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What’s in a disc?
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Left: Gas around HL Tau disc (ALMA Partnership, 2015)
Centre: HL Tau dust disc (ALMA Partnership, 2015)
Right: polarisation in HL Tau (Stephens+ 2017)

Gas!

With the caveats of lower spatial resolution at 2.9 mm and
reduced phase stability and hence image fidelity at 0.87 mm,
the agreement between the different wavelengths is excellent.
Although the antenna configuration was not ideal (baselines
were concentrated at lengths 200< m and 500> m), a
reasonably Gaussian synthesized beam was achieved as
demonstrated in Figure 2(d) which shows the 1.3 mm point-
spread function. The combined Band 6+7 image at 1.0 mm and
its corresponding spectral index map are shown in Figures 2(e)
and (f) (see the Appendix for details). Notably, while the ring
structure remains clearly visible and much improved over the
0.87 mm data alone, the combined 1.0 mm image does not
show some of the (potentially interesting) azimuthal changes in
ring brightness seen in the individual images. These might be
due to variations in dust opacity, but they could also just be the
result of differences in the UV-coverage at the two wave-
lengths. Thus, we strongly caution against over-interpretation
of subtle features unless verified by detailed modeling or
future, even higher fidelity observations.

The continuum properties of the HL Tau disk are given in
Table 1. A wide range of flux densities is available in the
literature. Considering recent interferometric observations,
2.7 mm flux densities range from 94.1± 0.9 to 120± 4 mJy
and 1.3 mm flux densities range from 700± 10 to 818 10.8±
mJy (Guilloteau et al. 2011; Kwon et al. 2011). Using the more
precise 2.7 mm measurement and scaling by a spectral index

3α = , there is good agreement with the 2.9 mm ALMA
measurement (74.3± 0.4 mJy). At 1.3 mm, past observations
bracket the total flux measured by ALMA (744.1± 1.5 mJy).
At 0.87 mm, only one interferometric measurement is avail-
able: 1300± 300 mJy (SMA with 2″. 1 × 1″. 0 resolution;
Lumbreras & Zapata 2014), but this is 60% smaller than the
ALMA measurement of 2140.8± 3.7 mJy. In contrast, pre-
vious bolometric James Clerk Maxwell Telescope measure-
ments at 0.86 mm wavelength have obtained 2360± 90 mJy
(Andrews & Williams 2005), which is in much closer
agreement with the ALMA data, especially considering the
difference in angular resolution. This latter comparison
suggests that only 10%∼ of the emission is resolved out by
the ALMA data.
Using the ALMA integrated flux densities from Table 1, the

average spectral index is 2.77 0.13α = ± , with no significant
curvature evident from 2.9 to 0.87 mm, despite the expectation
that the emission would be more optically thin at the longer
wavelength. This result is likely a reflection of the fact that the
central ∼10 AU is both significantly brighter than the
surrounding disk and is possibly optically thick even at
2.9 mm. Additionally, there may be weak free–free contamina-
tion in the central region at 2.9 mm (see, for example, Wilner
et al. 1996; Carrasco-González et al. 2009). For comparison,
Andrews & Williams (2005) find 2.53 0.13α = ± based on a
compilation of primarily bolometer measurements between 1.3
and 0.35 mm, suggesting the average spectral index does
eventually flatten at shorter wavelengths.
The HL Tau disk is viewed on the sky inclined with respect

to our line of sight (defined as i 0= ° for face-on) and rotated
by an amount defined by the P.A. measured from north to east.
In order to constrain these parameters we first followed the
standard practice of fitting a Gaussian to the visibility data.
Using baselines 1000< m ( 0. 2∼ ″ ), we obtain i 46.2 0 .2= ± ◦

and P.A. 138.2 0 .2= ± ◦ in good agreement with past UV plane
estimates (Guilloteau et al. 2011; Kwon et al. 2011). However,
the fantastic fidelity and angular resolution afforded by the
ALMA images allow us to go further and explore the properties
of the rings independently in the image plane.

3.1.3. Spatially Resolved Disk Geometry and Spectral Index

Upon visual inspection, one can plausibly identify seven
pairs of “bright” and “dark” rings in the 1.0 mm image; we
label these rings B1..B7 and D1...D7, respectively. As a first
step, we assumed that the rings trace circular orbits around a
common center position defined by the 1.0 mm continuum
peak position (see Table 1), having the i and P.A. derived in
Section 3.1.2. Then, using a cross-cut along the major axis of
the image, we determine approximate semimajor axes for the
14 rings.
After overlaying these zeroth-order ellipses on the image, it

was apparent that while approximately correct, these are not a
good fit to the rings in detail. To refine the parameters, we
defined a discrete set of points along each zeroth-order ellipse,
at a Nyquist sampled interval with respect to the synthesized

Figure 1. Panel (a) shows an overview of the HL Tau region with red and blue
colors mapped to the integrated intensity of the redshifted (7.25–20 km s−1)
and blueshifted (0.0–6.0 km s−1) 12CO(1-0), respectively. The ALMA 1. 1″
resolution 12CO(1-0) images (synthesized beam shown in the lower left) have
not been corrected for primary beam attenuation; the displayed field of view
corresponds to the 15%∼ power point. Green shows an HST R-band image
(this band includes stellar continuum, Hα, and [S II]). The darker diagonal
stripe across the image (visible in some viewers) corresponds to a gap in the
HST ACS WFC detector. Panels (b) and (c) show zoomed in views of XZ Tau
(A and B) and LkHα358, respectively. All three panels show ALMA 2.9 mm
primary beam corrected continuum contours overlaid in blue at 33×(4,
14,19) μJy beam−1 (the corresponding synthesized beam is shown in the lower
left of panels (b) and (c); also see Table 1). The HST image has been precessed
to epoch 2014.83 using the proper motion derived in Section 3.1.1.
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Dust!

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

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

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

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

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

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

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

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

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

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

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

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

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



What’s in a disc?

5
Left: Gas around HL Tau disc (ALMA Partnership, 2015)
Centre: HL Tau dust disc (ALMA Partnership, 2015)
Right: polarisation in HL Tau (Stephens+ 2017)

Magnetised Gas!

With the caveats of lower spatial resolution at 2.9 mm and
reduced phase stability and hence image fidelity at 0.87 mm,
the agreement between the different wavelengths is excellent.
Although the antenna configuration was not ideal (baselines
were concentrated at lengths 200< m and 500> m), a
reasonably Gaussian synthesized beam was achieved as
demonstrated in Figure 2(d) which shows the 1.3 mm point-
spread function. The combined Band 6+7 image at 1.0 mm and
its corresponding spectral index map are shown in Figures 2(e)
and (f) (see the Appendix for details). Notably, while the ring
structure remains clearly visible and much improved over the
0.87 mm data alone, the combined 1.0 mm image does not
show some of the (potentially interesting) azimuthal changes in
ring brightness seen in the individual images. These might be
due to variations in dust opacity, but they could also just be the
result of differences in the UV-coverage at the two wave-
lengths. Thus, we strongly caution against over-interpretation
of subtle features unless verified by detailed modeling or
future, even higher fidelity observations.

The continuum properties of the HL Tau disk are given in
Table 1. A wide range of flux densities is available in the
literature. Considering recent interferometric observations,
2.7 mm flux densities range from 94.1± 0.9 to 120± 4 mJy
and 1.3 mm flux densities range from 700± 10 to 818 10.8±
mJy (Guilloteau et al. 2011; Kwon et al. 2011). Using the more
precise 2.7 mm measurement and scaling by a spectral index

3α = , there is good agreement with the 2.9 mm ALMA
measurement (74.3± 0.4 mJy). At 1.3 mm, past observations
bracket the total flux measured by ALMA (744.1± 1.5 mJy).
At 0.87 mm, only one interferometric measurement is avail-
able: 1300± 300 mJy (SMA with 2″. 1 × 1″. 0 resolution;
Lumbreras & Zapata 2014), but this is 60% smaller than the
ALMA measurement of 2140.8± 3.7 mJy. In contrast, pre-
vious bolometric James Clerk Maxwell Telescope measure-
ments at 0.86 mm wavelength have obtained 2360± 90 mJy
(Andrews & Williams 2005), which is in much closer
agreement with the ALMA data, especially considering the
difference in angular resolution. This latter comparison
suggests that only 10%∼ of the emission is resolved out by
the ALMA data.
Using the ALMA integrated flux densities from Table 1, the

average spectral index is 2.77 0.13α = ± , with no significant
curvature evident from 2.9 to 0.87 mm, despite the expectation
that the emission would be more optically thin at the longer
wavelength. This result is likely a reflection of the fact that the
central ∼10 AU is both significantly brighter than the
surrounding disk and is possibly optically thick even at
2.9 mm. Additionally, there may be weak free–free contamina-
tion in the central region at 2.9 mm (see, for example, Wilner
et al. 1996; Carrasco-González et al. 2009). For comparison,
Andrews & Williams (2005) find 2.53 0.13α = ± based on a
compilation of primarily bolometer measurements between 1.3
and 0.35 mm, suggesting the average spectral index does
eventually flatten at shorter wavelengths.
The HL Tau disk is viewed on the sky inclined with respect

to our line of sight (defined as i 0= ° for face-on) and rotated
by an amount defined by the P.A. measured from north to east.
In order to constrain these parameters we first followed the
standard practice of fitting a Gaussian to the visibility data.
Using baselines 1000< m ( 0. 2∼ ″ ), we obtain i 46.2 0 .2= ± ◦

and P.A. 138.2 0 .2= ± ◦ in good agreement with past UV plane
estimates (Guilloteau et al. 2011; Kwon et al. 2011). However,
the fantastic fidelity and angular resolution afforded by the
ALMA images allow us to go further and explore the properties
of the rings independently in the image plane.

3.1.3. Spatially Resolved Disk Geometry and Spectral Index

Upon visual inspection, one can plausibly identify seven
pairs of “bright” and “dark” rings in the 1.0 mm image; we
label these rings B1..B7 and D1...D7, respectively. As a first
step, we assumed that the rings trace circular orbits around a
common center position defined by the 1.0 mm continuum
peak position (see Table 1), having the i and P.A. derived in
Section 3.1.2. Then, using a cross-cut along the major axis of
the image, we determine approximate semimajor axes for the
14 rings.
After overlaying these zeroth-order ellipses on the image, it

was apparent that while approximately correct, these are not a
good fit to the rings in detail. To refine the parameters, we
defined a discrete set of points along each zeroth-order ellipse,
at a Nyquist sampled interval with respect to the synthesized

Figure 1. Panel (a) shows an overview of the HL Tau region with red and blue
colors mapped to the integrated intensity of the redshifted (7.25–20 km s−1)
and blueshifted (0.0–6.0 km s−1) 12CO(1-0), respectively. The ALMA 1. 1″
resolution 12CO(1-0) images (synthesized beam shown in the lower left) have
not been corrected for primary beam attenuation; the displayed field of view
corresponds to the 15%∼ power point. Green shows an HST R-band image
(this band includes stellar continuum, Hα, and [S II]). The darker diagonal
stripe across the image (visible in some viewers) corresponds to a gap in the
HST ACS WFC detector. Panels (b) and (c) show zoomed in views of XZ Tau
(A and B) and LkHα358, respectively. All three panels show ALMA 2.9 mm
primary beam corrected continuum contours overlaid in blue at 33×(4,
14,19) μJy beam−1 (the corresponding synthesized beam is shown in the lower
left of panels (b) and (c); also see Table 1). The HST image has been precessed
to epoch 2014.83 using the proper motion derived in Section 3.1.1.
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The transition of polarization morphologies from one
wavelength to another is also apparent in the StokesQ and U
images, as seen in Figure 2. Specifically, at 3.1 mm the
StokesQ image shows negative regions from north to south
and positive regions from east to west. At 1.3 mm, the negative
regions are much brighter than the positive regions, and at
870 μm, the positive regions almost completely disappear.
StokesU shows two positive and two negative regions at
3.1 mm. The negative blobs disappear at 1.3 mm, while the
positive regions connect, and at 870 μm, the positive regions
turn into a single, large region.
For the Stokes V images (Figure 2), 3.1 mm appears to be

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

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

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

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

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

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

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

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

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

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

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

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

Magnetised Dust!



Disc formation & evolution

6
Larson (1969); Illustration by Y. Tsukamoto
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The birth of discs
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Wurster, Bate & Price (2018a,c)
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The birth of discs
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Wurster, Bate & Price (2018a,c)
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Ø Hydro: forms a 50au disc early during the first hydrostatic core phase

Ø Ideal: never forms a rotationally supported disc
(the Magnetic Braking Catastrophe; Allen, Li & Shu, 2003)
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ØUsing idealised initial conditions:
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Ø Hydro: forms a 50au disc early during the first hydrostatic core phase
Ø Non-ideal with –Bz: forms a 25au disc during the first hydrostatic core phase
Ø Non-ideal with +Bz: forms a 1au disc by the stellar core phase
Ø Ideal: never forms a rotationally supported disc

(the Magnetic Braking Catastrophe; Allen, Li & Shu, 2003)

See me or Alison Young for details about first hydro static cores (incl. disc formation and/or outflows)
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Cluster formation: effect of magnetic fields
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Decreasing magnetic field strength 
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Cluster formation: magnetic field structure
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Ø Large-scale magnetic fields are perpendicular to dense structures
Ø Large-scale magnetic fields are parallel to low-density structures
Ø Small-scale magnetic fields get pinched into dense regions, creating an hour-glass shape

radiation. Also, the intensity peak is about 26 mJy beam−1,
which corresponds to an optical depth τ∼0.2 when assuming
T=30 K, so the polarization may not be caused by extinction.
Therefore, the magnetic fields may be inferred by 90° rotation of
polarization directions, which results in a pattern in the central
region that is broadly consistent with a toroidal magnetic field
projected in the sky plane. On the other hand, self-scattering
cannot be ruled out by the data set taken only in Band 6.
However, note that even in this case, it may provide indirect
evidence for the presence of a circumstellar disk(-like) structure
at the center, since self-scattering has been found so far only
toward disks with large grains. Therefore, the main result of this
paper does not change. The ambiguity will be tackled by further
polarimetric observations in different wavelengths. Indeed, we
have carried out polarimetric observations in ALMA Band 3 as
well, and the preliminary results support the interpretation of
magnetic fields. These results will be discussed in a following
paper (W. Kwon et al. 2019, in preparation).

In addition, there is the possibility that the central
polarization pattern is produced by magnetic field lines that
are dragged by an equatorial accretion flow into a configuration
that is parallel to the midplane of the system. However, we
believe this possibility is less likely than the rotationally
induced toroidal field interpretation because there is already
evidence for significant velocity gradient along the equatorial
plane (see, e.g., Figure11 of Tobin et al. 2018). Nevertheless,
higher resolution line observations are needed to firmly
establish whether the intriguing field orientation near the
center is produced by accretion or rotation. Note the seven
vectors around the source A within or on the inner most
contour in the right zoomed-in plot of Figure 1. A detailed
modeling may be required to constrain the structure size of a
toroidal magnetic field. However, based on the number of
vectors showing the shifted direction, which is 1.5 of the beam
area, the central disk could be up to about 50 au in radius:
considering a beam smoothing, the real structure would be
about 0.5 of the beam area, so r=(0.5Abeam/π)0.5d, where
Abeam is the beam area and d is the target distance. Further
molecular line observations at a high angular resolution will

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

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

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

Figure 1. Magnetic field morphology around L1448 IRS 2. The green vectors have been rotated by 90° from the polarization directions to indicate the inferred
magnetic field direction. Vectors of 2σ level or better detections are marked every 0 21, which is comparable to the Nyquist sampling. The gray scale and black and
white contours present the total intensity distribution with levels of 2, 3, 5, 9, 17, 33, 65, and 129 times 0.1 mJy beam−1. The blue and red contours are CO 2–1
intensity distributions integrated in velocity ranges of −8.0 to 2.0 and 7.5 to 16.0 km s−1, respectively, at levels of 3, 4, 5, 7, and 9 times 11 K km s−1. The central
region zoomed-in is presented on the right. The synthesized beams of the CO and the continuum data are marked in the bottom right corner in blue and hatched white,
respectively. The binary system positions are 2A(03:25:22.407 +30:45:13.21) and 2B(03:25:22.363 +30:45:13.12) in J2000.

3

The Astrophysical Journal, 879:25 (8pp), 2019 July 1 Kwon et al.

Planck Collaboration: Probing the role of the magnetic field in the formation of structure in molecular clouds

Fig. 1. Magnetic field and col-
umn density measured by Planck
towards the Taurus MC. The
colours represent column den-
sity. The “drapery” pattern, pro-
duced using the line integral con-
volution method (LIC, Cabral &
Leedom 1993), indicates the ori-
entation of magnetic field lines,
orthogonal to the orientation of
the submillimetre polarization.

a common calibration scheme, for studying the morphology of
the magnetic field in MCs and the surrounding ISM, as illus-
trated for the Taurus region in Fig. 1. We present a quantitative
analysis of the relative orientation in a set of nearby (d < 450 pc)
well-known MCs to quantify the role of the magnetic field in the
formation of density structures on physical scales ranging from
tens of parsecs to approximately one parsec in the nearest clouds.

The present work is an extension of previous findings, as
reported by the Planck collaboration, on their study of the po-
larized thermal emission from Galactic dust. Previous stud-
ies include an overview of this emission (Planck Collaboration
Int. XIX 2015), which reported dust polarization percentages up
to 20% at low NH, decreasing systematically with increasing
NH to a low plateau for regions with NH > 1022 cm�2. Planck
Collaboration Int. XX (2015) presented a comparison of the po-
larized thermal emission from Galactic dust with results from
simulations of MHD turbulence, focusing on the statistics of the
polarization fractions and angles. Synthetic observations were
made of the simulations under the simple assumption of homo-
geneous dust grain alignment e�ciency. Both studies reported
that the largest polarization fractions are reached in the most dif-
fuse regions. Additionally, there is an anti-correlation between
the polarization percentage and the dispersion of the polarization
angle. This anti-correlation is reproduced well by the synthetic
observations, indicating that it is essentially caused by the turbu-
lent structure of the magnetic field.

Over most of the sky Planck Collaboration Int. XXXII
(2016) analysed the relative orientation between density struc-
tures, which is characterized by the Hessian matrix, and po-
larization, revealing that most of the elongated structures (fila-
ments or ridges) have counterparts in the Stokes Q and U maps.
This implies that in these structures, the magnetic field has a
well-defined mean direction on the scales probed by Planck.
Furthermore, the ridges are predominantly aligned with the
magnetic field measured on the structures. This statistical trend
becomes more striking for decreasing column density and, as
expected from the potential e↵ects of projection, for increas-
ing polarization fraction. There is no alignment for the highest
column density ridges in the NH & 1022 cm�2 sample. Planck
Collaboration Int. XXXIII (2016) studied the polarization prop-
erties of three nearby filaments, showing by geometrical mod-
elling that the magnetic field in those representative regions has
a well-defined mean direction that is di↵erent from the field ori-
entation in the surroundings.

In the present work, we quantitatively evaluate the relative
orientation of the magnetic field inferred from the Planck po-
larization observations with respect to the gas column density
structures, using the histogram of relative orientations (HRO,
Soler et al. 2013). The HRO is a novel statistical tool that quan-
tifies the relative orientation of each polarization measurement
with respect to the column density gradient, making use of
the unprecedented statistics provided by the Planck polarization
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ØDiscs form in every model
ØDiscs surround 1-4 stars
ØEvolution is very dynamic given multiple interactions
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ØCircumstellar discs of 5-80au form
ØCircumsystem discs of up to 500au form
ØEvolution is very dynamic given multiple interactions
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ØThere is a wide range of magnetic field strengths in the discs
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ØStar forming regions have a wide range of initial magnetic field strengths, that are approximately independent of the 
global environment
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Conclusions

ØWhen modelling the formation of an isolated star
ØLarge, rotationally supported discs form in pure hydrodynamics
ØNo discs forms when using ideal MHD
ØLarge and small discs form when using non-ideal MHD
ØNon-ideal MHD solves the magnetic braking catastrophe

ØWhen modelling the formation and evolution of a low-mass star cluster
ØMagnetic fields affect the large-scale structure of the cloud
ØNon-ideal MHD processes only affect small-scale structure
ØProtoplanetary discs form in every model, even those with initially strong magnetic fields
ØThere is no magnetic braking catastrophe

ØTAKE-AWAY MESSAGE: MAGNETIC FIELDS CANNOT BE IGNORED!  (and need further investigation)
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