the
adopted dust opacity is large (3.5 cm2 g21 at 850mm)9, and we have not
accounted for spatial filtering by the interferometer.

We observed the 13CO ( J 5 2 R 1) molecular line transition with
CARMA at a wavelength of 1.3 mm. This line traces the outflow in
most class 0 protostars10; however, Fig. 3 shows that the 13CO emission
primarily traces the inner envelope and disk in L1527. The outflow
is detected at velocities less than 61 km s–1, but does not affect our

analysis (Supplementary Information section 2). The 13CO data have
lower resolution than the 870-mm and 3.4-mm observations (10,
140 AU); however, the positional accuracy of line emission is compar-
able to the resolution divided by the signal-to-noise ratio (typically 5 or
higher), enabling us to determine the location of emission accurately in
each velocity channel. Figure 3 shows the 13CO emission from the
blueshifted and redshifted components to be on opposite sides of pro-
tostar, consistent with Keplerian rotation. The emission from the disk
is most probably confined to 610; at larger radii and lower velocities we
expect the flattened envelope to contribute to the kinematics, as shown
by lower-resolution 13CO ( J 5 1 R 0) observations11. The observa-
tions shown in Figs 2 and 3 as a whole provide definitive evidence
for a large, rotationally supported disk in this class 0 protostellar sys-
tem. Such a disk at this early phase may be inconsistent with some disk
formation models that consider strong magnetic braking12,13; however,
large disks can form at this stage in models with weak magnetic
fields14,15 or if the magnetic field is not aligned with the rotation axis16.

Assuming that the disk is rotationally supported and that the mass
of the protostar is dominant, we can use the position–velocity informa-
tion from the molecular line data to determine the protostellar mass.

1National Radio AstronomyObservatory, Charlottesville, Virginia 22903, USA. 2Departmentof Astronomy, University of Michigan, AnnArbor, Michigan 48109, USA. 3Departmentof Astronomy, University of
Illinois, Urbana, Illinois 61801, USA. 4Institute for Astronomy and NASA Astrobiology Institute, University of Hawaii at Manoa, Hilo, Hawaii 96720, USA. 5Harvard-Smithsonian Center for Astrophysics,
Cambridge, Massachusetts 02138, USA. 6Centro de Radioastronomı́a y Astrofı́sica, UNAM, Apartado Postal 3-72 (Xangari), 58089 Morelia, Michoacán, Mexico. 7Max-Planck-Institut für Radioastronomie,
Auf dem Hügel 69, 53121 Bonn, Germany.
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Figure 1 | Cartoon of a protostellar system rotated to match the orientation
of L1527. Green shading highlights the large (R < 12,500 AU) infalling
envelope surrounding the protostar and disk; the envelope geometry on
10,000-AU scales is generally more complex than shown here27. Because the
infalling material has some net rotation, it falls onto a disk due to conservation
of angular momentum rather than directly onto the protostar. The disk is
coloured with a red-to-blue velocity gradient to illustrate Keplerian rotation
around the protostar. Mass is transported from the envelope to the disk and
then it is accreted through the disk and onto the protostar. The protostar and
disk both work together and drive a bipolar outflow10 that evacuates the polar
regions of the envelope.
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envelope + disk
parent molecular cloud (22), accretes material
from its surrounding disk with a mass accretion
rate of 8 × 10−8 M⊙ year−1 (25). Previous ob-
servations at 0.6″ to 1.1″ angular resolution were
well described by a smooth and axisymmetric
distribution of material in the disk that extends
near the stellar photosphere and decreases mono-
tonically with distance from the star (20, 23).
To estimate the optical depth of the observed

dust continuum emission, we performed radi-
ative transfer calculations using RADMC-3D (26)
at 1.3 mm (17), using the previous surface den-
sity constraint found for the Elias 2-27 disk (20).
This model reproduces the azimuthally averaged
radial profile of the observed ALMA 1.3-mm con-
tinuum emission (fig. S1) (17). At a radial distance
from the star (hereafter referred to as radius and
denoted by R) larger than R ≈ 10 AU, the emis-
sion is optically thin and thus traces the density
of solid material down to the midplane of the
disk. At the location of the spiral structures (from
R = 100 to 300 AU), the azimuthally averaged
optical depth t of the dust continuum emission
is t = 0.1 at R = 100 AU, decreasing to t = 0.02
at R = 300 AU (fig. S1B), which is consistent
with the measured peak brightness tempera-
ture on the spirals of 1.2 K at R = 150 AU.
The spiral structures are even more evident

in Fig. 2A, in which the data has been projected
into a polar coordinate grid that accounts for
the viewing geometry of the disk. In polar coordi-
nates, a ring with zero eccentricity would have
a constant radius for all polar angles. However,
shown in Fig. 2A are two bright structures that
grow in radius from ~100 to 300 AU as the polar
angle increases. The brightest of these two struc-
tures lies northwest of the star, labeled “NW”;
the spiral structure southeast of the star is labeled
“SE.” In Fig. 2B, we present the surface brightness
contrast of the NW and SE arms, defined as the
ratio between the peak of emission at the arm
and the background surface brightness (17). We
found that both arms have similar contrasts
ranging between values of 1.3 and 2.5. The spiral
arms reach their highest contrast at R = 150 AU,
coinciding with the location in the disk where
gravity has the most influence over thermal pres-
sure and shear forces, that is, where the Toomre
Q parameter is lowest (fig. S2) (17). However,
even at its minimum value Toomre Q is well
inside the stable regime (17). If the spirals arms
suffer from beam dilution (if their physical size
is smaller than the angular resolution of our ob-
servation), a higher optical depth than our pre-
vious estimate could be possible, implying an
even higher density contrast in the arms. Thus,
the contrast values measured for NW and SE are
lower limits.
We determined the local maxima and minima

of emission in the dust continuum observations
at evenly spaced azimuthal angles, after subtract-
ing a smooth monotonically decreasing intensity
profile that best fit the intensity radial profile of
the disk (fig. S3) (17). As demonstrated in Fig. 3,
the emission local maxima (Fig. 3, crosses) describe
two spiral structures, whereas the emission local
minima (Fig. 3, circles) describe an ellipse. We

constrained the geometry of these structures by
modeling their location in polar coordinates
(where R is the distance from the star located at
the origin and q is the angle from the x axis),
taking into account that these structures have
been inclined and rotated with respect to our
line of sight by their inclination (i) and position
angle (PA). The emission local minima were fitted
with a circular ring (R = a0, where a0 is the
radius at which the gap is located), whereas
the emission local maxima were fitted with two
symmetric logarithmic spirals (R = R0 e

bq, where
R0 is the spiral radius at q = 0°, and b is the rate
at which the spirals increase their distance from
the origin). The best-fit parameters for the sym-
metric spirals that describe the local maxima
are R0 = 84 ± 4 AU and b = 0.138 ± 0.007 (which
corresponds to a pitch angle of f= 7.9° ± 0.4°),

whereas the circular ring that describes the local
minima has a radius of a0 = 71 ± 2 AU. The
geometry of the spiral arms and dark ring can
all be described with a single inclination angle
of i = 55.8° ± 0.9° and position angle PA =
117.3° ± 0.9°. The best-fit model and constraints
at the 3s level are shown in Fig. 3 for the spiral
arms and dark ring.
Spatially resolved molecular line observations

of CO and two isotopologues, simultaneous to the
continuum observations discussed here, suggest
that the southwest side of the disk is tilted
toward Earth while the disk rotates in a clock-
wise direction in a Keplerian velocity pattern
(figs. S4 to S7) (17). It is most likely that the
observed NW and SE spirals point away from
the direction of rotation—that these are trailing
spiral arms.

1520 30 SEPTEMBER 2016 • VOL 353 ISSUE 6307 sciencemag.org SCIENCE

Fig. 1. Thermal dust emission from the protoplanetary disk surrounding Elias 2-27. The disk was
imaged at a wavelength of 1.3 mm,with ALMA reaching an angular resolution of 0.26″ by 0.22″ (indicated
by the ellipse in the bottom left corner), which corresponds to 36 by 31 AU at the distance of the star.
The field-of-view center (at 0, 0) corresponds to the disk emission peak located at right ascension (J2000) =
16 hours 26 min 45.024 s, declination (J2000) = –24 degrees 23 min 08.250 s, and coincidental with
the position of the star Elias 2-27. (A) 1.3-mm dust continuum image from the Elias 2-27 proto-
planetary disk over a 4″ by 4″ area. The color scale represents flux density measured in units of Jansky
per beam (1 Jy = 10−26 W m−2 Hz−1). (B) Increased contrast image from processing the original ALMA
observations shown in (A) with an unsharp masking filter (17).

Fig. 2. Polar projection of disk emission and measured contrast over the spirals in the Elias 2-27
protoplanetary disk. (A) Projection onto polar coordinates (polar angle q versus deprojected radial
distance to the central star R) of the dust continuum observations from the Elias 2-27 disk.The emission
has been scaled by R2 in order to aid visualization, and the polar angle is defined as q = 0° (north) increasing
toward east. Curves correspond to the best-fit model spirals for the NW and SE arms (dashed lines) and
their constraint at the 3s level (solid lines). (B) Surface brightness contrast of the continuum emission along
each spiral arm, defined as the ratio between the peak of emission and the background surface brightness
(17), which is computed at increasing radial distance from the star.
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Elias 2-24 (Perez+ 2016)

HL Tau (ALMA+ 2015)

-10^5

10^5
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November 23 and 0.7 mm on the latter two executions. The
total on-target integration time was ∼2 hr.

These raw data were calibrated by NRAO staff. After
applying phase corrections from water vapor radiometer
measurements, the data were time-averaged into 2 s integra-
tions and flagged for problematic antennas and times. The
bandpass response of each spectral window was calibrated
using the observations of J1058+0133. The amplitude scale
was determined from J1037–2934 and J1107–4449. The
complex gain response of the system was calibrated using the
frequent observations of J1103–3251. Although images
generated from these data are relatively free of artifacts and
recover the integrated flux density of the target (1.5 Jy), folding
in additional ALMA observations with a higher density of short
antenna spacings improves the image reconstruction.

To that end, we calibrated three archival ALMA data
observations of TW Hya, from 2012 May 20, 2012 November
20, and 2014 December 31, using 16, 25, and 34 antennas
spanning baselines from 15 to 375 m. The first two observa-
tions had four 59MHz wide spectral windows centered at
333.8, 335.4, 345.8, and 347.4 GHz. The latter had two
235MHz windows (at 338.2 and 349.4 GHz), one 469MHz
window (at 352.0 GHz), and one 1875MHz window (at
338.4 GHz). J1037–2934 was employed as a gain calibrator,
and Titan and 3C 279 (May 20), Ceres and J0522-364
(November 20), or Ganymede and J0158+0133 (December 31)
served as flux or bandpass calibrators. The weather for these
observations was excellent, with PWV levels of 0.5–1 mm. The
combined on-target integration time was 95 minutes. The basic
calibration was as described above. As a check, we compared
the amplitudes from each individual data set on overlapping
spatial frequencies and found exceptional consistency.

The calibrated visibilities from each observation were shifted
to account for the proper motion of the target and then
combined after excising channels with potential emission from
spectral lines. Some modest improvements were made with a
round of phase-only self-calibration. Continuum images at a
mean frequency of 345.9 GHz (867 μm) were generated by
Fourier inverting the visibilities, deconvolving with a multi-
scale, multi-frequency synthesis version of the CLEAN
algorithm, and then restoring with a synthesized beam. All
calibration and imaging were performed with the CASA
package (v4.5.0).

After some experimentation, we settled on an analysis of two
images made from the same composite data set. The first used a
Briggs weighting (with a robust parameter of 0) to provide a
24×18 mas synthesized beam (at P.A.=78°). While this
provides enhanced resolution, it comes at the cost of a dirty
beam with ∼20% sidelobes (due to the sparse coverage at long
baselines) that degrades the image quality. A second image was
made with a robust parameter of 0.5 and an elliptical taper to
create a circular 30 mas beam with negligible sidelobes. Both
images are consistent (within the resolution differences) and
have rms noise levels around 35 μJy beam−1.

3. RESULTS

Figure 1 shows a high-resolution map of the 870 μm
continuum emission from the TW Hya disk, revealing a series
of concentric bright and dark rings out to a radial distance of
60 au from the host star with a nearly pole-on viewing
geometry. To aid in the visualization of this substructure,
Figure 2 shows the image transformed into polar coordinates

and azimuthally averaged into a radial surface brightness
profile.
The inner disk includes an unresolved (<0.5 au in radius)

0.93±0.04 mJy source coincident with the stellar position and
a bright ring that peaks at 2.4 au; between them is a dark
annulus centered at 1 au. The bright ring and dark annulus are
unresolved (<1 au across). Because it is unresolved, the depth
of the dark annulus is difficult to determine unambiguously: we
find at least a 30% brightness reduction.

Figure 1. Synthesized image of the 870 μm continuum emission from the TW
Hya disk with a 30 mas FWHM (1.6 au) circular beam. The rms noise level is
∼35 μJy beam−1. The inset shows a 0 2 wide (10.8 au) zoom using an image
with finer resolution (24×18 mas, or 1.3×1.0 au, FWHM beam).

Figure 2. (top) High-resolution (24×18 mas beam) synthesized image
described in Section 2, deprojected into a map in polar coordinates to more
easily view the disk substructure. (bottom) The azimuthally averaged radial
surface brightness profile. For reference, the dashed red curve shows the
midplane temperature profile derived from a representative model disk. The
gray curve in the bottom left reflects the profile of the synthesized beam.
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e.g., TW Hya (Andrews+ 2016) 
HD 142527 (Fukagawa+ 2013)

L14-2 M. Fukagawa et al. [Vol. 65,

Fig. 1. Dust continuum map at 336 GHz (890 !m) for the disk of
HD 142527. The color scale shows the brightness temperature on
a logarithmic scale. The black contours denote Tb = 5, 10, 15, and
20 K, while the white one denotes the 5 " level. The size of the synthe-
sized beam is shown at the left corner of the image with a white ellipse
of 0:0039 ! 0:0034 (= 55 au ! 48 au) with a major-axis PA of 57ı.

Cycle 0. The maximum and minimum baselines were 380 m
and 20 m, respectively, and the latter corresponded to the
largest angular scale of the detectable component of 1000. The
observations reported in this letter consisted of four scheduling
blocks over the period from 2012 June to August. The corre-
lator was configured to store dual polarizations in four separate
spectral windows with a bandwidth of 469 MHz and with
3840 channels, providing a channel spacing of 0.122 MHz
(0.11 km s"1). Note that the effective spectral resolution is
lower by a factor of # 2 (#0.2 km s"1) because of Hanning
smoothing. The central frequencies for these four windows are
330.588, 329.331, 342.883, and 342.400 GHz, respectively,
allowing us to observe molecular lines of 13CO J = 3–2,
C18O J = 3–2, and CS J = 7–6. The results of the CS obser-
vations will be reported elsewhere. The quasars 3C 279 and
QSO J1924"2914 were targeted as bandpass calibrators, whereas
the amplitude and phase were monitored through observations
of the quasar QSO B1424"41. The absolute flux density was
determined from observations of Titan and Neptune.

The data were calibrated and analyzed by using the Common
Astronomy Software Applications package, version 3.4. After
flagging the aberrant data and calibrating the bandpass, gain,
and flux scaling, the corrected visibilities were imaged and
deconvolved by using the CLEAN algorithm with Briggs
weighting with a robust parameter of 0.5. In addition, to
improve the sensitivity and image fidelity, the self-calibration
was performed for the continuum the distinct structure of
which was detected with a very high signal-to-noise ratio
(S=N ). We started with the CLEAN-ed image as an initial
model of the source brightness distribution. The phase alone
was first corrected via six iterative model refinements; then, the
calibration was obtained for the phase-plus-amplitude without
iteration. The solution for the continuum was applied to 13CO
and C18O data. The final CLEANing was performed with
Uniform weighting for both the continuum and emission lines.
The self-calibration reduced the fluctuation in the continuum to
a level that 2–3 times the brightness of the theoretical thermal
origin can account for, resulting in clear detection of compact
emission at the stellar position.

Uncertainty associated with the absolute flux density is 10%.

Fig. 2. Moment 0 (left) and 1 (right) maps in 13CO (upper) and C18O
J = 3–2 (lower). The contours in the left panels show the 5 " levels.
In the right panels, the first moment maps are presented for the emis-
sion detected above 5 " . The contours for the integrated intensity are
overplotted, starting from 5 " and increasing by 5 " steps. The cross
in each panel denotes the position of the central star. The synthesized
beam size is displayed with a white ellipse in each panel, and is 0:0043
! 0:0037 with a PA of 50ı for both 13CO and C18O.

Fig. 3. Peak-intensity maps of 13CO (left) and C18O J = 3–2 (right).
The peak intensity denoted by color includes the underlying continuum.
The white contour shows the 5 " level. Tb for the continuum is also
plotted with black contours, indicating 5, 10, 15, and 20 K. The cross
denotes the stellar position. The faint armlike feature is seen in the
13CO map in the northwest at the disk outer edge, which corresponds
to the arm detected in scattered light (Fukagawa et al. 2006).

The synthesized beam size for the continuum is 0:0039 ! 0:0034 at
a position angle (PA) of 57ı for the major axis; those for 13CO
and C18O are 0:0043 ! 0:0037 at PA = 50ı. The rms noise is
0.19 mJy beam"1 for the continuum, whereas they are 12 and
15 mJy beam"1 in the 0.11 km s"1 wide channels for the line
emission of 13CO and C18O, respectively. Since the positional
information was lost in the self-calibration, we determined that
the stellar position is the brightness centroid of the compact
continuum detected at around the stellar coordinates.

3. Results

3.1. Continuum at 336 GHz

3.1.1. Outer disk
Figure 1 shows the continuum emission at 336 GHz

(890 !m). The outer disk was readily detected, and the total
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4A2, which we find to be separated by 400 AU
(1.8¶¶) at a PA of 130- (Fig. 1), as previously
observed at lower frequencies at an angular

resolution of È0.6¶¶ (15). Using the SMA polar-
imetry system (16), we are able to examine the
magnetic field at 360 AU resolution and we
find a clear Bpinched[ morphology (Fig. 1C)
around this protostellar system. This provides a
direct confirmation of the magnetic field con-
figuration at the few-hundred–AU scale pre-
dicted by the standard theory of low-mass-star
formation (3, 4). Moreover, the detection of
hourglass morphology even in this complex
region suggests that the models of isolated star
formation may apply even when the initial con-
ditions are much less idealized than is normally
assumed. Hints of magnetic field hourglass
shape have also been reported in high-mass-
star–forming regions such as NGC 2024 (17)
and more clearly but at much larger scales
(È0.5 pc) toward OMC-1 (18).

The total flux measured in our 877-mm
observations is 6.2 T 0.5 janskys (Jy) over an
area of 33 square arc sec, where there is adequate
sensitivity to measure the polarization. Assum-
ing optically thin emission, a dust temperature of
50 K (19), a gas-to-dust ratio of 100, and a dust
opacity of 1.5 cmj2 gj1 (20), we estimate the
total mass traced by the dust to be 1.2 d300

2

solar masses Ed300 K (d/300 pc), where d is the
adopted distance to the NGC 1333 cloud^. We
can make an estimate of the averaged column
density EN(H2)^ and volume density En(H2)^ of
the region traced by the dust as follows: N(H2) 0
M/(Amm) and n(H2) 0 M/(Vmm), where M is the
dust mass, mm is the average mass per par-
ticle, A is the area of the dust emission, and V 0
(4/3)p–

1/2 A
3/2 is the volume. Adopting a helium-

to-hydrogen mass ratio of 30%, we find that the
mean column density is N(H2) 0 8.2 ! 1023

cmj2 and the mean volume density is n(H2) 0
4.3 ! 107 d300

j1 cmj3; both are similar to the
expected values for the observed scales (19).

With the array configuration and frequency
used, these SMA observations are not sensitive
to dust emission on scales larger than 10¶¶ or
3000 AU, where models of magnetized collaps-
ing clouds expect the magnetic field to be
uniform. Therefore, the magnetic field has been
modeled by a family of parabolic functions

using a c2 analysis. We find that the center of
symmetry of the magnetic field coincides
within the measured uncertainty, È0.6¶¶, with
the center of the two cores. The position angle
of the magnetic field axis, ,61-, is roughly
similar to the orientation of the magnetic field
on larger scales around NGC 1333 (21). From
Fig. 1C, we can see that across most of this
region there is a remarkably accurate corre-
spondence between the measured magnetic
field vectors and the modeled parabolic mag-
netic field lines. However, there are some
discrepancies southeast of the center, where
the measured field seems to systematically
deviate from the fitted model. The observed
dispersion (Fig. 2), dqobs, is made up of con-
tributions from the measurement uncertainty of
the polarization angle sq and the intrinsic
dispersion dqint, according to the equation (22)
dqobs 0 (dqint

2 þ sq
2)

1/2. The observed disper-
sion (dqobs) in the residuals is 8.0 T 0.9-,
whereas the measurement uncertainty of the po-
larization angle (sq) is 6.2 T 0.3-. Therefore, the
intrinsic dispersion is dqint 0 5.1 T 1.4-. This
estimate of the intrinsic dispersion should be
regarded as an upper limit because the parabolic
function is just a first approximation of the true
magnetic field morphology.

If we assume that the dispersion in polariza-
tion angles is a consequence of the perturbation
by Alfv2n waves or turbulence in the field lines,
then the strength of the magnetic field projected
in the plane of the sky (Bpos) can be determined
from the equation Bpos 0 Q (dvlos/df)(4pr)1/2,
where r is the average mass density; dvlos is the
line-of-sight velocity dispersion; and df is the
dispersion in angular deviations of the field lines,
which is the same as dqint calculated above (23).
Q is a dimensionless parameter that depends on
the cloud structure EQ 0 1 corresponds to the orig-
inal equation of Chandrasekhar and Fermi (24)^.
Simulations of turbulent clouds suggest that Q ,
0.50 (25), which is the value adopted. Using the
value of the volume density derived from our
data, n(H2) 0 4.3! 107 cmj3, and the line width
(corrected for the kinematical contribution) given
by (26), dvlos , 0.2 km sj1, we calculate the

Fig. 1. (A) Sketch of the axis directions: red/blue
arrows show the direction of the redshifted/
blueshifted lobes of the molecular outflow,
probably driven by IRAS 4B (8); solid lines show
the main axis of the magnetic field; and dashed
lines show the envelope axes. The solid triangles
show the positions of IRAS 4A1 and 4A2. The cross
shows the center of the magnetic field symmetry.
(B) Contour map of the 877-mm dust emission
(Stokes I) superposed with the color image of the
polarized flux intensity. Red vectors indicate that
length is proportional to fractional polarization,
and the direction is the position angle of linear
polarization. Contour levels are 1, 3, 6, 9,I30 !
65 mJy per beam. The synthesized beam is shown
in the bottom left corner. (C) Contour and image
map of the dust emission. Red bars show the
measured magnetic field vectors. Gray bars
correspond to the best-fit parabolic magnetic field
model. The fit parameters are the position angle of
the magnetic field axis qPA 0 61- T 6-; the center
of symmetry of the magnetic field a0(J2000) 0 3 h
29 m 10.55 s T 0.06 s and d0( J2000) 0
31-13¶31.8¶¶ T 0.4¶¶; and C 0 0.12 T 0.06 for
the parabolic form y 0 g þ gCx2, where the x is
the distance along the magnetic field axis of
symmetry from the center of symmetry.

Fig. 2. Histogram of the
polarization angle residuals
for the best parabolic magnet-
ic fieldmodel, shown in Fig. 1.
The mean and the standard
deviation of the polarization
angle residuals are –1.1- and
8.0-, respectively.
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IRAS 4A(Girart et al. 2006)

Table 1. vturb is the velocity of the driven turbulent motions in
the box, and v B 4A prº is the Alfvénic wave speed.

AREPO’s base scheme solves the equations of ideal
hydrodynamics with a finite-volume approach using a
second-order unsplit Godunov scheme. In order to maintain
the divergence-free property of the magnetic field on an
unstructured mesh, we have implemented a constrained
transport solver in terms of the magnetic vector potential to
evolve the equations of ideal magnetohydrodynamics (Mocz

et al. 2016). The method uses a Harten–Lax–van-Leer-
discontinuities (HLLD) Riemann solver to accurately capture
shocks. The moving-mesh method greatly reduces advection
errors compared with traditional adaptive refinement mesh
methods due to its quasi-Lagrangian nature. We also couple
self-gravity to the MHD equations, which is calculated using a
Tree–Particle–Mesh scheme. Solenoidal turbulence is driven in
Fourier space at the largest spatial scales using an Ornstein-
Uhlenbeck process (Federrath & Klessen 2013).

Figure 1. Multi-scale view of the magnetic field around Ser-emb8 ( J2000a =18:29:48.089, J2000d =+1:16:43.32). Line segments represent the magnetic field
orientation, rotated by 90n from the dust polarization (the length of each segment is identical and does not represent any other quantity). Grayscale is total intensity
(Stokes I) thermal dust emission. Panel (a) shows 870 μm JCMT observations (Matthews et al. 2009), (b) shows 1.3 mm CARMA observations (Hull et al. 2014), and
(c) shows 870 μm ALMA observations, revealing the magnetic field morphology with ∼10,000, 1000, and 140 au resolution, respectively. For the ALMA data, line
segments are plotted where the polarized intensity P 3 ;Ps> the rms noise in the polarized intensity map 25Ps = μJy beam−1. The dust emission is shown starting at
3×σI, where the rms noise in the Stokes I map σI=50 μJy beam−1. The peak polarized and total intensities in the ALMA data are 0.693 mJy beam−1 and
102 mJy beam−1, respectively (the two peaks do not coincide exactly). The red and blue arrows indicate the redshifted and blueshifted lobes of the bipolar outflow
(Hull et al. 2014). The text below each of the panels indicates the physical size of the image at the 436 pc distance to the Serpens Main region (Ortiz-León et al. 2017;
see earlier results by Dzib et al. 2010, 2011). The black ellipses in the lower left corners of the ALMA and CARMA maps represent the synthesized beams (resolution
elements). The ALMA beam measures 0. 35 0. 32´ ´ ´ at a position angle of −63°; the CARMA beam measures 2. 89 2. 43´ ´ ´ at a position angle of 13n. The JCMT
data have a resolution of 20´.
(The data used to create this figure are available.)

Table 1
Initial Parameters of the Four Simulations Carried Out with AREPO

sim. mean fieldb ‐ Bmean field‐ (μG) A,mean field% ‐ s% Comment

1 25 1.2 35 10 very weak field (super-Alfvénic)
2 0.25 12 3.5 10 weak field (super-Alfvénic)
3 0.028 36 1.2 10 moderate field (trans-Alfvénic)
4 0.0025 120 0.35 10 strong field (sub-Alfvénic)

Note. mean fieldb ‐ indicates the initial plasma β, i.e., the ratio of gas pressure to magnetic pressure. Bmean field‐ is the initial magnetic field strength in the 5.2 pc box.
A,mean field% ‐ indicates the initial Alfvén Mach number, and v cs turb s% º is the initial sonic Mach number.
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Figure 1. Polarimetric map (polarization vectors rotated by 90◦ to show inferred magnetic field orientation) of the L1527 disk from CARMA data with a
0.′′39×0.′′31 beam. Fractional polarization vectors !3σ displayed. Contours are Stokes I data with levels of [−6, −4, −3, 3, 4, 6, 10, 20, 40, 60, 80, 100]×σ ,
σ = 0.45 mJy beam−1. Grayscale shows the polarized intensity !3σ . Outflows in the plane of the sky are marked by red and blue arrows.

5.544 GHz. We used the MIRIAD software package (Sault et al.
1995) to reduce the data. The polarization calibration followed
the standard process for CARMA (Hull et al. 2014). The phase
and polarization leakage calibrator for all tracks was 0510+180.
The preferred bandpass calibrator was 3C84, and 3C454.3 was
used when 3C84 was unavailable. For most tracks, the flux
calibrator was MWC349 with a calibration accuracy estimation
of ∼15%, but only statistical uncertainties are considered in
this Letter. When this calibrator was not observed, the flux was
interpolated from the observations of MWC349 in other tracks.
To maximize sensitivity, maps of the four Stokes parameters
(I,Q,U , and V) were created using natural weighting. From
these, we derive the polarization position-angle (P.A.) and
intensity maps. We also generated new maps of L1527 data
from the TADPOL survey (Hull et al. 2014). The data include
five tracks between 2011 May and 2013 April in D and E arrays.

3. RESULTS

The 1.3 mm dust emission map of L1527 is presented in
Figure 1 and is consistent with the known edge-on disk (Tobin
et al. 2013b). The disk has been resolved previously at 3.4 mm
and 870 µm (Tobin et al. 2012) and also has been shown to
have Keplerian motion and a radius of 54 AU (Ohashi et al.
2014). Our observations are the first resolved detection of the
disk at 1.3 mm. At a resolution of ∼0.′′35 and a distance of
140 pc (Loinard et al. 2007), our interferometric observations
probe L1527 on size scales of ∼50 AU. An elliptical Gaussian
fit to the high-resolution 1.3 mm Stokes I data measures a
deconvolved size of 0.′′53×0.′′23 with position angle of 5.◦2
(measured counterclockwise), consistent with the deconvolved
sizes at 3.4 mm, 870 µm (Tobin et al. 2013b), and 1.3 mm
(Ohashi et al. 2014). In addition, our flux density at 1.3 mm
(139 ± 4 mJy) is consistent with detection of the L1527 disk
seen in Tobin et al. (2013b). Using the measured fluxes at 3.4 mm
and 870 µm and the derived β = 0 from Tobin et al. (2013b), we
can estimate the expected disk emission at 1.3 mm (116 mJy and

96 mJy, respectively), which is congruent with our measured
1.3 mm fluxes when taking account a 20% extrapolating and
amplitude uncertainty. Based on this evidence, our observations
are dominated by disk emission of the L1527 system, with little
contamination from the large-scale envelope emission.

We detect dust polarization of the young disk over two
synthesized beams with an average polarization of 2.5% ± 0.6%
and a P.A. of 5◦ ± 5◦ measured counterclockwise from north,
aligning well with the Stokes I elliptical Gaussian fitted P.A.
of 5.◦2 ± 0.◦4. The inferred magnetic field (with polarization
vectors rotated by 90◦) is shown in Figure 1. The morphology
of the inferred field is parallel to the disk axis, as is expected
from an edge-on toroidal field—uniform and aligned with the
disk. We compare a uniform field at a 5◦ P.A. (the same as
the dust emission) to the data and find a reduced χ2 < 1.
The polarization fraction of the circumstellar disk of L1527 is
larger than the 1.4% polarization fraction found in the face-
on candidate disk of IRAS 16293-2422 B (Rao et al. 2014),
although the lower polarization fraction of IRAS 16293-2422
B may be due in part to beam-averaging; due to orientation,
an edge on toroidal field is less beam-averaged as the vectors
are more uniform. Our polarization percentage is similar to the
theoretically predicted 2%–3% polarization fraction found in
simulations of magnetized disks (Cho & Lazarian 2007). On the
other hand, observations of the disks of older T Tauri systems
have much lower polarization percentages <1% (Hughes et al.
2009, 2013), which may be an outcome of dust processing
or de-alignment mechanisms during disk evolution (Stephens
et al. 2014).

A uniform field in the plane of the disk is physically unlikely
for a rapidly rotating, Keplerian disk system. One expects either
poloidal, toroidal, or a combination of the two in such a disk
(e.g., Balbus & Hawley 1998; Königl & Pudritz 2000). For an
edge-on disk, observations are most sensitive to vertical poloidal
field components because they are expected to vertically thread
the disk and thus lay roughly in the plane of the sky. However,
our data do not exhibit any obvious poloidal morphology which
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J. Menu et al.: TW Hya: multiwavelength interferometry of a transition disk

Fig. 5. Comparison of the SED data, the MIDI 50-m visibility profile, the deprojected SMA visibilities, and the deprojected VLA visibilities with
the reimplemented model data. Along with the fully reimplemented Calvet et al. (2002) model SED, we show the SED consisting of the sum of
the contributions of the inner-disk and the outer-disk SED, for which the radiative transfer is done separately.

relatively well, but the new data reduction has lowered the vis-
ibilities at wavelengths above 10 µm. This largely explains the
departure.

In the sub-mm regime measured by SMA, the Andrews
model is superior, well reproducing the visibility lobes from
short to long baselines (Fig. 5). The outer disk in the other
two models is much larger (Rout = 140 AU vs. 60 AU for the
Andrews model), explaining the steeper drop in visibility am-
plitude at short baselines. Clearly, the Andrews model was de-
signed to fit the SMA data, and we accurately reimplemented the
original model.

Finally, none of the three model reimplementations can re-
produce the VLA 9-mm data. For the Ratzka and the Andrews
model, the lack of mm-emission (seen in the SED) translates
into a visibility level much lower than the one observed. In the
Calvet case, we should be more careful in making conclusions.
In principle, the original Calvet model should agree to some
extent with the mm-visibilities, since this model (in a slightly
adapted version) was shown to agree with the original VLA data
of TW Hya (see Hughes et al. 2007). However, we already in-
dicated in Sect. 3.4 that the signal-to-noise of those data was
much lower than that of the new VLA data presented here.
The new data thus put new constraints on the models, which
were not available before, and could therefore explain possible

departures. However, we believe most of the disagreement be-
tween our model reimplementation and the mm-data to be re-
lated to the intrinsic model characteristics. Using our full Monte
Carlo radiative transfer implementation of the Calvet model, we
were unable to obtain similar mm-visibility profiles as the origi-
nal model. Irrespective of the quality of the previous and the new
data, it seems thus impossible to reproduce the bright inner rim
in the original semi-analytical model in Hughes et al. (2007).

5.5. Essential features

The results of the model reimplemenation can now be interpreted
in terms of a few essential features which need to be investigated
in detail.

Different model philosophies. That di↵erent models with
strong structural di↵erences reproduce the SED (to some extent)
reconfirms that SED modeling is at least partly degenerate. In
particular, it does not allow the distinction between two di↵er-
ent model “philosophies”: a large-gap disk with a 10-µm excess
coming from an optically thin inner region (Calvet and Andrews
model), or a small-gap disk with its own silicate feature, with
some extra continuum-opacity source inside (Ratzka model).
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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
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1. Alignment of elongated dust grains with magnetic fields
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2. The self-scattering of thermal dust emission 
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3. Alignment of elongated dust grains with radiation fields
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The circumstellar disk HD169142: gas, dust and planets acting in concert? 5

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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Protoplanetary disks the standard core-accretion picture, dust grains
must grow from submicrometer sizes to rocky
cores ~10 times the mass of Earth (MEarth) within
the ~10-million-year lifetime of the circumstellar
disk. However, this growth process is stymied
by what is usually called the radial drift and
fragmentation barrier: Particles of intermediate
size [~1 m at 1 astronomical unit (AU) (1 AU =
1.5 × 108 km = distance from Earth to the Sun),
or ~1 mm at 50 AU from the star] acquire high
drift velocities toward the star with respect to the
gas (3, 4). This leads to two major problems for
further growth (5): First, high-velocity collisions
between particles with different drift velocities
cause fragmentation. Second, even if particles
avoid this fragmentation, they will rapidly drift
inward and thus be lost into the star before they
have time to grow to planetesimal size. This
radial drift barrier is one of the most persistent
issues in planet formation theories. A possible
solution is dust trapping in so-called pressure
bumps: local pressure maxima where the dust
piles up. One example of such a pressure bump
is an anticyclonic vortex, which can trap dust
particles in the azimuthal direction (6–10).

Using the Atacama Large Millimeter/
submillimeter Array (ALMA), we report a high-
ly asymmetric concentration of millimeter-sized
dust grains on one side of the disk of the star
Oph IRS 48 in the 0.44-mm (685 GHz) con-
tinuum emission (Fig. 1). We argue that this can
be understood in the framework of dust trapping
in a large anticyclonic vortex in the disk.

The young A-type star Oph IRS 48 [dis-
tance from Earth ~120 parsecs (pc), 1 pc = 3.1 ×
1013 km] has a well-studied disk with a large
inner cavity (a deficit of dust in the inner disk
region), a so-called transition disk. Mid-infrared
imaging at 18.7 mm reveals a disk ring in the
small dust grain (size ~50 mm) emission at an
inclination of ~50°, peaking at 55 AU radius or
0.46 arc sec from the star (11). Spatially resolved
observations of the 4.7-mm CO line, tracing 200
to 1000 K gas, show a ring of emission at 30 AU
radius and no warm gas in the central cavity
(12). This led to the proposal of a large planet
clearing its orbital path as a potential cause of
the central cavity. Although these observations
provide information about the inner disk dy-
namics, they do not address the bulk cold disk
material accessible in the millimeter regime.

The highly asymmetric crescent-shaped dust
structure revealed by the 0.44-mm ALMA con-
tinuum (Fig. 1) traces emission from millimeter-
sized dust grains and is located between 45 and
80 AU (T9 AU) from the star. The azimuthal
extent is less than one-third of the ring, with no
detected flux at a 3s level (2.4 mJy per beam) in
the northern part (fig. S1). The peak emission
has a very high signal-to-noise ratio of ~390, and
the contrast with the upper limit on the opposite
side of the ring is at least a factor of 130. The
complete absence of dust emission in the north of
IRS 48 and resulting high contrast make the
crescent-shaped feature more extreme than earlier
dust asymmetries (10, 13). The spectral slope
a of the millimeter fluxes Fn [0.44 mm com-
bined with fluxes at lower frequencies n (14)]
is only 2.67 T 0.25 (Fn º na), suggesting that
millimeter-sized grains (15) dominate the
0.44-mm continuum emission. However, the
gas traced by the 12CO 6-5 line from the same
ALMA data set indicates a Keplerian disk pro-
file characteristic of a gas disk with an inner
cavity around the central star (Fig. 1B). 12CO 6-5
emission is detected down to a 20 AU radius,
which is consistent with the hot CO ring at 30 AU
(14). This indicates that there is indeed still some
CO inside the dust hole, with a significant drop
of the gas surface density inside of ~25 T 5 AU.
The simultaneous ALMA line and continuum
observations leave no doubt about the relative
position of gas and dust.

The observations thus indicate that large
millimeter-sized grains are distributed in an asym-
metric structure, but that the small micrometer-
sized grains are spread throughout the ring. To
our knowledge, the only known mechanism that
could generate this separation in the distribution
of the large and small grains is a long-lived gas
pressure bump in the radial and azimuthal di-
rection. The reason that dust particles get trapped
in pressure bumps is their drift with respect to the
gas in the direction of the gas pressure gradient:
v→dust − v→gas º ∇

→
p (3, 4), where v→dust and

v→gas are the dust and gas velocities and p is
the pressure. In protoplanetary disks without
vortices, this gradient typically points inward,
so dust particles experience the above-mentioned
rapid radial drift issue. If, however, there exists
(for whatever reason) a local maximum of the
gas pressure in the disk (i.e., where ∇

→
pgas ¼ 0

and ∇
→2pgas < 0), then particles would con-

verge toward this point and remain trapped
there (3, 5), avoiding both inward drift and
destructive collisions (14). Because small dust
particles are strongly coupled to the gas, they
will be substantially less concentrated toward
the pressure maximum along the azimuthal di-
rection than large particles. Various mechanisms
have been proposed that could produce a local
pressure maximum in disks; for instance, when
there is a “dead zone” (16) or a substellar com-
panion or planet (14, 17) in the disk, hindering
accretion. Until recently, however, the presence
of such dust pressure traps was purely speculative,
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Fig. 1. IRS 48 dust and gas observations. The
inclined disk around IRS 48 as observed with ALMA
Band 9 observations, centered on the star (white
star symbol). The ALMA beam during the observa-
tions is 0.32′′ × 0.21′′ and is indicated with a white
ellipse in the lower left corner. (A) The 0.44-mm
(685 GHz) continuum emission expressed both in
flux density and relative to the root mean square
(rms) level (s = 0.82 mJy per beam). The 63 AU
radius is indicated by a dashed ellipse. (B) The
integrated CO 6-5 emission over the highest ve-
locities in contours (6,12,...,60sCO levels, sCO =
0.34 Jy km s−1): integrated over –3 to 0.8 km s−1

(blue) and 8.3 to 12 km s−1 (red), showing a sym-
metric gas disk with Keplerian rotation at an in-
clination i = 50°. The green background shows the
0.44-mm continuum. The position angle is indi-
cated in the upper right corner. (C) The Very Large
Telescope Imager and Spectrometer for the mid-
infrared (VISIR) 18.7-mm emission in orange con-
tours (36 to 120sVISIR levels in steps of 12sVISIR,
sVISIR = 0.2 Jy arc sec−2) and orange colors,
overlayed on the 0.44-mm continuum in green
colors and the 5s contour line in green. The VISIR
beam size is 0.48′′ in diameter and is indicated
with an orange circle in the bottom right corner.
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Fig. 1. Dust continuum map at 336 GHz (890 !m) for the disk of
HD 142527. The color scale shows the brightness temperature on
a logarithmic scale. The black contours denote Tb = 5, 10, 15, and
20 K, while the white one denotes the 5 " level. The size of the synthe-
sized beam is shown at the left corner of the image with a white ellipse
of 0:0039 ! 0:0034 (= 55 au ! 48 au) with a major-axis PA of 57ı.

Cycle 0. The maximum and minimum baselines were 380 m
and 20 m, respectively, and the latter corresponded to the
largest angular scale of the detectable component of 1000. The
observations reported in this letter consisted of four scheduling
blocks over the period from 2012 June to August. The corre-
lator was configured to store dual polarizations in four separate
spectral windows with a bandwidth of 469 MHz and with
3840 channels, providing a channel spacing of 0.122 MHz
(0.11 km s"1). Note that the effective spectral resolution is
lower by a factor of # 2 (#0.2 km s"1) because of Hanning
smoothing. The central frequencies for these four windows are
330.588, 329.331, 342.883, and 342.400 GHz, respectively,
allowing us to observe molecular lines of 13CO J = 3–2,
C18O J = 3–2, and CS J = 7–6. The results of the CS obser-
vations will be reported elsewhere. The quasars 3C 279 and
QSO J1924"2914 were targeted as bandpass calibrators, whereas
the amplitude and phase were monitored through observations
of the quasar QSO B1424"41. The absolute flux density was
determined from observations of Titan and Neptune.

The data were calibrated and analyzed by using the Common
Astronomy Software Applications package, version 3.4. After
flagging the aberrant data and calibrating the bandpass, gain,
and flux scaling, the corrected visibilities were imaged and
deconvolved by using the CLEAN algorithm with Briggs
weighting with a robust parameter of 0.5. In addition, to
improve the sensitivity and image fidelity, the self-calibration
was performed for the continuum the distinct structure of
which was detected with a very high signal-to-noise ratio
(S=N ). We started with the CLEAN-ed image as an initial
model of the source brightness distribution. The phase alone
was first corrected via six iterative model refinements; then, the
calibration was obtained for the phase-plus-amplitude without
iteration. The solution for the continuum was applied to 13CO
and C18O data. The final CLEANing was performed with
Uniform weighting for both the continuum and emission lines.
The self-calibration reduced the fluctuation in the continuum to
a level that 2–3 times the brightness of the theoretical thermal
origin can account for, resulting in clear detection of compact
emission at the stellar position.

Uncertainty associated with the absolute flux density is 10%.

Fig. 2. Moment 0 (left) and 1 (right) maps in 13CO (upper) and C18O
J = 3–2 (lower). The contours in the left panels show the 5 " levels.
In the right panels, the first moment maps are presented for the emis-
sion detected above 5 " . The contours for the integrated intensity are
overplotted, starting from 5 " and increasing by 5 " steps. The cross
in each panel denotes the position of the central star. The synthesized
beam size is displayed with a white ellipse in each panel, and is 0:0043
! 0:0037 with a PA of 50ı for both 13CO and C18O.

Fig. 3. Peak-intensity maps of 13CO (left) and C18O J = 3–2 (right).
The peak intensity denoted by color includes the underlying continuum.
The white contour shows the 5 " level. Tb for the continuum is also
plotted with black contours, indicating 5, 10, 15, and 20 K. The cross
denotes the stellar position. The faint armlike feature is seen in the
13CO map in the northwest at the disk outer edge, which corresponds
to the arm detected in scattered light (Fukagawa et al. 2006).

The synthesized beam size for the continuum is 0:0039 ! 0:0034 at
a position angle (PA) of 57ı for the major axis; those for 13CO
and C18O are 0:0043 ! 0:0037 at PA = 50ı. The rms noise is
0.19 mJy beam"1 for the continuum, whereas they are 12 and
15 mJy beam"1 in the 0.11 km s"1 wide channels for the line
emission of 13CO and C18O, respectively. Since the positional
information was lost in the self-calibration, we determined that
the stellar position is the brightness centroid of the compact
continuum detected at around the stellar coordinates.

3. Results

3.1. Continuum at 336 GHz

3.1.1. Outer disk
Figure 1 shows the continuum emission at 336 GHz

(890 !m). The outer disk was readily detected, and the total

Fukagawa et al. 2013

HD142527
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Figure 1. ALMA observations of dust and gas emission for the disks surrounding SAO 206462 (top row) and SR 21 (bottom row). Ellipses indicate beam sizes listed in
Table 1. Left panels: dust continuum emission (color scale) and dust brightness temperature (contours starting at 10 K, spaced by 5 K). Middle panels: 12CO J = 6–5
moment 0 map, contours start and are spaced by 3σ , where σ is the rms noise level in the map. Right panels: 12CO J = 6–5 moment 1 map, contours are spaced by
1 km s−1.
(A color version of this figure is available in the online journal.)

Table 1
Image Properties for Dust Continuum and Spectral Line Observations

Target R.A.a Deca Continuum Spectral Line

Sν
b rms Beam Beam RMSc Beam Beam

(J2000) (J2000) (Jy) (Jy beam−1) Size P.A. (Jy beam−1) Size P.A.

SAO 206462 15:15:48.448 −37:09:16.06 4.2 0.0020 0.′′27 × 0.′′19 53◦ 0.11 0.′′29 × 0.′′22 60◦

SR 21 16:27:10.281 −24:19:12.88 3.3 0.0011 0.′′29 × 0.′′18 −81◦ 0.07 0.′′32 × 0.′′20 −79◦

Notes.
a Phase center from the Roeser et al. (2010) catalog, including proper motion (epoch J2000).
b Flux density integrated inside aperture where emission is above 3×rms noise level.
c rms noise level in a 0.5 km s−1 channel.

SAO 206462 and SR 21, respectively. A total of 25 minutes
on-source time was obtained for both targets. Visibilities were
calibrated and imaged in CASA. Given the high signal-to-noise
ratio of these observations amplitude and phase self-calibration
was performed after standard phase referencing. Table 1 lists
observational properties of the continuum and spectral line
maps, obtained using Briggs weighting with a robust of 0.5.

3. OBSERVATIONAL RESULTS

We present maps of the dust and gas emission (12CO J =
6–5) in Figure 1. These observations resolve the structure of
each transitional disk, revealing for the first time the striking
morphology in the dust continuum emission for SAO 206462

and SR 21: a non-uniform ring with a bright asymmetry located
in the southwest for SAO 206462 and in the south for SR 21. The
integrated intensity map (moment 0) and the intensity-weighted
mean velocity map (moment 1) of 12CO J = 6–5 are presented
in the middle and right panels of Figure 1. In contrast with the
dust emission, the gaseous component from the 12CO moment
0 map appears to be quite compact and mostly symmetric.
However, significant emission (>3σ ) can be found at large radii
in the 12CO moment 1 map, just as with the dust emission. Since
emission from 12CO is most likely optically thick, it is not a good
tracer of depletion inside the cavity and other tracers must be
used (Bruderer 2013). However, a large depletion of the inner
disk (>106; Bruderer 2013) can give rise to the double-peaked
structure observed in the SAO 206462 moment 0 map. Further

2

November 23 and 0.7 mm on the latter two executions. The
total on-target integration time was ∼2 hr.

These raw data were calibrated by NRAO staff. After
applying phase corrections from water vapor radiometer
measurements, the data were time-averaged into 2 s integra-
tions and flagged for problematic antennas and times. The
bandpass response of each spectral window was calibrated
using the observations of J1058+0133. The amplitude scale
was determined from J1037–2934 and J1107–4449. The
complex gain response of the system was calibrated using the
frequent observations of J1103–3251. Although images
generated from these data are relatively free of artifacts and
recover the integrated flux density of the target (1.5 Jy), folding
in additional ALMA observations with a higher density of short
antenna spacings improves the image reconstruction.

To that end, we calibrated three archival ALMA data
observations of TW Hya, from 2012 May 20, 2012 November
20, and 2014 December 31, using 16, 25, and 34 antennas
spanning baselines from 15 to 375 m. The first two observa-
tions had four 59MHz wide spectral windows centered at
333.8, 335.4, 345.8, and 347.4 GHz. The latter had two
235MHz windows (at 338.2 and 349.4 GHz), one 469MHz
window (at 352.0 GHz), and one 1875MHz window (at
338.4 GHz). J1037–2934 was employed as a gain calibrator,
and Titan and 3C 279 (May 20), Ceres and J0522-364
(November 20), or Ganymede and J0158+0133 (December 31)
served as flux or bandpass calibrators. The weather for these
observations was excellent, with PWV levels of 0.5–1 mm. The
combined on-target integration time was 95 minutes. The basic
calibration was as described above. As a check, we compared
the amplitudes from each individual data set on overlapping
spatial frequencies and found exceptional consistency.

The calibrated visibilities from each observation were shifted
to account for the proper motion of the target and then
combined after excising channels with potential emission from
spectral lines. Some modest improvements were made with a
round of phase-only self-calibration. Continuum images at a
mean frequency of 345.9 GHz (867 μm) were generated by
Fourier inverting the visibilities, deconvolving with a multi-
scale, multi-frequency synthesis version of the CLEAN
algorithm, and then restoring with a synthesized beam. All
calibration and imaging were performed with the CASA
package (v4.5.0).

After some experimentation, we settled on an analysis of two
images made from the same composite data set. The first used a
Briggs weighting (with a robust parameter of 0) to provide a
24×18 mas synthesized beam (at P.A.=78°). While this
provides enhanced resolution, it comes at the cost of a dirty
beam with ∼20% sidelobes (due to the sparse coverage at long
baselines) that degrades the image quality. A second image was
made with a robust parameter of 0.5 and an elliptical taper to
create a circular 30 mas beam with negligible sidelobes. Both
images are consistent (within the resolution differences) and
have rms noise levels around 35 μJy beam−1.

3. RESULTS

Figure 1 shows a high-resolution map of the 870 μm
continuum emission from the TW Hya disk, revealing a series
of concentric bright and dark rings out to a radial distance of
60 au from the host star with a nearly pole-on viewing
geometry. To aid in the visualization of this substructure,
Figure 2 shows the image transformed into polar coordinates

and azimuthally averaged into a radial surface brightness
profile.
The inner disk includes an unresolved (<0.5 au in radius)

0.93±0.04 mJy source coincident with the stellar position and
a bright ring that peaks at 2.4 au; between them is a dark
annulus centered at 1 au. The bright ring and dark annulus are
unresolved (<1 au across). Because it is unresolved, the depth
of the dark annulus is difficult to determine unambiguously: we
find at least a 30% brightness reduction.

Figure 1. Synthesized image of the 870 μm continuum emission from the TW
Hya disk with a 30 mas FWHM (1.6 au) circular beam. The rms noise level is
∼35 μJy beam−1. The inset shows a 0 2 wide (10.8 au) zoom using an image
with finer resolution (24×18 mas, or 1.3×1.0 au, FWHM beam).

Figure 2. (top) High-resolution (24×18 mas beam) synthesized image
described in Section 2, deprojected into a map in polar coordinates to more
easily view the disk substructure. (bottom) The azimuthally averaged radial
surface brightness profile. For reference, the dashed red curve shows the
midplane temperature profile derived from a representative model disk. The
gray curve in the bottom left reflects the profile of the synthesized beam.
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Fig. 2. Reconstructed images of HD 97048 for the ALMA band 7 data. The intensity scale for all images is in units of Jy beam�1. To highlight
the small-scale structure we show (from left to right) images reconstructed with progressively smaller beams. The left panel shows the image
reconstructed using superuniform weighting. The central panel shows the superuniformly weighted reconstructed image resulting from clipping
all baselines below 160 k�. Finally, the right panel shows the MEM model image. The di↵erence in dynamic range between the panels is due to
flux loss incurred by clipping the shortest baselines for the central panel, and due to the smaller reconstructed beam for the right panel.

dynamical range of ⇡ 1200 and a RMS of 0.20 mJy beam�1. We
shift all images using the proper motion correction found in van
Leeuwen (2007) and these are shown in Figs. 1 and 2 for the
continuum emission. We applied the self-calibration solutions
obtained from the continuum emission to the HCO+ J=4-3 and
12CO J=3-2 data and subtracted the continuum emission using
the CASA task uvcontsub, resulting in a per-channel RMS of
19.5 and 23.7 mJy beam�1 respectively. The resulting moment
0, 1 and 8 maps and spectra are shown in Figs. 3 and 4 for the
12CO J=3-2 and HCO+ J=4-3.

2.2.1. Imaging the long baselines

We also reconstructed the images using only baselines above 160
k� to enhance the contrast of faint, small-scale structure in the
disk. These data were cleaned using superuniform weighting, re-
sulting in a beam of 0.4800⇥ 0.2600at PA = 18�. The reconstructed
image is shown in the central panel of Fig. 2.

2.2.2. MEM image reconstruction

A non-parametric least-squared modelling technique for image
reconstruction was performed on the band 7 data. This Maxi-
mum Entropy Method (MEM) yields an image with a smaller
beam and traces finer spatial scales than the previously described
CLEANed reconstruction. Examples of usage of MEM for im-
age synthesis in astronomy can be found in e.g. Gull & Daniell
(1978); Marino et al. (2015). Images deconvoled with MEM
"super-resolve" the interferometric data, as the entropy prior al-
lows an extrapolation of spatial frequencies beyond those sam-
pled by the interferometer. We use the uvmem algorithm (Casas-
sus et al. 2006, 2015a,b) and label the resulting model as "MEM
model" in the right panel of Fig. 2. The spatial resolution reached
in this reconstruction is about 1/3 the clean beam calculated with
uniform weights.

2.3. ALMA Cycle 1 band 3 data

ALMA Early Science Cycle 1 observations were conducted on
1 December 2013 with 72.6 seconds of total time on HD 97048
(Program ID 2012.1.00031.S, see also Dunham et al. 2016). The
array configuration provided baselines ranging between 15.8 and
462.9 meters. During the observations the perceptible water va-
por in the atmosphere were stable within 5% of the median value
of 0.535 mm. Three of the four spectral windows of the ALMA
correlator were configured in TDM to maximise the sensitivity
for continuum observations (128 channels over 1.875 GHz us-
able bandwidth). These spectral windows were centred at 101.9
GHz, 103.9 GHz and 113.1 GHz. The fourth spectral window
was configured in FDM to target the 12CO J=1-0 line and cen-
tered at 105.2 GHz, with a spectral resolution of 159 m s�1 and
a total bandwidth of 0.117 GHz. The data were calibrated using
the provided data reduction script and CASA version 4.3. Upon
inspecting the visibilities, the amplitudes of the spectral window
centered at 113.1 GHz showed anomalous behaviour and we de-
cided to flag the entire spectral window. We thus only use the first
two spectral windows for the dust continuum analysis, and esti-
mate the absolute flux calibration to be accurate within ⇠10%.
Details of the observations and calibration are summarised in
Table 1.

We used the same data reduction process using CASA as for
the band 7 data. After CLEANing the data using uniform weight-
ing we obtain a restoring beam of 2.3600⇥ 1.4000at PA = -39�.
Self-calibration on both the phases and the amplitude results in
a continuum RMS of 0.18 mJy beam�1. The continuum emis-
sion is shown in the central panel of Fig. 1. Again we applied the
self-calibration solutions obtained from the continuum emission
to the 12CO data, and after subtracting the continuum, the line
data were imaged using Briggs weighting (robust = 0.5). This
resulted in a restoring beam of 2.2100⇥ 1.4300at PA = -38�and a
RMS of 77.5 mJy beam�1. The 12CO J=1-0 moment 0, 1 and 8
map and line spectrum are shown in Fig. 5.
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• Flip of polarization vectors 

• Change of the direction of radiative flux - evidence of the self-
scattering (Kataoka et al. 2015)

ALMA observation of HD 142527

Kataoka, et al., 2016b
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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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P
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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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• 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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• We find the azimuthal polarization vectors at 3.1 mm wavelength

HL Tau polarization with ALMA

100 AU

Kataoka, et al., 2017

100 AU
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HL Tau polarizationAASTEX wavelength-dependent polarization 5

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.

wavelength-dependent polarization in mm range

• The polarization vectors at 1.3 mm are parallel to the minor axis 

• The polarization vectors at 3.1 mm are in the azimuthal direction
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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
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mate the contribution of the radiative flux alignment to
the total polarization fraction assuming that the disk is
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ficiency p is the same in the entire disk (Fiege & Pudritz
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dence. The contribution is calculated to be 0.114⇥p and
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data from Stephens et al., 2014 Kataoka, et al., 2017



Akimasa Kataoka (NAOJ fellow)

ALMA observation: HL Tau
2

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.

2

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

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

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

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

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

Figure 2. Panels (a), (b), and (c) show 2.9, 1.3, and 0.87 mm ALMA continuum images of HL Tau. Panel (d) shows the 1.3 mm PSF for the same FOV as the other
panels as well as an inset with an enlarged view of the inner 300 mas centered on the PSF’s peak (the other bands show similar patterns). Panels (e) and (f) show the
image and spectral index maps resulting from the combination of the 1.3 and 0.87 mm data. The spectral index (α) map has been masked where 4errorα α < . The
synthesized beams are shown in the lower left of each panel; also see Table 1. The range of the color bar shown for panel (b) at 1.3 mm corresponds to 2− × rms to
0.9× the image peak using the values in Table 1. The color scales for panels (a), (c), and (e) are the same except using the values of rms and image peak
corresponding to each respective wavelength in Table 1.
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0.9× the image peak using the values in Table 1. The color scales for panels (a), (c), and (e) are the same except using the values of rms and image peak
corresponding to each respective wavelength in Table 1.
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Figure 5. Timescales relevant to RAT alignment. Top and bottom panels show the alignment timescales and the precession timescales, respectively. Left and right
panels correspond to the two different locations in the disk, (R, z) = (50 au, 0 au), and (R, z) = (50 au, 10 au), respectively. For the top panels, black and red lines
represent the timescale of the gaseous damping (tgas) and the RAT alignment timescale (trad, align). For the bottom panels, the red solid line indicates the radiative
precession timescale (trad, p). Green and blue lines show the Larmor precession timescale (tL) for paramagnetic inclusions ( fp = 10%) and superparamagnetic
inclusions ( fp = 10%, φsp = 3%, Ncl = 2 × 103), respectively. The dashed line in the bottom panels represents the gaseous damping timescale.

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

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

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

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

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

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

p =
Cabs,⊥ −Cabs,||
Cabs,⊥ +Cabs,||

(53)

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

p(aeff, λ) ≈

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

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

0, otherwise.
(54)

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

α j = 4πa1a22
m2 − 1

3 + 3Lj(m2 − 1)
, (55)

a~100 µm

aligned with  
rad. fields

12 Tazaki et al.

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

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

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

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

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

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

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

6. DISCUSSION
6.1. Constraint on magnetic field strength

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

B ≤ 5.9 nG a
3
2
−5χ̂

(

λ̄

1.2 µm

)3/2 ( urad
uISRF

) ⎛

⎜

⎜

⎜

⎜

⎝

γ|QΓ|
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⎞
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(72)
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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.
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self-scattering alignment with radiationmixture



Akimasa Kataoka (NAOJ)

Total polarization fraction
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.

We can extract the self-scattering components

integrating

0.5% <0.1%

no polarization
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Figure 1. The 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 (S/N) ratio 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 ratio is
reached, the typical uncertainty in p is ∼0.1%. Angular resolution
of the observation is 0.′′35, as shown in the bottom-left. 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. See the electronic
edition of the Journal for a color version of this figure.
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Figure 2. Profiles of azimuthally averaged normalized intensity
for AB Aur (dots) and the reference PSF star HD 31398. The
vertical line is drawn at the radius of 0.′′5 (∼70 AU), which is the
defined boundary between AB Aur’s “inner disk” and “outer disk”
as described in the text.

the case of AB Aur, however, the contribution of dichroic
absorption to the total polarization must be very small,
because the disk of AB Aur is close to pole-on, with no
evidence of significant mid-IR absorption from interven-
ing material in an envelope or the interstellar medium

(ISM) (Acke et al. 2004; Mariñas et al. 2006). Support-
ing this conclusion is that the visual extinction toward
AB Aur is only 0.25 mag (Roberge et al. 2001). Using
the interstellar extinction law from Rieke et al. (1985)
and the empirical relation between absorptive polariza-
tion and the optical depth (Smith et al. 2000), we esti-
mate that this level of visual extinction translates into
polarization values of ∼0.04% at 10.3 µm, a factor of 10
less than the observed value (0.44%).
The centrosymmetric component of p-vectors in AB

Aur’s outer disk is remarkably similar to the observa-
tion at 1.6 µm (i.e., Fig. 3 in Hashimoto et al. 2011),
implying that, at least for the outer disk, polarization
from scattering probably contributes significantly to the
total polarization we observed there. This is an unex-
pected result, contradicting most, if not all, previous
studies on mid-IR polarization in YSOs, where polar-
ization due to scattering is found, or assumed to be, neg-
ligible near 10 µm (e.g., Aitken et al. 1997; Smith et al.
2000; Aitken et al. 2002; Barnes et al. 2015).
To test our conclusions that the observed polarization

of the protoplanetary disk of AB Aur is a mixture of
dichroic emission and scattering, we consider radiative
transfer models of the disk that take into account both
of these polarization mechanisms in the mid-IR.

4.2. Models

We modeled the disk of AB Aur using the radiative
transfer code RADMC-3D7. We assumed a smooth disk
with no gaps or envelope. The surface density profile of
the disk follows the relation

Σ(r) ∝ r−q (1)

between rin and rout. The disk inner radius rin, set by
the dust sublimation temperature of ∼1,500 K, is 0.5
AU (Dullemond et al. 2001), and the outer radius rout is
fixed at 400 AU, the lower limit of the disk’s radial ex-
tension suggested by previous observations (Tang et al.
2012). Note that the exact value of rout has little in-
fluence on the results. The disk is flared, i.e., its scale
height is described by

h(r) = h0(r/r0)
γ , (2)

with γ > 1. The exponents (q and γ) in
Eqns. 1 and 2, as well as other key pa-
rameters of the model, are collected from the
literature (Robitaille et al. 2007; Tannirkulam et al.
2008; Perrin et al. 2009; Dullemond & Monnier 2010;
Tang et al. 2012) and summarized in Table 1.
Dust properties (composition, size distribution, etc.)

play a critical role in the models. For computing the
dust temperature distribution due to stellar heating and
the polarization resulting from scattering, we assumed a
homogeneous population of spherical dust particles made
of astronomical silicates (Draine & Lee 1984) and spread
across the entire disk, with their absorption and scatter-
ing mass opacities (κabs and κsca) calculated with Mie
theory. The size distribution of the dust follows the
power-law relation

7 http://www.ita.uni-heidelberg.de/˜dullemond/software/radmc-
3d/
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Figure 2. Magnified view of the inner PI images of AB Aur and their averaged azimuthal profiles. Top: magnified PI image with a coronagraphic occulting mask of
0.′′3 diameter (left) and the features of the PI image (right). Central position (0, 0) is the stellar position. The outer and inner rings are denoted by the dashed ellipsoids.
The solid ellipsoid indicates the wide ring gap. The dashed circles (A to G) represent small dips in the two rings. The filled diamond, circle, and square represent
the geometric center of the inner ring, ring gap, and outer ring, respectively. The field of view in both images is 2.′′0 × 2.′′0. The solid circle in the left bottom inset
represents the spatial resolution of 0.′′06. Bottom left: averaged azimuthal profiles of the outer ring for the PI (black) and reference PSF-subtracted I (red) images. The
profile is averaged every 5◦ in position angle (corresponding to resolution) in the outer ring. Bottom right: same with the bottom left image, but for the inner ring with
every 15◦ in position angle (corresponding to resolution) in the inner ring.
(A color version of this figure is available in the online journal.)

Our observations are consistent with Perrin et al. (2009).
When we assume that a companion is 100% polarized in
the PI image, which is the faintest case as Oppenheimer
et al. (2008), the upper limits of its mass at 5σ (the absolute
magnitude of 11.7 at the H band) of the photon noise in Dip
A are 5 and 6 MJ for an age of 3 and 5 Myr, respectively
(Baraffe et al. 2003). These derived upper limits of the
masses are consistent with that of 1 MJ inferred by the
numerical simulations (Jang-Condell & Kuchner 2010). On
the other hand, our upper limits for point sources in the dips
seen in the inner ring are 7 and 9 MJ for these ages due to
higher photon noise.

The structures of AB Aur’s inner (22–120 AU) disk surface
described above indicate that the disk is in an active and probably

early phase of global evolution, and possibly one or more unseen
planets are being formed in the disk.

One possible explanation for the non-axisymmetric structures
is GI of the disk (e.g., Durisen et al. 2007). If Toomre’s
Q-parameter (defined as Q = csκ/πG!, where cs, κ , and !
are the sound speed, epicycle frequency, and surface density,
respectively) is of the order of unity, GI occurs and a mode
with a small number of arms is excited, that is, a pattern of the
surface density arises that may resemble what we have observed.
However, this GI possibility may be rejected for AB Aur
(at present) because optically thin submillimeter observations
indicate that Toomre’s Q-parameter is of the order of 10 (Piétu
et al. 2005). It may be noted that the disk mass estimate from
submillimeter emission has large uncertainties arising from the
uncertainties in the optical properties of the dust particles.
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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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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
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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.
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morphology can be determined at high resolution with
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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-
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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.
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lowed up on the Stephens et al. (2014) observations with
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(2017). Henceforth, we will call this grain alignment
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Stephens et al. 2017 (see also Kataoka et al. 2017)

4.2.1. Uniform Magnetic Field Model

The first model that we test is one with grains aligned with a
uniform magnetic field threading the disk-like structure
approximately along its major axis, which would cause a
distribution of polarization vectors perpendicular to the field
(i.e., northeast–southwest, along the minor axis). This distribu-
tion of vectors has the same morphology as the large-scale

m850 m polarization observations (Matthews et al. 2009),
which traces a northeast–southwest parsec scale hour-glass-
shaped magnetic field, with a uniform distribution threading the
central protostar(s), including HW2. In general, field lines are
expected to be toroidal wrapped due to the rotation of the gas in
accretion disks, but it is feasible that in early stages and far
from the inner disk, the magnetic field can be almost uniform.

We make a weighted linear fit to the 1.3 mm polarization
observations (orientations of the polarization vectors only) with a
uniform field (Figure 3). The average fit orientation of the
uniform field is given by a polarization vector set with P.A. =

n56 , implying a magnetic field oriented with a P.A. = n146 .
This is roughly consistent with the large-scale P.A. of n135 . As
indicated by the residuals (mostly below the s3 threshold of n18 ),
the model is a good match to the observed data.

4.2.2. Toroidal Magnetic Field Model

The second model that we test is a simple one, with grains
aligned with a toroidal magnetic field. Toroidal fields are
proposed for MRI (magneto-rotational instability) dominated
disks of low-mass protostars (e.g., Cho & Lazarian 2007). It is
therefore an appropriate model to test against the CARMA
observations.
We fit the observations (orientation of the polarization

vectors only) allowing two free parameters: inclination (i) with
respect to the plane of the sky ( n0 means face-on and n90 is
edge-on) and position angle (more details of the model are
given in the Appendix). The best fit gives = ni 45 and P.
A. = n141 (Figure 4). A visual comparison with the uniform
model fit clearly shows that the toroidal field is not a perfect
match to the observations, with most of the residuals over s3 ,
except for the region around the minor axis of the disk-like
structure.

4.2.3. Scattering in an Inclined Disk

For the third model, we test inclination-induced scattering as
the polarization mechanism (Yang et al. 2016a). We use a
phenomenological model which is described in the Appendix.

Table 1
Parameters of the Cepheus 1 mm Continuum Sources

Source R.A. Decl. Stokes I Peak Stokes I Flux Pa P%b P.A.c

J2000 J2000 (mJy beam−1) (mJy) (mJy) (%)

HW2 22 56 17. 989h m s n ¢ ´62 01 49. 60 423±10 863±20 9±1 2.0±0.4 57±6
HW3c 22 56 17. 976h m s n ¢ ´62 01 46. 10 68±10 160±6 L L L

Notes.
a Polarized intensity flux.
b Fraction of polarized emission (percentage average).
c Position angles of the polarized emission are measured counterclockwise.

Figure 2. Left: polarimetric map (polarization E-vectors) of the CepheusAHW2 disk-like structure. Fractional polarization red vectors over s3 displayed. Black
contours are Stokes I data with the same levels as in Figure 1. Green contours correspond to the VLA Cband continuum emission showing the radio jet at −6, −3, 3,
6, 10, 20, 40, 80, 100, and 140 times the rms noise level of the 6 cm radio map, m -28 Jy beam 1) associated with the HW2 massive protostar. The color scale shows the
polarized intensity over s3 . The synthesized beam of both CARMA (gray) and VLA (green) observations are shown at the bottom left corner. Right: same map as in
left panel but including orange vectors between s2 and s3 . The polarized intensity (color scale) also shows emission over s2 .
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• Alignment - What’s the condition for the transition from the 
alignment with B-fields to that with rad. fields. Grain size? Is 
the iron inclusion necessary? Conditions for the gas 
turbulence? 

• Scattering - Scattering properties of porous dust aggregates 
is missing. Is the grain growth significant even at Class 0 
stages?

What’s missing in theory?

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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Figure 5. Predicted fluxes at 1 mm (scaled to 140 pc in the
case of Chamaeleon I) vs. spectral indices in the millime-
ter for objects in Taurus (red), Chamaeleon I (yellow), and
Ophiuchus (blue). M2 and later-type stars are marked with
black crosses. Objects with a surrounding black border are
classified as (pre)transitional disks by their 13-31 µm spectral
index. The ↵=2 line (corresponding to �=0 in the Rayleigh
Jeans regime and for optically thin disks) and the ↵ value of
the ISM (� = 1.7) are also shown.

Sec. 3.2), a line was fitted to their SEDs in log ⌫� logF
⌫

space to predict the fluxes at 1 mm for each source.
Sources in Chamaeleon I were scaled to 140 pc to correct
to its di↵erent distance (160 pc) with respect to Taurus
and Ophiuchus. Figure 5 shows these 1 mm fluxes versus
the corresponding ↵mm values. Our results are very sim-
ilar to those found in previous studies (e.g. Ricci et al.
2010a,b; Testi et al. 2014). The lack of sources with low
F1mm and high ↵mm values is an observational bias: for
a given F1mm, higher ↵mm values result in more rapidly
declining fluxes with increasing wavelength, and hence
more challenging detections (Ricci et al. 2010b).

An inspection of Figs. 4 and 5 shows that most objects
have ↵mm values between 2 and 3. Following Eq. 4,
this implies that most disks have �  1, pointing to
grain growth processes in them. Given the young ages
of sources in Ophiuchus and Taurus, this provides a
robust confirmation (with a larger sample and homo-
geneous treatment) of the fact that grain growth from
ISM-like to mm/cm sizes occurs quickly and early in the
disk lifetimes, as already found in previous studies (e.g.
Rodmann et al. 2006; Ricci et al. 2010b). The existence
of objects with ↵

mm

< 2 can not be explained with
the relation ↵ = 2 + � because no physical dust model
produces negative � values (e.g. D’Alessio et al. 2001;

Draine 2006). For those cases, it is likely that the as-
sumption of the RJ regime does not hold: emission from
disks with a very cold mid-plane (e.g. Guilloteau et al.
2016) may depart from F

⌫

/ ⌫

2 significantly, yielding
flatter slopes. Late-type stars (considered here arbitrar-
ily as M2 or later type, as a compromise; see crosses
in Fig. 5) show ↵mm values below 2.5, with several
of them even below 2. Although this may hint at im-
portant dust growth around low-mass stars and brown
dwarfs, disks around these objects can be both colder
and smaller than their counterparts in more massive
stars, and therefore their emission could be optically
thick and/or outside the RJ regime. Resolved observa-
tions are needed to unambiguously determine the origin
of their low ↵mm values (see discussion in Ricci et al.
2014; Testi et al. 2016). Additionally, Chamaeleon I
shows an excess of high ↵mm - high F1mm fluxes with re-
spect to Taurus and Ophiuchus, which is discussed later
in the text (Sec. 4.3).

3.4. Millimeter indices and other tracers of disk
evolution

Using the compiled data, we also searched for correla-
tions of the mm slopes measured in Sec. 3.2 with other
indicators of disk evolution; namely, the strength and
shape of the 10µm silicate feature probing dust growth
in the upper layers of disks, and tracers of cavities in
them. The presence of gaps and cavities in the dust spa-
tial distribution in disks was first inferred in their SEDs
due to a deficit of near/mid-IR excess in some objects
(Strom et al. 1989), and was later confirmed via direct
imaging (e.g. Andrews et al. 2011). These particular
disks with a hole are called transitional disks (or pre-
transitional disks, if they have ring-like gaps separating
their inner and outer regions), and they have gained
significant attention in the last two decades due to the
exciting possibility of these gaps/holes being produced
by forming giant planets (see Espaillat et al. 2014, for a
recent review). Because they lack material in their inner
regions, their near/mid-IR emission is reduced and they
have steeper SEDs at these wavelengths with respect
to full disks, a fact that has been used in the past to
identify transitional disk candidates (e.g. Forrest et al.
2004; Brown et al. 2007; Meŕın et al. 2010; McClure
et al. 2010). The presence of giant planets directly im-
plies that grains must have su↵ered significant growth,
and hence it is possible that dust in transitional disks
may have di↵erent properties. In the case of full disks,
dust settling toward the disk mid-plane also decreases
the IR emission, producing a change in their slopes at
these wavelengths (e.g. Furlan et al. 2005).

Ribas et al., 2017Testi et al., 2014
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Conclusions
• We propose that the self-scattering of thermal dust emission can produce 

millimeter-wave polarization. The conditions are: 

1. The intensity has anisotropic radiation fields 

2. The maximum grain size is comparable to the wavelengths 
(Kataoka et al., 2015, ApJ) 

• We have detected the polarization of HD 142527 with ALMA 

• The orientations of polarization vectors are consistent with the self-scattering 

model. 
(Kataoka et al. 2016b, ApJL) 

• 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)


