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Fig. 2. Initial and final snapshots of a head-on collision (b = 0) between a projectile of Nproj = 2000 and a target of Ntarget = 128000 at
ucol = 52m s−1. Right panels show cross sectional views with particles that are painted dependent on the amount of energy dissipation as indicated
in the scale bar.

4.2. Dust growth in protoplanetary disks

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

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

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

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

HD 142527 
(Fukagawa 2013)
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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 4B, ~10^4AU 
(Girart et al. 2006)

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

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

Fig. 8. Observed polarization fraction (p) as a function of col-
umn density (NH), for the cuts across the axis of the filaments
derived from the boxes shown in Fig. 7. The three lines show
linear fits of logp versus logNH described in Sect. 3.4. The data
uncertainties depend on the intensity of the polarized emission.
They are the largest for low p and NH values. The mean error-
bar on p is 1.2 % for the data points used for the linear fits, and
2.5 % for the points where p < 3 % and NH < 3 ⇥ 1021 cm�2.

We define as background the emission that is observed in the
vicinity of a filament. It comprises the emission from the molec-
ular cloud where the filament is located and from the diffuse
ISM on larger scales. We argue that the former is the dominant
contribution. Indeed, the Taurus B211 and L1506 filaments and
the lower column density gas surrounding them are detected at
similar velocities in 13CO and 12CO (between 2 and 9 km s�1,
Goldsmith et al. 2008), indicating that most of the background

emission is associated with the filaments. CO emission is also
detected around the Musca filament (Mizuno et al. 2001). Planck
Collaboration Int. XXVIII (2014) presents a map of the dark
neutral medium in the Chameleon region derived from the com-
parison of �-ray emission measured by Fermi with H I and CO
data. This map shows emission around the Musca filament indi-
cating that the background is not associated with the diffuse ISM
traced by H I emission.

We separate the filament and background contributions to
the I, Q, and U maps within the three fields defined by the
white boxes in the Taurus and Musca images displayed in Fig. 7.
The filaments have all a constant orientation on the POS within
the selected fields. For L1506 the field also excludes the star-
forming parts of that filament (see Sect.3.3). Within each field,
we separate pixels between filament and background areas us-
ing the I map to delineate the position and width of the filament.
We fit the pixels over the background area with a polynomial
function in the direction perpendicular to the filament axis. The
fits account for the variations of the background emission, most
noticeable for U in B211 (see Fig. 4). The spatial separation is il-
lustrated on the I, Q, and U radial profiles shown in Fig. 9. These
mean profiles are obtained by averaging data within the selected
fields in the direction parallel to the filament axes. They are re-
lated to the profiles presented in Sect. 3 as follows. The mean
profile of Musca corresponds to the averaging of profiles 4 and
5 in Fig. 2, that of the B211 filament to profiles 1 to 4 in Fig. 5,
and for L1506 to the profiles 2 to 4 in Fig. 6. Figure 9 displays
the fits of the I, Q and U profiles for |r| > Rout with polynomial
functions of degree three and interpolated for |r| < Rout. The fits
reproduce well the variations of the background emission out-
side of the filaments (Fig. 9).
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Spatially resolved magnetic field structure in the disk
of a T Tauri star
Ian W. Stephens1,2, Leslie W. Looney2, Woojin Kwon3, Manuel Fernández-López2,4, A. Meredith Hughes5, Lee G. Mundy6,
Richard M. Crutcher2, Zhi-Yun Li7 & Ramprasad Rao8

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

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

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

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

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

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

We obtained 1.25-mm CARMA polarimetric maps of HL Tau at 0.60
(84 AU) resolution and plot the magnetic field morphology in Fig. 1.
This is a spatially resolved detection (with approximately three inde-
pendent beams) of the magnetic field morphology in the circumstellar
disk of a T Tauri star. The central magnetic field vector has a measured
position angle (PA, measured anticlockwise from north) of hB 5 143.6

1Institute for Astrophysical Research, Boston University, Boston, Massachusetts 02215, USA. 2Department of Astronomy, University of Illinois, Urbana, Illinois 61801, USA. 3SRON Netherlands Institute for
Space Research, Landleven 12, 9747 AD Groningen, The Netherlands. 4Instituto Argentino de Radioastronomı́a, CCT-La Plata (CONICET), CC5, 1894 Villa Elisa, Argentina. 5Van Vleck Observatory,
Astronomy Department, Wesleyan University, Middletown, Connecticut 06459, USA. 6Astronomy Department and Laboratory for Millimeter-wave Astronomy, University of Maryland, College Park,
Maryland 20742, USA. 7Astronomy Department, University of Virginia, Charlottesville, Virginia 22904, USA. 8Institute of Astronomy and Astrophysics, Academia Sinica, Hilo, Hawaii 96720, USA.
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Figure 1 | Detected magnetic field morphology of HL Tau at 0.60 resolution.
The polarization vectors (short coloured lines) have been rotated by 90u to show
the inferred magnetic field orientation. Red vectors are detections .3sP

while blue vectors are detections between 2sP and 3sP, where sP is the
r.m.s. noise of P. We do not show vectors when the signal-to-noise ratio for
Stokes I is below 2. The sizes of the vector are proportional to the fractional
polarization, P, with the red scale bar corresponding to P 5 1%. Stokes I
contours are shown for [23, 3, 4, 6, 10, 20, 40, 60, 80, 100] 3 sI, where
sI 5 2.1 mJy per beam and is the r.m.s. noise of I. The dashed line shows the
major axis of PA 5 136u (ref. 12). The synthesized beam is shown at bottom
right and has a size of 0.650 3 0.560 and PA 5 79.5u. Dec., declination; RA,
right ascension.
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Polarization of HL Tau
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Spatially resolved magnetic field structure in the disk
of a T Tauri star
Ian W. Stephens1,2, Leslie W. Looney2, Woojin Kwon3, Manuel Fernández-López2,4, A. Meredith Hughes5, Lee G. Mundy6,
Richard M. Crutcher2, Zhi-Yun Li7 & Ramprasad Rao8

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

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

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

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

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

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

We obtained 1.25-mm CARMA polarimetric maps of HL Tau at 0.60
(84 AU) resolution and plot the magnetic field morphology in Fig. 1.
This is a spatially resolved detection (with approximately three inde-
pendent beams) of the magnetic field morphology in the circumstellar
disk of a T Tauri star. The central magnetic field vector has a measured
position angle (PA, measured anticlockwise from north) of hB 5 143.6

1Institute for Astrophysical Research, Boston University, Boston, Massachusetts 02215, USA. 2Department of Astronomy, University of Illinois, Urbana, Illinois 61801, USA. 3SRON Netherlands Institute for
Space Research, Landleven 12, 9747 AD Groningen, The Netherlands. 4Instituto Argentino de Radioastronomı́a, CCT-La Plata (CONICET), CC5, 1894 Villa Elisa, Argentina. 5Van Vleck Observatory,
Astronomy Department, Wesleyan University, Middletown, Connecticut 06459, USA. 6Astronomy Department and Laboratory for Millimeter-wave Astronomy, University of Maryland, College Park,
Maryland 20742, USA. 7Astronomy Department, University of Virginia, Charlottesville, Virginia 22904, USA. 8Institute of Astronomy and Astrophysics, Academia Sinica, Hilo, Hawaii 96720, USA.
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Figure 1 | Detected magnetic field morphology of HL Tau at 0.60 resolution.
The polarization vectors (short coloured lines) have been rotated by 90u to show
the inferred magnetic field orientation. Red vectors are detections .3sP

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

Magnetic Field

Linear 
polarization

Thermal emission

(Stephens et al. 2014)

1.25 mm

HL Tau (ALMA 2015)

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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Toroidal magnetic fields from edge-on view?
-> No because the inclination is 46 degrees

The mechanism of polarization might be 
totally different?
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• Alignment of elongated dust grains

Polarization mechanisms

Magnetic Field

Linear 
polarization

Thermal emission

• Scattering at millimeter wavelengths (this talk)

1. Scattering opacity is too low? -> grain growth

2. No light source of the scattering? -> self-scattering

Alignment with B-fields
(e.g., Lazarian and Hoang 2007)

2 Tazaki et al.

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

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

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

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

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

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

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

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

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

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

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

phase trajectories in Draine & Weingartner (1997) and Weingartner & Draine
(2003). This cyclic behavior is not physical. Instead, the grains enter the low-
J attractor point (Weingartner & Draine 2003; LH07).

Alignment with radiation fields
(Lazarian and Hoang 2007, 

Tazaki, Lazarian et al. 2017)



theory - millimeter polarization 
due to dust scattering
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Absorption and scattering opacities
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A light source of scattering?The Astrophysical Journal Letters, 729:L17 (6pp), 2011 March 10 Hashimoto et al.
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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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We introduce the self-scattering of thermal dust emission.

AA48CH07-Dullemond ARI 16 July 2010 20:8

1. INTRODUCTION
The dust- and gas-rich disks surrounding many pre-main-sequence stars are of great interest for
gaining a better understanding of how planetary systems, like our own, are formed. Since the first
direct Hubble Space Telescope images of such objects in silhouette against the background light in
the Orion Nebula (McCaughrean & O’Dell 1996), the observational and theoretical study of these
planetary birthplaces has experienced an enormous thrust, leading to a much better understanding
of what they are, what they look like, how they evolve, how they are formed, and how they are
eventually dissipated. Although none of these aspects has yet been firmly understood in detail,
there is a consensus on the big picture. It is clear that protoplanetary disks are the remnants of
the star-formation process. Excess angular momentum of the original parent cloud has to be shed
before most matter can assemble into a “tiny” object such as a star. Protostellar accretion disks (see
e.g., Hartmann 2009, for a review) are the most natural medium by which this angular momentum
can be extracted from the infalling material. When the star is mostly “finished” and makes its way
toward the main sequence, the remainder of this protostellar accretion disk is what constitutes a
protoplanetary disk: the cradle of a future planetary system.

Protoplanetary disks have a rich structure, with very different physics playing a role in different
regions of the disk. A pictographic representation is shown in Figure 1. One can see the strikingly
large dynamic range that is involved: the outer radius of a protoplanetary disk can be anywhere
from a few tens of astronomical units up to 1,000 AU or more, whereas the inner disk radius is
typically just a few stellar radii, i.e., of the order of 0.02 AU. This spans a factor of 104–105 in
spatial scale. For each orbit of the outer disk, we have up to ten million orbits of the inner edge

0.03 AU 0.1 .. 1 AU

100 AU

Pure gas disk
Outer disk
(mass reservoir)

Magnetospheric
accretion

Near-IR interferometry

Mid-IR interferometry

Direct imaging (HST or 8-meter ground-based)

ALMA

UV continuum,
H-recombination lines

Near-IR continuum
(origin unclear so far)
+ atomic lines (Br–γ)

 + occasional molecular 
lines (H2O, CO, OH)

Near-IR dust
continuum

Mid-IR:
dust continuum

+ molecular lines
(H2O, CO2, ... )

(Sub)millimeter:
dust continuum

+ molecular rot-lines

Dust inner rim Planet-forming
region

10 AU

Figure 1
Pictogram of the structure and spatial scales of a protoplanetary disk. Note that the radial scale on the x-axis is not linear. Above the
pictogram shows which techniques can spatially resolve which scales. Below shows which kind of emission arises from which parts of
the disk.
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However, the central star is dark at mm wavelengths.
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Polarization due to scattering
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Polarization due to scattering

Horizontal Polarization

a dust grain

thermal dust emission 
of other dust grains

The observer is you. 

(the line of sight is perpendicular to the plane of this slide)
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Polarization due to scattering

Horizontal Polarization
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Polarization due to scattering

Unpolarized
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Polarization due to scattering

Unpolarized



Akimasa Kataoka (Humboldt fellow, Heidelberg University)

Polarization due to scattering

Vertical Polarization
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self-scattering in a protoplanetary disk
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self-scattering in a protoplanetary disk



Akimasa Kataoka (Humboldt fellow, Heidelberg University)

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

/(
abs

+ 
sca

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

TABLE 1
The sensitive grain size for observed

wavelengths

wavelengths � the sensitive grain size a
max

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

tion due to 90� scattering.

2.4. Detectable grain size for each wavelength

We have demonstrated that the polarization due to 90�

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

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

sca

/(
abs

+ 

sca

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

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

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

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

2.5. A toy model to understand the self-scattering

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

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

wavelengths to be a

max

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

Multi-wave polarization → constraints on the maximum grain size

Expected polarization degree (scalable)
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Case study : HL Tau
6 The ALMA Partnership et al.

FIG. 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
α/αerror < 4. The synthesized beams are shown in the lower left of each panel, also see Table 1. The range of the colorbar 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 colorscales 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.

decrement of the spectral index with radius reported in other
lower mass protoplanetary systems, albeit with reduced angu-
lar resolution (e.g. Guilloteau et al. 2011; Pérez et al. 2012).
The central peak, the B1 ring, and the B6 ring, show a spec-
tral index α ∼ 2 indicative of optically thick dust emission
(within 3σ). The observed TB (see Fig. 3d) provides a strict
lower limit on the physical temperature, at a given angular
resolution. In the limit that the emission is optically thick, TB
provides a measure of the physical temperature of the mate-
rial where τ ≈ 1. The TB for the optically thick continuum
peak, and azimuthally averaged values for the optically thick
B1 and B6 rings are 212.4±0.8 K, 59± 3 K, and 24± 2 K
(corresponding intensities are 9.79± 0.04, 2.48± 0.12, and

0.85± 0.06 mJy beam−1), at radii of ∼ 0, 20, and 81 AU, re-
spectively. As shown in Fig. 3d, the observed radial decrease
in TB for all the bright rings can be roughly characterized
by a power law with an exponent of ∼ −0.65. For compar-
ison, Guilloteau et al. (2011) found TB = 25 K at 55 AU from
∼ 1′′ resolution PdBI data in good agreement with that pre-
dicted from the ALMA TB analysis. However, the observed TB
power-law should not be mistaken for a model of the physical
dust temperature, because much of the disk does not have a
spectral index consistent with optically thick emission.
The standard model used for circumstellar disks consists

of a surface layer of grains directly heated by stellar photons
which subsequently illuminates and heats the dust in the lower

• HL Tau - multiple-ring structure revealed by ALMA.

• spectral index is ~2 in the inner part: optically thick?

• The net polarization at mm wave is ~ 0.9 %.
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Spatially resolved magnetic field structure in the disk
of a T Tauri star
Ian W. Stephens1,2, Leslie W. Looney2, Woojin Kwon3, Manuel Fernández-López2,4, A. Meredith Hughes5, Lee G. Mundy6,
Richard M. Crutcher2, Zhi-Yun Li7 & Ramprasad Rao8

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

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

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

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

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

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

We obtained 1.25-mm CARMA polarimetric maps of HL Tau at 0.60
(84 AU) resolution and plot the magnetic field morphology in Fig. 1.
This is a spatially resolved detection (with approximately three inde-
pendent beams) of the magnetic field morphology in the circumstellar
disk of a T Tauri star. The central magnetic field vector has a measured
position angle (PA, measured anticlockwise from north) of hB 5 143.6

1Institute for Astrophysical Research, Boston University, Boston, Massachusetts 02215, USA. 2Department of Astronomy, University of Illinois, Urbana, Illinois 61801, USA. 3SRON Netherlands Institute for
Space Research, Landleven 12, 9747 AD Groningen, The Netherlands. 4Instituto Argentino de Radioastronomı́a, CCT-La Plata (CONICET), CC5, 1894 Villa Elisa, Argentina. 5Van Vleck Observatory,
Astronomy Department, Wesleyan University, Middletown, Connecticut 06459, USA. 6Astronomy Department and Laboratory for Millimeter-wave Astronomy, University of Maryland, College Park,
Maryland 20742, USA. 7Astronomy Department, University of Virginia, Charlottesville, Virginia 22904, USA. 8Institute of Astronomy and Astrophysics, Academia Sinica, Hilo, Hawaii 96720, USA.
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Figure 1 | Detected magnetic field morphology of HL Tau at 0.60 resolution.
The polarization vectors (short coloured lines) have been rotated by 90u to show
the inferred magnetic field orientation. Red vectors are detections .3sP

while blue vectors are detections between 2sP and 3sP, where sP is the
r.m.s. noise of P. We do not show vectors when the signal-to-noise ratio for
Stokes I is below 2. The sizes of the vector are proportional to the fractional
polarization, P, with the red scale bar corresponding to P 5 1%. Stokes I
contours are shown for [23, 3, 4, 6, 10, 20, 40, 60, 80, 100] 3 sI, where
sI 5 2.1 mJy per beam and is the r.m.s. noise of I. The dashed line shows the
major axis of PA 5 136u (ref. 12). The synthesized beam is shown at bottom
right and has a size of 0.650 3 0.560 and PA 5 79.5u. Dec., declination; RA,
right ascension.
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results of polarization observation with CARMA4, which shows the centrally concentrated polarized intensity compared . In
addition, the polarization vectors are directed from top left to bottom right (north-east to south-west). This is also consistent
with the polarization observation with CARMA4. Figure 1 (c) shows the polarization degree overlaid with polarization vectors.
The polarization degree is two times higher in the gap regions than that in ring regions. At present, the polarization image of
CARMA does not have a resolution high enough to resolve the rings. Future observations of ALMA with spatial resolution as
high as the long baseline campaign19 would reveal these structure even in the polarization.
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Figure 1 (left) The intensity map of the radiative transfer calculations in the unit of [Jy/arcsec2]. (center) The polarized
intensity map in the unit of [mJy/arcsec2], overlaid with the polarization vectors. (right) The map of the polarization degree in
the unit of %, overlaid with the polarization vectors which is the same as the middle panel.

The reinterpretation of the polarization puts a strong constraint on the size of dust grains. Figure 2 shows the theoretical
model of the net polarization degree at the wavelength of l = 1.3 mm as a function of grain size. The theoretical model is
calculated as the product of polarization degree at 90� scattering P90 and the albedo w . The expected polarization degree is
CP90w where C = 2%, which is calibrated with the radiative transfer calculations. We also includes the uncertainty of the
model of ±50 % in polarization degree (see Supplementary information for more details). This figure clearly shows that the
observed polarization degree of 0.89 % at l = 1.3 mm observed with CARMA can only be explained with the grain size in the
range of 70 µm < amax < 350 µm. If the grain size is much lower, the scattering opacity is too low to scatter the thermal dust
emission. If the grain size is much higher, the scattering is forwardly peaked and thus no polarization can be expected.

We can put further constraints on the grain size with the results of SMA. The polarization degree is a function of the
combination of the observed wavelength and the grain size. Therefore, the results of the different wavelengths put further
constraints. Figure 2 shows the expected polarization degree as a function of observed wavelengths. The result of amax = 350 µm
explains the CARMA observations at l = 1.3 mm but underestimates SMA observations at l = 0.89 mm. Thus, the grain size
should be in the range of 70 µm< amax < 270 µm to explain the both CARMA and SMA results. Here, we take amax = 150 µm
as a fiducial value and continue the discussion.

The grain size of 150 µm challenges the previous constraints on grain size with opacity index. The grain size has been
constrained with spectral index at sub-mm wavelengths.23 If the emission is optically thin, the index has the information of dust
opacity index at sub-mm wavelengths. The opacity index is typically ⇠ 1 in protoplanetary disks, which can be explained with
millimeter-sized grains.23 However, the low opacity index can also be interpreted as optically thick disk, irregularly shaped
grains, or chemically changed grains. In the case of HL Tau, the dust opacity index is in the range from 0.3 to 0.8 for the bright
rings.19 To explain the observed opacity index, the grain size should be in the range of 1 cm . amax . 5 cm if the power of
the grain size distribution is q =�2.5 although there is no solution if the power of the grain size distribution is q =�3.5 (see
Figure 5 in Supplementary information).

The inferred grain size can limit the dynamics of dust grains. The dynamics of dust grains is determined by the normalized
stopping time due to the friction between the gas and dust, which is the Stokes number. The Stokes number is written in the
form of St ⇠ rmata/Sg. With the adopted model, the Stokes number is estimated to be St ⇠ 1.3⇥10�5 in the case of the 150
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Magnetic fields in accretion disks play a dominant part during the
star formation process1,2 but have hitherto been observationally poorly
constrained. Field strengths have been inferred on T Tauri stars3

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

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

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

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

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

We obtained 1.25-mm CARMA polarimetric maps of HL Tau at 0.60
(84 AU) resolution and plot the magnetic field morphology in Fig. 1.
This is a spatially resolved detection (with approximately three inde-
pendent beams) of the magnetic field morphology in the circumstellar
disk of a T Tauri star. The central magnetic field vector has a measured
position angle (PA, measured anticlockwise from north) of hB 5 143.6

1Institute for Astrophysical Research, Boston University, Boston, Massachusetts 02215, USA. 2Department of Astronomy, University of Illinois, Urbana, Illinois 61801, USA. 3SRON Netherlands Institute for
Space Research, Landleven 12, 9747 AD Groningen, The Netherlands. 4Instituto Argentino de Radioastronomı́a, CCT-La Plata (CONICET), CC5, 1894 Villa Elisa, Argentina. 5Van Vleck Observatory,
Astronomy Department, Wesleyan University, Middletown, Connecticut 06459, USA. 6Astronomy Department and Laboratory for Millimeter-wave Astronomy, University of Maryland, College Park,
Maryland 20742, USA. 7Astronomy Department, University of Virginia, Charlottesville, Virginia 22904, USA. 8Institute of Astronomy and Astrophysics, Academia Sinica, Hilo, Hawaii 96720, USA.
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Figure 1 | Detected magnetic field morphology of HL Tau at 0.60 resolution.
The polarization vectors (short coloured lines) have been rotated by 90u to show
the inferred magnetic field orientation. Red vectors are detections .3sP

while blue vectors are detections between 2sP and 3sP, where sP is the
r.m.s. noise of P. We do not show vectors when the signal-to-noise ratio for
Stokes I is below 2. The sizes of the vector are proportional to the fractional
polarization, P, with the red scale bar corresponding to P 5 1%. Stokes I
contours are shown for [23, 3, 4, 6, 10, 20, 40, 60, 80, 100] 3 sI, where
sI 5 2.1 mJy per beam and is the r.m.s. noise of I. The dashed line shows the
major axis of PA 5 136u (ref. 12). The synthesized beam is shown at bottom
right and has a size of 0.650 3 0.560 and PA 5 79.5u. Dec., declination; RA,
right ascension.
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Case study of HD 142527

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

Fukagawa et al. 2013

Anisotropies grain size

?× polarization  
observation=

• Mstar~2Msun, ~ 5 Myr old

• Lopsided dust continuum distribution
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ALMA Band 7 
target : HD 142527
mode : full polarization
beam size :0.51" x 0.44" (compact configuration) 
data was taken on March 11, 2016

Cycle 3 observations
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ALMA Observations

Kataoka, et al., 2016b

noise level: 

σI = 185 µJy beam−1 

contours: 

 (3, 10, 30, 50, 100, 300, 
600, 900, 1200, 1500, 
1800) × σI 

peak:  

340 mJy/beam (=1838σI)

• Confirmed the previous 
observations (e.g., 
Casassus et al. 2013, 
Fukagwa et al. 2013)

100 AU
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ALMA Polarization Observations

100 AU

Kataoka, et al., 2016b

noise level: 

σPI = 42.8 µJy beam−1 

contours: 

 (3, 10, 30, 50, 100) × σPI 

peak:  

5.22 mJy/beam (=122σPI)

>10σPI

peak

• Polarization vectors’ 
orientation is radial inside 
and azimuthal outside 
(north)
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ALMA Polarization Observations

Kataoka, et al., 2016b

• Flip of polarization vectors 

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

• Anti-correlation between I 
and PI at the I peak. 

• expected from the 
optical depth effects 
(Kataoka et al. 2015) 

• Asymmetry in PI between 
head and tail of the vortex?

100 AU

anti-correlation

asymmetry

flip
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ALMA Polarization Observations

Kataoka, et al., 2016b

• High percentage  

• high polarization 
fraction (13.9%) is not 
expected from the self 
scattering (~<5 %) 

• It could be due to the 
resolving-out effects 

100 AU

0.22 % (I peak, anti-correlation)

high percentage: 13.9 %

3.26% (PI peak)
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Model calculations

Kataoka, et al., 2016b

• The self-scattering model explains the flip of the polarization vectors’ 
orientation, the anti-correlation between I and PI. 

• However, it cannot explain the observed asymmetry in PI and high 
polarization percentage.

100 AU

model

100 AU

model

100 AU

model



Future directions

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

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

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

P =
2
3

K/V +
1
3

〈∑

i

ri · Fi

〉

t

/V. (19)

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

Fi =
∑

j!i

fi, j. (20)

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

P =
2
3

K/V +
1
3

〈∑

i< j

(ri − r j) · fi, j

〉

t

/V. (21)

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

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

3. Results

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

A4, page 5 of 12
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Future directions

Anisotropies of radiation 
field at the observed 

wavelengths. (Predictable 
from Stokes I continuum)

Grain size 
(Measurable)

Polarization=×

Dust coagulation, fragmentation, 
and migration theory gives us the 
grain size distribution in a disk.
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Adriana Pohl (MPIA Heidelberg)  –  Planet Formation 2016  –  May 17, 2016

SYNTHETIC IMAGES OF A FACE-ON TRANSITION DISK

7

λ = 870 μm

Stokes I (continuum) Polarized intensity PI Polarization degree P

P=
PI

 I
=

√Q
2
+U

2

       I

Pohl et al. 2016, submitted

● Reference model:

– 1 Myr of dust evolution

– Dust mixture (silicate, carbon, ice)

– λ = 870 μm (band 7), face-on disk (i = 0°)
~ 150 μm

t = 1 Myr

Pohl, Kataoka, et al., 2016

Synthetic Observations

cf) Pinilla et al. 2012
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PROBING DUST TRAPPING VIA MILLIMETER - POLARIZATION

4

● Pressure bump creates dust trap which segregates grain sizes

(Pinilla et al. 2012)

● Idea:  If dust trapping occurs, the dust continuum should be polarized 
    only locally      constraints on grain size

Credit: P. Pinilla

r (r
planet

)

Σ
/Σ

0

0.0
1.0

1.0

            

→ cf. Pinilla's talk

Dust trap by a planet Grain size distribution
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SYNTHETIC IMAGES OF A FACE-ON TRANSITION DISK

7

λ = 870 μm

Stokes I (continuum) Polarized intensity PI Polarization degree P

P=
PI

 I
=

√Q
2
+U

2

       I

Pohl et al. 2016, submitted

● Reference model:

– 1 Myr of dust evolution

– Dust mixture (silicate, carbon, ice)

– λ = 870 μm (band 7), face-on disk (i = 0°)
~ 150 μm

t = 1 Myr

Pohl, Kataoka, et al., 2016

Synthetic Observations

• Polarization is emitted only from locations 
where amax = 150µm (λ=870 µm)  

• In a disk with a planet, three polarization 
rings are expected.



Kataoka et al. 2013a

Porosity evolution?
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Measuring the porosity? 

Casassus et al. 2015

The lower levels at 34 GHz follow the Rayleigh–Jeans
extension of dust seen in ALMA band 9. However, the peak
signal stems from clumpy emission at ∼11.5 hr and a longer
arc at 1 to 2 hr. Both regions coincide fairly closely with the
molecular decrements documented by Casassus et al. (2013,
their supplementary information; see also Appendix C in this
work). Given the thermal noise in the field, the 11.5 hr clump is
significant at 10σ, and it is robust against uv filtering biases. To
test for interferometer filtering artifacts, we ran Monte Carlo
simulations of ATCA observations on a deconvolved model
image of the band 7 data (see Appendix B), thus bringing the
multifrequency data to an approximately common Fourier
basis. Figure 4 shows that the ATCA clump stands out
compared to the filtered ALMA maps.

The peak 34GHz intensity at 11.5 hr reaches 147μJy beam−1,
with a ´ ´ ´0. 64 0. 30 beam, and has an equivalent brightness
temperature of only 0.5 K, so the signal is optically thin (or else
it is beam-diluted). For the fiducial density of water, and for a
single grain size of 1 cm with a circular cross section, at 20 K,
we find that the observed flux density from the unresolved
11.5 hr clump corresponds to >7.4 MÅ of dust. The inequality
accounts for the possibility of locking more mass in grains of
different sizes that do not emit appreciably at 34 GHz.

A compact signal coincident with the stellar position is
conspicuous in the ATCA map. Its spectral index at ATCA
frequencies is a = o1.0 0.2,20

45 which extrapolates to the level
of the faint circumstellar signal seen in ALMA band 7
(Casassus et al. 2013; Fukagawa et al. 2013). These spectral
index values are consistent with free–free emission associated
with a stellar wind or with stellar accretion.

3.2. Evidence for Dust Trapping

In another application of the graybody diagnostics, we
computed the optical depth and opacity index (βS) maps
corresponding to the ATCA and ALMA data sets shown in
Figure 4. The resulting optical depth map shown in Figure 5
confirms the levels at 345 GHz inferred from the ALMA band 7
and band 9 comparison. The ATCA clump at 11.5 hr translates
to a minimum in b xS ( ) (Figure 5(b)). This is an indication that
dust grains in this clump are larger than in the rest of the
crescent.
The opacity index variations account for the ATCA/ALMA

morphological differences and should thus be significant at the
same level. We estimated the uncertainties on the opacity index
b xS ( ) by varying the ATCA intensities by ±1σ, where σ is the
scatter in the dirty map of image synthesis residuals. As shown
in Figure 5(c), the peak at 34 GHz, under the 11.5 hr clump,
corresponds to βS = 1.50 ± 0.03, whereas the average value
outside the regions of low βS is 1.81, with an rms dispersion of
0.076 and typical values varying from 1.8 ± 0.04 at 1.5 hr up to
1.94 ± 0.05 at 0.5 and 9.5 hr. Compared to the average value of
1.81, the minimum in βs under the 11.5 hr clump is significant
at ∼10σ.
The temperature map is essentially fixed by the band 9

spectral point; we note a minimum in temperature toward
0.5 hr, which is also seen when using the ALMA data alone.
The similarities between the temperature maps in Figures 3 and
5 are surprisingly good, considering the differences in uv
coverage and the different treatments for β.

4. PREDICTIONS BASED ON A SYNTHETIC
DUST TRAP MODEL

4.1. Biases of the Graybody Diagnostics

The graybody line-of-sight diagnostic is based on two-
dimensional sky maps for b xS ( ) and xT ,S ( ) whereas the actual
physical conditions are three-dimensional. Since the crescent is
optically thick in band 9, the temperature is mainly set by the
higher frequencies and probably overestimates the temperature
in regions closer to the midplane. Hence the actual optical
depths could be higher than inferred from graybody diagnos-
tics. In order to assess biases and test the dust trap
interpretation, we applied the same observational diagnostic,
based on the graybody fits, to synthetic radiative transfer
predictions of a parameterized dust trap model meant to
approximate the phenomenon observed in HD 142527. The
synthetic model was implemented in RADMC3D (Dullemond
et al. 2015) and centers the dust trap at 11.5 hr. At the native
resolution of the radiative transfer, the graybody optical depth
map reproduces the input optical depths very closely. However,
both optical depth and temperatures are biased downward by
∼50% after filtering by the ATCA response. The location of
the minimum in the graybody opacity index, b x ,S ( ) coincides
with the input dust trap, which is fairly optically thick in
band 7.

4.2. Origin of the Molecular Decrements

The optical depths in the synthetic trap are not deep enough
and do not have the structure required to account for the
observed deep molecular decrements. In particular, the
existence of decrements in CO(2-1) (Perez et al. 2015), so at
frequencies with lower optical depths, suggests that there is

Figure 4.Multifrequency continuum highlighting compact 34 GHz emission at
11.5 hr. The data have been filtered for the ATCA response. The RGB colors
correspond to the ATCA image in red (with corresponding contours at 0.4 and
0.7 times the peak intensity at 147 μJy beam−1), the ALMA band 7 in green,
and the ALMA band 9 in blue (see Figure 8 for a panel with the same images).
The inset shows emergent intensities predicted from the dust trap model, after
filtering for the ATCA response, with 34 GHz in red contours at 0.4 and 0.7
times the peak. The side of the inset corresponds to 3.5 arcsec.
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red: ATCA, 9 mm
green: ALMA Band 7
blue: ALMA Band 9

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

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

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

P =
2
3

K/V +
1
3

〈∑

i

ri · Fi

〉

t

/V. (19)

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

Fi =
∑

j!i

fi, j. (20)

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

P =
2
3

K/V +
1
3

〈∑

i< j

(ri − r j) · fi, j

〉

t

/V. (21)

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

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

3. Results

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

• scattering opacity (mm-wave polarization) 
• Grain size should be ~150 µm (=λ/2π) if 

they are compact

We cannot distinguish them in absorption opacity
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Conclusions
• We propose that multi-band mm-wave polarization observations would 

be a new method to constrain the grain size.
• Two conditions for polarization at millimeter-wavelengths:

1. The intensity has anisotropic radiation fields
2. The maximum grain size is comparable to the wavelengths

(Kataoka et al., 2015, ApJ)

• We have modeled the polarization of HL Tau
• The observed feature is well explained by the self-scattering.
• The maximum grain size is constrained to be ~150 µm

(Kataoka et al. 2016a, ApJ)

• We have detected the polarization of HD 142527
• The orientations of polarization vectors are consistent with the self-

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


