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Polarized (sub)millimetre emission from dust grains in circumstellar disks was
initially thought to be because of grains aligned with the magnetic field*%. However,
higher-resolution multi-wavelength observations®> and improved models®'° found
that this polarization is dominated by self-scattering at shorter wavelengths (for
example, 870 pm) and by grains aligned with something other than magnetic fields at
longer wavelengths (for example, 3 mm). Nevertheless, the polarization signal is
expected to depend on the underlying substructure™ 3, and observations until now
have been unable to resolve polarization in multiple rings and gaps. HL Tau, a
protoplanetary disk located 147.3 + 0.5 pc away", is the brightest class  or class Il disk
at millimetre-submillimetre wavelengths. Here we show deep, high-resolution
polarization observations of HL Tau at 870 pm, resolving polarizationinboth the
rings and the gaps. We find that the gaps have polarization angles with anotable
azimuthal component and a higher polarization fraction than the rings. Our models
show that the disk polarization is due to both scattering and emission from the
aligned effectively prolate grains. The intrinsic polarization of aligned dust grains is
probably more than 10%, which is much higher than that expected inlow-resolution

observations (about 1%). Asymmetries and dust features that are not seenin
non-polarimetric observations are seen in the polarization observations.

We used the Atacama Large Millimeter/submillimeter Array (ALMA)
in Full Stokes mode at 0.033” (4.9 AU) resolution to observe both the
total emission and polarized emission from HL Tau (Methods). The
linear polarization data (Stokes Q and U) were combined with data
from previous observations* for increased sensitivity, which resulted
inaslightly coarser resolution of about 0.0345” (5.1 Au). Figure 1shows
the polarization morphology of HL Tau overlaid on the Stokes /image.
Vectors are plotted ina grid with a separation of 0.0198” (that is, sam-
pledslightly less than Nyquist sampling), for atotal of 2,067 displayed
vectors. The number of independent vectors detected towards HL Tau
is an order of magnitude more than that detected previously*, and
about an order of magnitude more than the previously best-resolved
diskin polarization®.

Given the long integration times, the Stokes /image of HL Tau is at
much higher fidelity than what has been done before®, and it is pre-
sented in Fig. 2. Previously HL Tau had seven identified dark bands'
or gaps, but our observations show an eighth gap towards the edge of
the disk, which we measure to be at aradius of approximately 0.73” or
107.5 AU. We rename the gaps from their old nomenclature’® (D1-D7)
to anomenclature that shows their distance in AU, as the distance of
147.3 pc has now been accurately determined by Gaia™.

The previous observations of HL Tau* showed polarization vectors
close to uniform polarization and parallel to the minor axis of the disk
with polarization fractions around 1%. Figure 1shows a non-uniform
polarization morphology and higher polarization fractions. The ori-
entations of the polarization vectors in the rings are mostly uniform,
whereas the vectors in the gaps have a strong azimuthal component,
showing two distinct brackets around the disk centre. Figure 3 shows
the polarization fraction and polarized intensities along with the eight
gapsoverlaid on HL Tau. Along withwhat isseeninFig.1, thereare three
key features of the polarization:

1. Polarization fractions are typically much higher in the gaps (reaching
upto3.7%) thanintherings. Eventhe polarized intensity is frequently
higher in the gaps.

2. Polarization vectors are usually uniformly aligned along the minor
axis, butthereis anotable azimuthal componentin the gaps. Notably,
the first gap (D14) has aring of polarized intensity with azimuthally
oriented polarization directions that surrounds the inner disk.

3. The polarized fractions and intensities are larger along the major
axis than the minor axis.

The first feature is further quantified in Fig. 4, which shows cuts in
Stokes/, polarization fraction and polarized intensity along the major

'Department of Earth, Environment and Physics, Worcester State University, Worcester, MA, USA. 2Department of Astronomy, University of Virginia, Charlottesville, VA, USA. ®Instituto Argentino
de Radioastronomia, CCT-La Plata (CONICET), Villa Elisa, Argentina. “Department of Astronomy, University of Illinois, Urbana, IL, USA. *Kavli Institute for Astronomy and Astrophysics, Peking
University, Beijing, People’s Republic of China. °School of Physics and Astronomy, Monash University, Clayton, Victoria, Australia. "National Astronomical Observatory of Japan, Tokyo, Japan.
8Instituto de Radioastronomia y Astrofisica (IRyA), Universidad Nacional Auténoma de México (UNAM), Morelia, Mexico. °Department of Earth and Planetary Sciences, Tokyo Institute of
Technology, Tokyo, Japan. °Université Grenoble Alpes, CNRS, Institut de Planétologie et d’Astrophysique (IPAG), Grenoble, France. "Astronomical Institute, Tohoku University, Sendai, Japan.

®e-mail: istephens@worcester.edu

Nature | www.nature.com | 1


https://doi.org/10.1038/s41586-023-06648-7
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-023-06648-7&domain=pdf
mailto:istephens@worcester.edu

Article

18°13'58.0”

€

©

[}

Qo

18°13'57.5" § 5

>

3

= E
g 2
S 5
Q 18°13'57.0"§ S
o E
=4

o

~

0

2

(]

X

18°13'56.5" 3 2

4h31min38.50s

4h31min38.45s
RA (J2000)

4h31min38.40s

Fig.1| The 870-pm polarization morphology overlaid on the total-intensity
images of HL Tau. The length of the vectorsis proportional to the percentage
oflight thatis polarized (P), with a2% scale bar shown at the bottomright. A

100 Auscalebarisshownonthebottom left. The vectors are plotted when both
their total intensity (Stokes /) and the polarized intensity are detected ata 3o
level, and for P<10%. Vectors with P< 0.5% are drawn as thinner lines. The
resolution (beam) isshown as asmallblueellipse at the bottom right. Dec,
declination; RA, right ascension.

axis. For the inner three gaps, there are local peaks in both polarized
intensity and fraction. By contrast, for Stokes /rings, there are local
troughs, except the very central Stokes / peak.

Thefact thatthe polarized intensity is stronger in the gaps was unex-
pected, as there is less dust. Furthermore, the Stokes /is typically
more symmetric along the major axis than the polarized intensity. For
example, the Stokes /fluxes along the cut for the first gap (D14) differ
by 6%, whereas the polarized intensity and fraction differ by about
30%. An increased asymmetry of these quantities is not expected
along the major axis of an axisymmetric disk for polarization because
of scattering or grain alignment, suggesting there are features in the
disk not seen in Stokes /. For example, there could be a slight warp
in the disk, a difference along the major axis in the dust scale height
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Fig.2| The 870-pm total-intensity (Stokes/)image of HL Tau.a,b, The
resolution (beam) isshownasasmallblueellipse at thebottomright.aandbare
identical, except thatb hasellipses at the locations of the gaps'®, whichincludes
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or adifference in dust grain properties (for example, composition,
albedo or sizes)°.

By contrast, for aninclined dust disk that is not geometrically thin,
asymmetries are fully expected along the minor axis, with the near side
ofthedisk (thatis, the part of the disk closer to the observer) expected
tobe more polarized than the far side of the disk”. The near side of HL
Tau is towards the bottom right'®, yet the ring between the first two
gapshasamore polarized intensity towards the far side of the disk. This
againsuggeststhat there are some asymmetries along the minor axis.
However, interior to the first gap (thatis, the central bright emission),
the polarized intensity is higher on the near side compared with that
onthe far side, as expected for a thicker dust disk.

Building on previous work’, we create a model that can broadly
explain the three key features mentioned earlier, with the details of
the model in the Methods. Our attempts at a model with polarization
solely from the scattering of spherical grains, which is also applica-
ble to randomly aligned grains, could mostly reproduce the three key
features. However, it cannot re-create the large polarized intensity
with an azimuthally oriented polarization morphology®” in the first
gap (D14). By including both polarized thermal emission and scatter-
ing of aligned effectively prolate grains spinning about its long axis,
the model not only explains all three features but also fits them more
closely than the scattering-only model. In our model, we find that the
long axis of agrainis aligned azimuthally around the disk, whichis also
consistent with the polarization morphology at 3.1 mm (ref. 18). The
effective sizes of the prolate grains follow an a* power-law distribu-
tion' with a maximum grain size of 100 pm and creates the general
scattering polarization morphology. Prolate-like grains are favoured
over oblate-like grains because oblate grains have difficulty producing
the observed polarized morphology and intensity along the minor axis
observedinD14. Nevertheless, there is probably amix of grain shapes,
and our model suggests that the observations are most consistent with
the effective shapes that are predominantly prolate.

This model explains why the polarization is higher in the gaps than
inthe rings (key feature 1) because the rings have higher optical depth
that minimizes polarization fromgrain alignment because of a higher
dichroic extinction. In turn, this also allows for an azimuthal compo-
nent only in the gaps (key feature 2) because the optical depth of the
ringsis too high to produce significant polarized emission from grain
alignment, but still sufficiently low enough in the gaps that the azi-
muthal pattern from aligned grains dominates the uniform pattern
fromscattering. The model also produces larger polarization fractions
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the previously unidentified eighth gap. The number onthe label ofeach gap
indicates the semimajor axis lengthin Au. Scale bars,100 Au. Dec, declination;
RA, right ascension.
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Fig.3|Polarization fraction and intensity maps of HL Tau. a,b, The gapsinthedisk that were presented in Fig. 2 are shown. The resolution (beam) isshownasa

smallblueellipse at the bottom right. Scale bars, 100 Au.

and intensities along the major axis than the minor axis (key feature 3)
because the polarization from grainalignment and inclination-induced
scattering’ are constructive along the major axis and destructive along
the minor axis.

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

similar to that foundin the interstellar medium®*?, although the grains
inthe disk have grown to amuch larger size. The intrinsic aspect ratio
is probably even smaller than 0.85 because that value assumed 100%
alignment efficiency.

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

Grains of about 100 pm size are probably not aunique solutionand
would underestimate the intensity of theimage at longer wavelengths
(for example, 3 mm). Models could be further fine-tuned, but they
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Fig.4|Stokes/, polarized intensity, and polarization fraction profilesalong
the major axis of HL Tau (southeast to northwest). a,b, The Stokes/cutisin
blue, and the polarized intensity (a) and fraction (b) arein black. The shaded
grey areashows the standard deviation (10). The shaded yellow region shows

theresolution of the observations along the major axis (0.032”). Thered line in
aisthe3ocutofffor polarized intensity. Panel bshows only polarization
fractions measured above the 3olevel; therefore, the black curve does not
extend to the outer edge of the disk. Gaps are labelled with vertical lines.
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are degenerate because of different parameters, including grain size,
composition, albedo, porosity, alignment efficiency and shape'®?2*,
Multi-wavelength high-resolution observations are necessary to over-
comethese degeneracies and accurately constrain grain sizes. Never-
theless, these models show that both grain scattering and alignment
are at play, with scattering dominating the polarization in the rings
andaligned grainsin the gaps. Finally, itis worth mentioning that even
these models cannot explain polarization asymmetries across the major
and minor axes, indicating that polarization may show dust properties
across a planet-forming disk that cannot be seen by non-polarimetric
continuum observations.

Online content

Anymethods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
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Methods

Observations and datareduction
The observations presented in this paper are from the ALMA project
2019.1.01051.S, which were combined in part with the ALMA project
2016.1.00115.S, as discussed below (principal investigator:I. Stephens).
The project 2019.1.01051.S observed HL Tau in Full Stokes polarization
at 870 umusing two different array configurations, C-5and C-8, which
together provide baselines from 54 kA t0 13,300 kA. The observations
were taken from June to October 2021, with a total time on source of
18.7 h. Each of the tracks observed used between 39 and 43 antennas.
We tuned the correlator for four 1.75-GHz spectral windows centred
at sky frequencies of 336.5 GHz, 338.5 GHz, 348.5 GHz and 350.5 GHz.
We downloaded the raw measurement sets of the observations and
applied theinitial calibration delivered ina pipeline by the ALMA staff.
The Stokes / continuum emission was created using only the
2019.1.01051.S data. They were self-calibrated using three iterative
phase-only calibration and cleaning stages, with progressively lower
timeintervalsdown to10.4 s. We then removed nine channels contami-
nated by line emission from C”0, SO, and CH,CO in different spectral
windows, which account for around 3% of the total bandwidth. Follow-
ing the analysis by the Disk Substructures at High Angular Resolution
Project (DSHARP) team®, before combining the datasets of the two
different configurations, we aligned the disk peak in both datasets
using CASA programs fixplanets and phaseshift and re-scaled their
fluxes using gencal. The final Stokes /image has a root mean square
(rms) noise level of 15.9 pJy per beam, which gives asignal-to-noise ratio
of1,073 at the peak. It was constructed using arobust weighting of 0.5,
and the synthesized beam was 35.5 milliarc seconds (mas) x 30.5 mas at
aposition angle of 22° (measured anticlockwise from north). We also
attempted to combine these Stokes /datawith the HL Tau Science Veri-
fication data'®, but we found that these datareduced the signal to noise.
For producing the polarizationimages, we combined data fromthe
ALMA project 2016.1.00115.S (ref. 4), but self-calibrating in the same
manner as above, and aligning the peak position and re-scaling the
flux of the visibilities to match that of the 2019.1.01051.S combined
data. This project consisted of shorter baselines from the ALMA C-4
configuration, which gave baselines as shortas15.5 kA. The frequency
setup was the same as the 2019.1.01051.S data, and we also removed
the same nine channels with line contamination. The Stokes / image
of this track had notable side lobes, and added only additional noise
tothe 2019.1.01051.S Stokes /data (rms noise level of 15.9 pJy per beam
without C-4 versus 39.7 pJy per beam with C-4). As such, for Figs.1and 2,
we did not include the C-4 data for Stokes /, but we did for the polari-
zation vectors. However, for the rest of the figures in the paper and
those in the extended data, we included the C-4 in Stokes /, because a
consistent beam and spatial sampling is needed for proper calculations
(thatis, polarization fraction) and comparisons of radial cuts. After a
Hoégbom CLEAN deconvolution interactive process in CASA using a
robust parameter of 0.5, the final beam size for the polarization data
was 37.4 mas x 31.8 mas with a position angle of 26°, reaching an rms
noise level of 8.4 pJy per beam. We found that combining these data
(2016.1.00115.S and 2019.1.01051.S) added just more than 500 vec-
torsto Fig.1, with these vectors primarily corresponding to locations
with low-level Stokes/emission. As polarization fraction and intensity
canbeonly positive, there exists abias towards the positive values. As
such, we de-bias all polarization dataas givenin previous works?*%. As
mentioned in the plots, the vectors are all detected at a 3o level and
have P<10%. The vectors that have P>10% are few and are towards
the outer disk, and thus are potentially interferometric artefacts or
random noise above the 3o level. Including these in Fig. 1 makes the
othervectorslessclear, asthese vectors are long giventhe 2% scale bar.
The ALMA also measures Stokes V, which we also imaged. Without
consideringinstrumental effects, the Stokes Vfrom the 2021 observa-
tional data is positive and seems to be detected significantly in some

areas of the disk with a circular polarization fraction of a few tenths of
aper cent. However, the 2017 band 7 polarization data* are inconsist-
ent with these observations because they suggest that the Stokes V
is negative and has similarly low circular polarization fractions. As
the ALMA is not currently commissioned to measure significant (30)
polarization at levels less than 1.8% because of instrumental effects
(primarily beam squint), we consider any observational indication of
circular polarization as probably from instrumental artefacts.

Linear polarization modelling

The goal of this model is to demonstrate the main features of the
observed Stokes /, linear polarized intensity and linear polarization
fraction through radiation transfer modelling of scattering of aligned
prolate grains using a recently developed approach®. The model pre-
sented hereis essentially identical to that presented inref. 9, except we
consider rings and gaps within the disk rather than just asmooth density
profile. Incorporating this substructure when matching the model to
observations enables new constraints on the dust parameters. In the
following, we briefly describe the model and its setup, but we refer to
ref. 9 for more details.

Scattering-induced dust polarization depends on grain properties
such assize, shape and composition®%%2* all of which are uncertain.
Polarization data for asingle wavelength do not allow a precise deter-
mination of these properties in general; our case is no exception. We
adopt the oft-used dust properties from the DSHARP?, Specifically, we
adopt a complex refractive index of m=2.30 + 0.0228i at A =870 pm
and a power-law grain-size distribution® of a°. From here, we fix the
minimum grain size a,,;, to 0.1 pm and the maximum grain size a,,,,, to
100 pm, and we assume the grains have no porosity. As the scattering
in the Rayleigh regime under consideration is dominated by grains
containing most of the volume (and thus the mass), the value of a,,,;,
haslittle effect on the model for the chosen size distribution. The value
of ..« is set by the requirement that (compact spherical) grains of
the order of 100 pm in size are needed to dominate the scattering of
870 um (band 7) photons efficiently®. It is well-known that this size is
intensionwith thelarger (mmand cm) grain sizes commonly inferred
from the dust opacity index*'®*, butitis beyond the scope of this paper
to address the tension in detail.

Theinclusion of scattering greatly complicates the radiative transfer
equation?. Although Monte Carlo techniques are effective in handling
scatteringinthe 3D structure of disks, completely dealing with aligned
grainsis challenging, and much of theresearchin this areahas been lim-
ited to spherical or randomly aligned grains®° ¢, The radiative transfer
simplifies markedly if eachlocal patch of the dust disk is approximated
by a plane-parallel slab®. The plane-parallel approximation is reasonable
because the dust layer responsible for the (sub)millimetre continuum
emission of HL Tauis geometrically very thinvertically, with a dust scale
height of approximately 1 Auand aradius of 100 Au, based on the lack
of an azimuthal variation of the gap width?.

The dust opacities and the scattering properties depend onthe com-
position, shape and size of the grains. The grain shapeis uncertainand
expected to be at least somewhat irregular. To facilitate quantitative
modelling, we represent the grains with effective spheroids®, scattering
properties of which can be calculated using the T-matrix method**.
To be explicit, when we refer to prolate grains, we refer to grains that
are effectively prolate (including intrinsically elongated grains and
grains spinning around their longest axis) and likewise oblate grains for
effectively oblate grains (including intrinsically oblate grains and grains
spinningaround their shortest axis)'®. As there is already evidence that
polarized thermal emission from effective prolate grains can explain
the azimuthal polarization patternin the HL Tau disk at band 3 (3.1 mm)
better than that from effective oblate grains®®*°, we choose to use
prolate grains to model the similar azimuthal pattern observed in the
gapsin our high-resolution band 7 data as well. As shown in Extended
Data Fig. 1a, they naturally produce the parallel-to-the-major-axis
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polarization orientations observed in the first gap at the locations
alongthe minor axis. This feature is difficult, if notimpossible, to pro-
duce with effectively oblate grains, which will be shown later in this
section. The polarization fraction of the thermal radiation emitted by
aligned prolate grains depends on the alignment efficiency and intrinsic
degree of elongation of the grain, which are uncertain. In particular,
the former can depend on the grain size, especially if the grains are
aligned by a mechanism depending on internal alignment, which is
size-dependent*. In our model, these effects are encapsulated in a
dimensionless free parameter, s, which is the effective aspect ratio of
the adopted prolate grain. For simplicity, we assume the same value
of s for grains of all sizes in the power-law size distribution, with the
expectationthat the value inferred from model comparison with obser-
vationsis indicative of the effective aspect ratio of mainly those grains
contributing most to the thermal emission—the largest grains for the
adopted size distribution.

To obtain the dust continuum intensity fromthe plane-parallel slab,
we need the alignment direction of prolate grains, temperature 7Tand
surface density > at eachline of sight. For simplicity, we assume the disk
isaxisymmetric, and we prescribe Tand 2 as afunction of the cylindri-
calradius R. As indicated above, we consider only toroidally aligned,
prolategrains that do not depend ontheradius. To limit the parameter
space, we use a power-law prescription for the temperature profile

T=T,o(R/10)%3, o))

where T}, is the temperature at a radius of 10 Au. We fix the power-law
index to -0.5 because it is the expectation of a passively irradiated
disk****and is consistent with previous constraints**.

As an approximation to the set of multiple rings, we construct the
dust surface-density distribution as asummation of individual axisym-
metric Gaussianrings. The surface density of the ith ring is defined by
its absorption optical depth through

2
R =1, exp[—%[Rv_VCi] } )

where C;is thelocation of the centre of thering, W;is the scale width and
1.;isthe optical depthat the ring centre. The surface density is related to
theoptical depth through } (R) = 7. /k... where k., is the dust extinction
opacity. Asthe grains are non-spherical, the extinction opacity should
depend on the viewing direction of the grain, but here we take k., as
the extinction opacity averaged over all solid angles.

Similarly, the inner disk (denoted by a subscript a) is prescribed
as a power-law with an exponential taper also defined through the

optical depth by
-p 15
R R
T(R) =1 (—] exp[—j 3)
a c,0 RO RO

where 1, is the characteristic optical depth and R, is the characteristic
radius. The surface density of the complete disk is simply asummation
of therings and the inner disk and is expressed as

N
IZ(R)=Z,(R) + Y Z(R) 4)

i=1

where Nis the total number of rings.

Following the methodology inref. 9, creating the complete image of
thediskinvolves piecingtogether each patch of the disk for which the
intensity isapproximated by the emergentintensity of the plane-parallel
slab. First, we produce the image of the disk in the principal frame, in
which the image coordinates, x, and y,, are along the disk minor and
major axes direction given someinclination i (i = 0 means face-on). The

Stokes convention of ALMA is based on the International Astronomical
Union (1974) convention®. For clarity, let Q, and U, be the Stokes param-
eters Qand Uinthe principal frame with the International Astronomical
Union (1974) convention. The disk inclination produces polarization
parallel to the disk minor axis (along the x, direction), which means a
positive Stokes Q,. Second, because the observations are defined in
right ascension and declination (that is, sky frame), we convert the
Stokes parameters Q and Uin the principal frame (that is, Q,and U,)
to thosein the sky frame (denoted by subscript s, as Q,and U,) using

Q.= Qp cos2n - Up sin2n (5

Us=Q, sin2n + U, cos2n, 6)

where 7is the position angle (anticlockwise from north) of the disk
minor axisonthefarside. Stokes/inthe principal frame and thatin the
sky frame (Stokes /) are equal in value. From previous observations®,
weadoptaninclinationof i =46.7° and a position angle of the disk major
axis 0f138.02°. Given that the blue-shifted outflow s to the northeast'®,
the position angle of the far side of the disk is at  =48.02°. Last, when
comparing the model to the observations of finite resolution, we con-
volve the model with the elliptical Gaussian beam of the observation.

Wetry to match the Stokes/,and the linear polarization fraction along
the major and minor axes of the disk. The Stokes /; profile constrains
thelocations and widths of the rings, the temperature T, and, in part,
the optical depth. The polarization fraction constrains a,,,, s and the
optical depth”. Extended Data Table 1shows the adopted parameters.
In general, each bright band identified from the observations can be
reproduced using a single Gaussian ring. We find that a,,,, =100 pm
matches well with the observations, and such afitis similar to previous
results based on polarization***®, As areference, the adopted a,,,, gives
Kexe~3.12 cm? g™, which provides the conversion from the optical depth
tothe dustsurface density. Although we find that the adopted param-
etersareadequate to broadly reproduce the observations, we warn that
the parameters may not be unique in producing such features'®?>%,

Extended DataFig.1a shows the resulting model for the Stokes/and
polarization vectors that can be compared with Fig. 1. Extended Data
Fig.1b,c showsthe polarization fraction and polarized intensity that can
be compared with Fig. 3. The close similarity between the model and
the observed image demonstrates that scattering by aligned prolate
grains together with their polarized thermal emission and extinction
canreadily capture the main observed features, as discussed in the
main text. First, the polarization fractions and polarized intensities
(Extended Data Fig. 1b,c) are mostly larger along the major axis. The
origin is because the thermal polarization and inclination-induced
polarization are constructive along the major axis, but destructive
along the minor axis’. Moreover, beam averaging of the rings and gaps
also contributes to this azimuthal variation. The polarization from the
rings thatare uniformly parallel to the minor axis of the disk is construc-
tive with the thermal polarization from the gaps along the major axis,
but destructive along the minor axis.

Second, along the major axis, the polarization fraction is much higher
inthe gapsthanintherings, which we can easily identify for the inner-
most five gaps (D14, D34, D44, D68 and D78) as shown in Extended Data
Fig.1b. Thisisalso the case for polarized intensity although easily seen
atonly D34 and D44 in Extended Data Fig. 1c. To show the trend more
clearly, we show the one-dimensional profile along the major axis in
Extended Data Fig. 2, and compare the model with the observation.
We also do this for the minor axis in Extended Data Fig. 3. To show the
direction of the polarization fraction, we also plot g, = Q,//,in Extended
DataFig. 3. As the polarization alongthe principal axesis either parallel
or perpendicular to the minor axis direction for the disk model, using
g, alone is sufficient and its absolute value corresponds to p. A posi-
tive g, means polarization parallel to the disk minor axis, whereas a
negative g, means polarization parallel to the disk major axis. For the



observation, we calculate its Q, using equation (5) given the observed
Q. and U,. The model can capture the distribution of the Stokes /and
its anti-correlation with the polarization fraction.

Qualitatively, the anti-correlation is a natural result of the varying
opticaldepth of the rings and gaps. Thermal polarization is most promi-
nent when the emitting material is optically thin. However, when the
optical depthincreases, dichroic extinction from the same material
causes the thermal polarization to drop®”*, By contrast, scattering,
and thus polarization from scattering, becomes effective only when
the optical depthreaches the order of unity or larger”. Therefore, the
optically thick rings can have large Stokes /but low p, whereas the opti-
cally thinner gaps can have low Stokes /and large p.

For quantitative comparisons, we also show the cuts of the model
image before convolution. The units of Stokes /QU are scaled by the
same factor as the convolved model for easier comparison. Convolution
averages theintensities of the rings and gaps, but the polarization from
the gaps is more affected than the polarization from the rings. Before
convolution, the polarization fractionin the gapsis much higher than
the polarization fraction after convolution. For example, at the first gap
(D14), the polarizationis about 7% before convolution, but appears as
about 4.5% after convolution.

Furthermore, the thermal polarization fromtoroidally aligned pro-
late grains can explain the polarizationin the minor axis of the first gap
(D14), which is perpendicular to the disk minor axis (opposite to the
inclination-induced polarization). In Extended DataFig. 3, we show the
cutalong the minor axis. As defined above, the positive offsetis along
the far side of the disk. The convolved model can capture similar levels
ofthe polarization fractionin theinner disk, the first gap (D14) and the
ring between D14 and D34 (the first ring). Effects of beam averaging
are more prominent along the minor axis because the gap is narrower
in projection. Before convolution, the polarization fraction in D14 is
about 5%, but seems to be about 1.7%. However, at the inner disk, the
peak polarized intensity and the peak polarization fraction are not at
the centre as predicted from the model, but shifted to the near side
(southwest; Fig. 3). The shift can at least, in part, be explained by the
near-far-side asymmetry of a geometrically thick inner dust disk".
The model cannot capture the near-far-side asymmetry because the
image is built from plane-parallel slabs that are more applicable for
geometrically thin disks.

We find that the aspect ratio of the prolate grainis s = 0.85 if perfectly
aligned. Larger values of s make the polarizationin the gap too strong,
whereas smaller values of s make the elliptical polarization pattern
disappear, particularly along the minor axis. For convenience, consider
poastheintrinsiclevel of polarization of the grain viewed edge-on (with
the axis of symmetry perpendicular to the line of sight) in the optically
thin limit (see ref. 9 for details). The prolate grain with s = 0.85 gives
Po~12%, which is comparable to the observed levels of polarizationin
the envelope scale*® and in the interstellar medium?*?. The high p,
isnecessary because it works against the optical depth of the gap itself
and contamination from rings because of beam averaging.

By contrast, the outer regions along the minor axis do not show simi-
lar polarization perpendicular to the disk minor axis. As demonstrated
in Extended DataFig. 2, this can be explained by beam averaging of sev-
eralrings with large enough optical depth. Going to even higher angular
resolution and better sensitivity should mitigate the beam-averaging
effects and uncover the thermal polarization from aligned grains, if any.
This observation would make measurements of the radial distribution
of grainalignment possible and provide constraints on the alignment
mechanism.

Theaspectratio of s=0.85ismuch smaller thanthes ~ 0.97 inferred
from the lower angular resolutionimage of band 3 (3.1 mm) of HL Tau’.
Thelatter is constrained by the approximately 2% polarization®** along
the outer regions of the minor axis of the diskinband 3 when assuming
asmooth disk. The contrast suggests that polarization from aligned
grainsis diluted by polarization from the optically thick substructures

evenatband 3. Another possibility is by varying the levels of grain align-
ment efficiency or aspectratios. The inner region may be more aligned
and/or elongated, whereas the outer regions are less aligned and/or
elongated. Going tolonger wavelengths with similar angular resolution
to resolve the rings and gaps will help distinguish the two scenarios.
Thelower optical depthatlonger wavelengths increases the polariza-
tion fraction from aligned grains in the gaps, and also the decreased
optical depth of the rings effectively increases the angular extent of
the optically thin gaps making it easier to resolve the gaps.

If the dilution of large p, grains from optically thick substructure is
true, then it has far-reaching implications for detecting grain align-
mentindisksingeneral. The ALMA has routinely detected polarization
for disks although with only a few beams across the disk minor axis.
Many sources show an elliptically oriented polarization pattern of a
few per cent in the outer regions>>**-*, which is similar to the previ-
ous low-angular resolution observations of HL Tau at band 3 (ref. 4).
Asmost ofthese sources also have substructure, we speculate that the
intrinsic polarization should be much higher just like the case of HL Tau
and grain alignment may be frequent. More high-angular resolution
studies of various sources that can resolve the gaps will be necessary to
verify the frequency of aligned grains and their prevalence as a general
phenomenonin disks.

Wealsorerunthisidentical analysis, but we use oblate grains with an
aspect ratio of s=1.2 and their short axes aligned radially in the disk.
We do not consider oblate grains that are toroidally aligned, because
the polarization would be radial and completely different from what is
observed. The results are shown in Extended Data Fig. 4. In Extended
DataFig. 4a,b (bottom), we saturate the colour scale for the polariza-
tion fraction and morphology so that one can directly compare with
Extended Data Fig. 1for the prolate grain model. This model is incon-
sistent with the observations because the polarization direction is
oppositeto that observedin D14 along the minor axis. This discrepancy
in polarization orientation can be removed in principle by increasing
theaspectratio of the oblate grain, but it would make the already exces-
sively high polarization at locations along the major axis even higher.
Decreasing the aspect ratio would render scattering more dominant,
worsening the polarization orientation discrepancy in D14 along the
minor axis and causing the polarization orientations in the gaps less
azimuthal than observed.

Toacertain extent, purescattering of spherical or randomly aligned
grains with the radiation anisotropy owing to the existence of rings
and gaps can also produce the anti-correlation between Stokes / and
p along the major axis. That is, the radiation anisotropy is greater in
the gapsthanintherings, whichleads tolarger p (refs.12,13,56). How-
ever, solely relying on radiation anisotropy will make it difficult to
reproduce both the polarization direction and the high level of polar-
ized intensity along the minor axis for the first gap (D14). Although
eachscattered photon canbe highly polarized, the gaps need enough
material to scatter enough photons from the rings to produce the high
polarized intensity, but the polarization tends to follow the disk minor
axis (inclination-induced polarization) with increasing optical depth.

Radiation anisotropy is not included given the plane-parallel
nature of the model, and itis unclear how it will affect the inferred s
(also degenerate with the alignment efficiency). As mentioned above,
given the large optical depth seen along the midplane between each
neighbouring patch of the disk, we can expect marginal contributions
fromradiation anisotropy that makes the use of the plane-parallel slab
calculations favourable. Thisis probably the case for gaps too because
the optical depth to the observer in the gaps is already greater than 1
(Extended Data Figs. 2 and 3). However, future refinements of the
model will need to consider radiation anisotropy in 3D geometry. The
strongest constraint for s comes from the polarization in the first gap
(D14), inwhich theradiation anisotropy should be larger compared with
the rings. The 3D geometry is also necessary to explain the near- and
far-side asymmetry of the inner disk. Monte Carlo radiation transfer
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codes that can easily handle radiation anisotropy in 3D geometry do not
typically include scattering of aligned grains®. The superior quality of
the data highlights the necessity for the development of 3D radiation
transfer codes to include thermal emission and scattering of aligned
grains in a self-consistent manner.

Data availability

This paper makes use of the following ALMA data: ADS/JAO.
ALMA#2016.1.00115.S and ADS/JAO.ALMA#2019.1.01051. The obser-
vational data products generated and analysed during the current
study are available in the Harvard Dataverse repository (https://
dataverse.harvard.edu/dataverse/HLTau_Band7 Pol) under DOIs
https://doi.org/10.7910/DVN/MM4V5M and https://doi.org/10.7910/
DVN/7CQRBC.Raw ALMA dataare available at ALMA Science (https://
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Extended Data Table 1| The parameters used to produce the
disk model and polarizationimage

Tio K] | 110
Amax [pm] | 100
s 0.85
RO [au] 10
Ta 2.3
P 0.5
C [au] 24 39 49 59 73 83 102 116
Te 8 5 5 8 3 8 8 8
W [au] 4 3 3 2 4 3 2 2
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