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Abstract

Here we present deep (16 zJy beam™ "), very high (40 mas) angular resolution 1.14 mm, polarimetric, Atacama Large
Millimeter/submillimeter Array (ALMA) observations toward the massive protostar driving the HH 80-81 radio jet.
The observations clearly resolve the disk oriented perpendicularly to the radio jet, with a radius of ~0”171 (~291 au
at 1.7 kpc distance). The continuum brightness temperature, the intensity profile, and the polarization properties
clearly indicate that the disk is optically thick for a radius of R < 170 au. The linear polarization of the dust emission
is detected almost all along the disk, and its properties suggest that dust polarization is produced mainly by self-
scattering. However, the polarization pattern presents a clear differentiation between the inner (optically thick) part of
the disk and the outer (optically thin) region of the disk, with a sharp transition that occurs at a radius of ~0”1
(~170 au). The polarization characteristics of the inner disk suggest that dust settling has not occurred yet with a
maximum dust grain size between 50 and 500 pm. The outer part of the disk has a clear azimuthal pattern but with a
significantly higher polarization fraction compared to the inner disk. This pattern is broadly consistent with the self-
scattering of a radiation field that is beamed radially outward, as expected in the optically thin outer region, although
contribution from non-spherical grains aligned with respect to the radiative flux cannot be excluded.
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1. Introduction

HH 80-81 is a spectacular, 14 pc long and highly collimated
radio jet powered by a massive (early B-type) protostar
(D =~ 1.7 kpc; Rodriguez et al. 1980; Marti et al. 1993, 1995;
Masqué et al. 2013, 2015; Vig et al. 2018). The protostellar
radio jet is the first one for which linearly polarized synchrotron
emission due to relativistic electrons has been detected,
indicating the presence of a magnetic field aligned with the
jet (Carrasco-Gonzélez et al. 2010; Rodriguez-Kamenetzky
et al. 2017). This is highly indicative that the jet is being
launched from an accretion disk, as has been observed in other
astrophysical environments (e.g., microquasars and active
galactic nuclei (AGNs)). Previous pre-Atacama Large Milli-
meter/submillimeter Array (ALMA) sub-arcsecond angular
resolution observations reveal the presence of a ~1000 au
rotating molecular flattened structure perpendicular to the radio
jet (Gémez et al. 2003; Ferndndez-Lépez et al. 2011b;
Carrasco-Gonzélez et al. 2012; Girart et al. 2017) and compact,
barely resolved dust emission from the putative disk (Fernan-
dez-Lépez et al. 2011a; Carrasco-Gonzélez et al. 2012; Girart

et al. 2017). The dynamical mass (star and disk) derived from
these observations is roughly 10-20 M (e.g., Girart
et al. 2017). These observations put an upper limit of ~0.8%
on the dust linear polarization at circumstellar scales. However,
the dust polarization is detected at much larger scales (~0.1 pc,
Curran & Chrysostomou 2007).

Circumstellar disk polarization studies at (sub)mm wave-
lengths have developed substantially since the early, pre-
ALMA, interferometric observations (Rao et al. 2014; Stephens
et al. 2014; Cox et al. 2015; Segura-Cox et al. 2015;
Fernandez-Loépez et al. 2016). Now ALMA is revealing in
great detail the rich and complex polarization information
hidden in the dust particles at circumstellar disk scales, where
grain growth, dust settling, and optical depth effects may have
a significant impact on the observed polarization properties
(e.g., Hull et al. 2017a, 2017b; Stephens et al. 2017; Cox et al.
2018; Lee et al. 2018; Maury et al. 2018). This is leading to
new challenges on how we understand the production of (sub)
mm polarization from a theoretical perspective. Indeed, three
main mechanisms are used currently to explain the dust
polarization disk at (sub)mm wavelengths: self-scattering by
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dust grains (Kataoka et al. 2015, 2016; Yang et al. 2016a,
2017), alignment of aspherical dust grains with the magnetic
field (Hoang & Lazarian 2008; Lazarian & Hoang 2008), and
alignment with anisotropic radiation (Lazarian & Hoang 2007;
Zeng et al. 2013; Tazaki et al. 2017). However, the dust
polarization in disks could arise from a combination of these
mechanisms (Yang et al. 2016b; Kataoka et al. 2017), which
makes interpretation difficult.

Here we present 1.14 mm polarimetric ALMA observations
of the accretion disk of the massive protostar GGD27 MM1
powering the HH 80-81 jet (Section 2). The disk has been fully
resolved using a beam of ~40 mas (Section 3). Continuum
polarization observations are presented as well, showing in
detail the complex morphology of the polarized emission
(Section 3). We discuss the implication of these findings in
Section 4.

2. Observations

The 1.14 mm (263.0 GHz) ALMA continuum polarimetric
observations were taken on 2015 December 3. We used the
Band 6 receiver with the correlator set in continuum mode
(time division mode (TDM)) covering the 253.0-257.0 GHz
and 269.0-273.0 GHz frequency ranges. The observations
were performed with 37 antennas in the C36-7 configuration,
which provided baselines between 15 m and 6.3 km (or 13 to
5400 k)). The observations were performed under very good
weather conditions, which yielded system temperatures
between 80 and 100 K at 263 GHz. The standard aperture
synthesis calibration and the specific polarization calibration
were performed by the ALMA staff (see Nagai et al. 2016).
The ALMA flux accuracy in Band 6 is ~10%, as determined
by the observatory flux monitoring program.

The observations have a very good coverage in the visibility
plane except in the 150 and 300 kX ranges, where there is a
significant lack of visibilities. This means that the image fidelity
is severely affected for scales larger than >0”7. Because of
this, iterative phase-only self-calibration was performed using
the Stokes I image as a model for visibilities with baselines
larger than 300 kA. The self-calibration solutions were
transferred to the Stokes Q and U visibilities. The self-
calibration allowed for the improvement of rms noise in the
Stokes map (by a factor of ~2 for the Stokes I).

In this Letter we present the polarization maps toward
GGD27 MM1, all obtained with the CASA task clean. The
Stokes I, Q, and U maps were generated with a value of 0.5 for
the robust Briggs weighting parameter, and only used
visibilities with baselines larger than 300 kA. The resulting
synthesized beam has an FWHM of 45.0 mas x 38.3 mas with
a position anigle of —62%4. The Stokes I rms noise is
19 pJy beam™ . The rms noise level in the Stokes Q and U
dust maps is oo = 16 ply beam'. The linear polarization
maps were obtained from the Stokes Q and U images

P = 0>+ U* - crf,ol). The polarization position angles
(PApo = 0.5arctan(U/Q)) were obtained using a cutoft of
3-0, where ¢ is the rms noise of the Stokes Q and U maps.

3. Results

3.1. Dust Emission

The 1.14 mm continuum dust emission of GGD27 MMI
appears clearly resolved in an elliptical shape of ~074 x 072
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Figure 1. Image of the GGD27 MMI1 disk in units of brightness temperature.
(a) Original map; (b) map obtained after subtracting the compact source from the
visibilities. The color scale is the same for the two panels. The black contours are
5, 10, 20, 50, 100, and 200 K, and the white contours 400 and 600 K. The
synthesized beam is shown in the right-bottom corner of the bottom panel.

elongated along the northwest—southeast direction, perpendicular
to the radio jet (Figure 1). The source radius, ~300 au, suggests
that the emission is tracing the expected putative disk around the
massive protostar that powers the HH 80-81 jet. The peak
intensity is 65.9 mJy beam ', which implies a signal-to-noise
ratio of ~3500. The brightness temperature at the peak for the
achieved angular resolution is 676 K.

We found that in the maps obtained using only baselines larger
than 24000 k), the emission appears to arise from an unresolved,
unpolarized source. This means that the source size is much
smaller than the synthesized beam and that it has a very high
brightness temperature, >>750 K. The origin of this emission,
probably ionized gas associated with the base of the jet, will be
analyzed in a forthcoming publication (N. Afiez-Lépez et al. 2018,
in preparation). Therefore, the compact source was removed from
the visibilities and the maps were recreated with the same
parameters (hereafter, we use maps without the compact source).
Figure 1 shows the disk before and after the removal. The overall
shape of the disk remains the same, but the peak brightness
temperature decreases from 676 to 467 K.
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Figure 2. Radial profile of the 1.14 mm dust emission from the GGD27 MM1
disk, obtained by averaging the emission over elliptical rings (filled squares).
The blue and dashed line show the best-fitted profile (see Section 3.1) and the
beam profile, respectively. The error bars show the rms dispersion within each
ring for the data. The vertical dotted line indicates Ry, the radius where the
power law changes.

Since the disk is very well resolved, a Gaussian cannot
reproduce the intensity 2D profile. Alternatively, we assumed
that the disk intensity can be modeled with two different power
laws (I, o< r~9),'® one for the inner region (with a power law
index ¢;,,) and the other for the outer region (g,,). We define
three radii: R;,, is the minimum radius where the dust emission
is detected, Ry, is the radius where the power-law changes,
and Ry;g is the disk radius. As free parameters we also included
the disk position angle (PA) and the angle between the disk
normal and the line-of-sight, i. The disk model was convolved
with a Gaussian with the same FWHM as the synthesized
beam. The best fit was obtained for a disk with a radius of
171 + 6 mas (291 + 10au), PA = 112°9 + 190, i = 48?8 +
0°5 and a total 1.14 mm flux density of 350 + 1 mJy (see
Figure 2). The inner and transition radius are R;,, = 7 = 1 mas
(12 £2au) and Ry = 92 + 1 mas (156 au), respectively. In
addition, the power-law index changes dramatically in the disk,
from a steep index in the outer part (g, = 4.5 £ 0.1) to a
relatively flat index in the inner disk (g, = 0.7 £ 0.1).
Previous 7 mm observations marginally resolved the dust
emission associated with this disk, but the derived radius,
~200 au, had a large uncertainty due to the lack of sensitivity
and to the contamination from the radio jet emission (Carrasco-
Gonzalez et al. 2012). The 1.14 and 7 mm flux densities
indicate a spectral index of 2.2, which implies that the disk dust
emission is nearly optically thick.

3.2. Dust Polarization

The dust linear polarization is detected almost all along the
GGD27 MMI1 disk (Figure 3). The polarized peak intensity,
0.28 mJy beam ' (=~0.67% of the Stokes I peak intensity), is
offset 45 mas southwest of the Stokes [/ intensity peak.
Remarkably, the polarization properties show two clear distinct
regions in the disk with a sharp transition between them, which
coincides with a location of zero-level polarization. This occurs
at the Stokes I iso-intensity contour level of 11.8 mJy beam ',
or, equivalently, at a dust brightness temperature of 120 K.
Interestingly, this transition is located at a disk radius of
R ~ 0”10, which is precisely the transition radius, Ry,,, where
the power law of the Stokes / intensity profile changes (see
previous section).

16 A fit using a simple power law generates a significantly worse solution.
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Figure 3. Top panel: composite of the 1.14 mm continuum ALMA Stokes /
(contours), polarized intensity (grayscale), and polarization position angle
segments (red bars) in the GGD27 MM1 disk. Bottom panel: similar as before,
but the color image showing the polarization fraction (here, the polarization
position angle segments appear as black bars). In both panels, the contour
levels are 3, 10, 50, 120, 200, and 400 K. The wedge shows the scale of the
polarized intensity and polarization fraction. The synthesized beam is shown in
the bottom-right corner of the panels. Note that the 120 K contour appears at
the transition radius, with an almost null polarization ring, between two
distinctive polarization patterns.
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Figure 4. Left panel: histogram of the distribution of the polarization position
angles for the disk’s inner region (R < 0”10). The dashed line indicates the
position angle of the disk minor axis. Right panel: histogram of the differences
between the polarization position angles and the disk azimuthal angles for the
disk’s outer region (R > 0710).

The region inside the transition radius, Ry, (hereafter the
inner disk) has a very low polarization level region. Thus,
within this radius the polarization degree has a mean value of
0.56% and a standard deviation of 0.33%. In the left panel of
Figure 4, the histogram of the polarization position angles
shows two main directions. Most of the angles are partially
aligned with the minor axis (2296), with an average direction of
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~36°. The other region arises from the northeast quadrant of
the inner disk, and shows an average position angle of —38°.

The outer disk (i.e., the region outside Ry,,) has significantly
higher polarization levels than the inner disk, with an average
value of 4.0% and a standard deviation of 2.3%.'7 The
polarization position angles have a nearly azimuthal pattern
(i.e., they follow a direction tangent to the iso-intensity
contours of the Stokes I emission). At the position of each
polarization position angle segment shown in Figure 3, we
have computed the expected tangent angle for an ellipse
centered in the disk center that crosses this point. The right
panel of Figure 4 shows the histogram of the difference
between this tangent angle and the observed polarization angle.
The average angle difference, 11°, is relatively small. This
confirms the azimuthal pattern in the outer disk.

4. Discussion

4.1. The Optically Thick Disk around the Massive Protostar
Powering the HH 80-81 Jet

The brightness temperature of the disk dust emission reaches
high values, up to ~400 K, but it drops well below 10 K in the
outskirts of the disk. This suggests that the inner part of the
disk is optically thick and that the dust optical depth decreases
with radius, becoming optically thin. A multi-line analysis of
SO,, at scales of a few hundred au, indicates that the average
kinetic temperature of the traced molecular gas is ~120 K
(Fernandez-Lopez et al. 2011b). Thus, we can roughly use this
temperature as a proxy to define where the dust emission
becomes optically thick, i.e., where the dust brightness
temperature reaches a value similar to the gas temperature
(assuming that gas and dust are well coupled). The dust
brightness temperature reaches this value at the R, radius,
i.e., at the radius where the Stokes intensity profile changes
significantly in its slope, so it becomes much flatter in the inner
disk with respect to the outer disk. In addition, this is the radius
where there is a sharp transition between the polarization
properties. Together, all of this evidence strongly suggests that
the Ry, radius (0”1 or 170 au) indicates the change between
the optically thick and the optically thin regimes in the disk.
This implies that observations at 1.14 mm or at shorter
wavelength cannot be used to properly study the disk density
and temperature as well as the kinematics in the inner disk.
Observations at longer wavelengths may alleviate this problem
to a certain extent.

4.2. Origin of the Dust Polarization

Because of the clearly different polarization properties of the
inner and outer regions of the disk, here we discuss separately
the properties of the two regions.

Initial observation suggests that the overall polarization
pattern of the inner disk matches well the prediction of self-
scattering from an optically thick disk where dust settling (into
the mid-plane) has not yet occurred (Yang et al. 2017). First,
the clearest sign of the optically thick case is that the strongest
polarization signal is offset along the minor axis with respect to
the total intensity peak. In addition, the strongest polarized
emission is extended along the major axis with a curved shape,
similar to what is expected (see Figure 4(h) from Yang

'7 This has been measured in a region enclosed between Ry, and the disk
radius of Ryjg.
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Figure 5. Top: difference between the position angles of the dust polarization
and the disk’s minor axis angle for three cuts parallel to the major axis
(PA = 113°)—one along the major axis itself (black line), a cut 40 mas (68 au)
north of the major axis (in the far side of the disk, green line), and a cut 40 mas
south of the major axis (in the near side of the disk, red line). Positive values of
the position offset indicates position west of the disk intensity peak. Bottom:
similar but from the optically thick disk model by Yang et al. (2017).

et al. 2017). Furthermore, the outflow geometry (e.g.,
Heathcote et al. 1998) indicates that this region appears in
the nearest side of the disk (with respect to the observer), which
is also a strong prediction by the aforementioned model.
Another strong indication of self-scattering in an optically thick
disk is the bifurcation in the polarization orientation, with
respect to the minor axis direction, along the major axis. Thus,
in an optically thin disk the orientation is basically uniform and
parallel to the minor axis. In the optically thick case, where
only the surface layer of a (dust) disk of an appreciable
geometric thickness is directly observable, the polarization
orientation is predicted to deviate significantly from that of the
minor axis in a well-defined manner. The observed position
angles in the inner disk show a reasonable agreement with this
predicted pattern, except on its northeast side (see Section 3.2).
This can be better observed by making slices along the major
axis and along a parallel line to the major axis in the near and
far sides of the disk (see Figure 5). For the case of an optically
thick disk, polarization angles in cuts parallel to the major axis
are expected to be symmetrical with respect to the origin
(defined as the peak position relative to the minor axis), as is
shown in the bottom panel of Figure 5. This behavior is
partially observed in the data. In spite of being slightly offset,
the slice in the near side of the disk is the one that matches
better the expected shape. The other two slices show that the
position angles in the eastern side deviate significantly, by 30°—
50°, with respect to the expected values. One possibility for this
significant departure from the predicted scattering pattern is
that the (dust) disk surface is highly perturbed, potentially by a
disk-wind or some other means. Another possibility is that they
are modified by polarized emission from, e.g., magnetically
aligned grains in the envelope surrounding the disk.

The average polarization fraction detected in the inner
region, 0.56%, is well within the expected values for self-
scattering, but it is lower than the predicted average maximum
values (Kataoka et al. 2016; Yang et al. 2017). A rough
estimate of the maximum grain size in the GGD27 MM1 disk
can be obtained from the studies carried out by Kataoka et al.
(2016, and references therein). From Figure 3 of Kataoka et al.
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(2016) and from taking into account the average polarization
fraction in GGD27 MM1, we estimate that the maximum grain
size should be in the 50 and 500 pum range.

In the outer part of the disk, the azimuthal pattern is
remarkable (Figures 3 and 4(b)). This is expected for the outer
layers of the disk, where the radially anisotropic radiation is
basically dominated by the radiation from the inner part of the
disk. In models of optically thin disks around low-mass stars,
this layer is typically very thin, ~2%-3%, with a polarization
degree higher than in the center (Kataoka et al. 2016; Yang
et al. 2017). The GGD27 MMI1 disk presents three clear
differences with respect to these published predictions. First,
the azimuthal layer is significantly broader and appears to
extend outward starting from the transition radius between
optically thick and thin regions. Second, the polarization
fraction in many zones reaches values of 5%-7%, which
appears to be higher than the predicted values. Third, the
polarization fraction in the outer part of the disk is apparently
larger along the minor axis than along the major axis. It is
possible that these discrepancies with the existing scattering
models (that are not tailored for our particular source) can be
resolved with an outer disk where the temperature drops more
quickly with radius than is assumed in the existing models. We
have carried out some preliminary models that confirm this
hypothesis (a more detailed study is out of the scope of this
paper and will be part of a future work). It is also plausible that
the polarization in the outer disk is due to non-spherical grains
aligned by anisotropic radiation (Tazaki et al. 2017).

Finally, this work has shown the unique case of a fully
linearly polarized disk around a massive protostar. Observa-
tions at multiple wavelengths but with similar angular
resolution are needed to better constrain the polarization origin
in the outer disk, the maximum grain size in the inner and outer
disk, and to determine the origin of the southeast—northwest
asymmetry in the inner disk.
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