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6Instituto de Astrof́ısica de Andalućıa (IAA, CSIC), Glorieta de la Astronomı́a s/n, E-18008 Granada, Spain

7Instituto de Radioastronomı́a y Astrof́ısica (UNAM), 58089 Morelia, México
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ABSTRACT

Here we present deep (16 µJy beam−1), very high (40 mas) angular resolution 1.14 mm, polarimetric,

Atacama Large Millimeter/submillimeter Array (ALMA) observations towards the massive protostar

driving the HH 80-81 radio jet. The observations clearly resolve the disk oriented perpendicular 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 µm. 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 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.

Keywords: stars: formation – accretion, accretion disks – ISM: individual objects (GGD27, HH 80-81,

IRAS 18162-2048) – submillimeter: ISM – polarization

1. INTRODUCTION

HH 80-81 is a spectacular, 14 pc long and highly col-

limated radio jet powered by a massive (early B-type)
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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 where linearly

polarized synchrotron emission due to relativistic elec-

trons has been detected, indicating the presence of a

magnetic field aligned with the jet (Carrasco-González

et al. 2010; Rodŕıguez-Kamenetzky et al. 2017). This is
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highly indicative that the jet is being launched from an

accretion disk, as it has been observed in other astro-

physical environments (e.g., microquasars and AGNs).

Previous pre-ALMA sub-arcsecond angular resolution

observations reveal the presence of a ∼1000 au rotating

molecular flattened structure perpendicular to the radio

jet (Gómez et al. 2003; Fernández-López et al. 2011b;

Carrasco-González et al. 2012; Girart et al. 2017) and

of a compact, barely resolved dust emission from the

putative disk (Fernández-López et al. 2011a; Carrasco-

González et al. 2012; Girart et al. 2017). The dynami-

cal 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 for the dust linear po-

larization of ' 0.8% 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

wavelengths have undergone a great development since

the early, pre-ALMA, interferometric observations (Rao

et al. 2014; Stephens et al. 2014; Segura-Cox et al. 2015;

Cox et al. 2015; Fernández-López et al. 2016). Now

ALMA is revealing in great detail the rich and com-

plex polarization information hidden in the dust par-

ticles at circumstellar disk scales, where grain growth,

dust settling and optical depth effects may have a sig-

nificant impact on the observed polarization properties

(e.g., Hull et al. 2017a,b; Stephens et al. 2017; Lee et al.

2018; Cox 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 wave-

lengths: self-scattering by dust grains (Kataoka et al.

2015, 2016; Yang et al. 2016a, 2017), alignment of as-

pherical dust grains with the magnetic field (Lazarian

& Hoang 2008; Hoang & Lazarian 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

them (Yang et al. 2016b; Kataoka et al. 2017), which

makes the interpretation difficult.

Here we present 1.14 mm polarimetric ALMA ob-

servations of the accretion disk of the massive proto-

star 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 observa-

tions 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 polari-

metric observations were taken on December 3, 2015.

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 an-

tennas in the C36-7 configuration which provided base-

lines between 15 m and 6.3 km (or 13 to 5400 kλ). The

observations were performed under very good weather

conditions, which yielded system temperatures between

80 and 100 K at 263 GHz. The standard aperture syn-

thesis calibration and the specific polarization calibra-

tion 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 vis-

ibility plane except in the 150 and 300 kλ range, where

there is a significant lack of visibilities. That 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 the visibilities with baselines larger than

300 kλ. The selfcalibration solutions were transfer to

the Stokes Q and U visibilities. The selfcalibration al-

lowed to improve the rms noise in Stokes map (by a

factor of ∼2 for the Stokes I).

In this paper we present the polarization maps to-

wards 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 parame-

ter, and only using visibilities with baselines larger than

300 kλ. The resulting synthesized beam has a full width

at half maximum (FWHM) of 45.0 mas×38.3 mas with

a position angle of −62.4◦. The Stokes I rms noise is

19 µJy beam−1. The rms noise level in the Stokes Q

and U dust maps is σpol =16 µJy beam−1. The linear

polarization maps were obtained from the Stokes Q and

U images (P =
√
Q2 + U2 − σ2

pol). The polarization po-

sition angles (PApol = 0.5 arctan (U/Q)) were obtained

using a cutoff of 3-σ, where σ 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

MM1 appears clearly resolved in an elliptical shape of

∼0.′′4 × 0.′′2 elongated along the NW-SE direction, per-

pendicular to the radio jet (Figure 1). The source ra-

dius, ∼300 au, suggests that the emission is tracing

the expected putative disk around the massive proto-

star that powers the HH 80-81 jet. The peak intensity

is 65.9 mJy beam−1, which implies a signal-to-noise ra-
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Figure 1. Image of the GGD 27 MM1 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, the white contours
400 and 600 K. The synthesized beam is shown in the right-
bottom corner of the bottom panel.

tio 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 base-

lines larger than & 4000 kλ the emission appears to arise

from an unresolved, unpolarized source. This means

that the source size is much smaller than the synthe-

sized beam and that it has a very high brightness tem-

perature,�750 K. The origin of this emission, probably

ionized gas associated with the base of the jet, will be

analysed in a forthcoming publication (Añez et al., in

preparation). Therefore, the compact source was re-

moved from the visibilities and the maps were redone

with the same parameters (hereafter, we use maps with-

out the compact source). Figure 1 shows the disk before

and after the removal. The overall shape of the disk

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 disper-
sion within each ring for the data. The vertical dotted line
indicates Rturn, the radius where the power-law changes.

remains the same, but the peak brightness temperature

decreases from 676 K to 467 K.

Since the disk is very well resolved, a Gaussian cannot

reproduce the intensity 2-D profile. Alternatively, we as-

sumed that the disk intensity can be modeled with two

different power laws (Iν ∝ r−q)1, one for the inner region

(with a power law index qinn) and the other for the outer

region (qout). We define three radii: Rinn is the mini-

mum radius where the dust emission is detected, Rturn,

the radius where the power-law changes, and Rdisk, 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±10 au),

PA = 112.9±1.0◦, i = 48.8±0.5◦ and a total 1.14 mm

flux density of 350±1 mJy (see Fig. 2). The inner and

transition radius are Rinn = 7±1 mas (12±2 au) and

Rturn = 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 (qout=4.5±0.1) to a

relative flat index in the inner disk (qinn=0.7±0.1). Pre-

vious 7 mm observations marginally resolved the dust

emission associated with this disk, but the derived ra-

dius, ∼ 200 au, had large uncertainty due to the lack

of sensitivity and to the contamination from the radio

jet emission (Carrasco-González et al. 2012). The 1.14

and 7 mm flux densities indicate a spectral index of 2.2,

1 A fit using a simple power law generates a significantly worse
solution.
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which implies that the disk dust emission is nearly op-

tically thick.

3.2. Dust polarization

The dust linear polarization is detected almost all

along the GGD27 MM1 disk (Fig. 3). The polar-

ized peak intensity, 0.28 mJy beam−1 ('0.67% of the

Stokes I peak intensity), is offset 45 mas south-west of

the Stokes I intensity peak. Remarkably, the polariza-

tion properties show two clear distinct regions in the

disk with a sharp transition between them, which coin-

cides with a location of zero-level polarization. This

occurs at the Stokes I iso-intensity contour level of

11.8 mJy beam−1, or, equivalently, at a dust bright-

ness temperature of 120 K. Interestingly, this transition

is located at a disk radius of R ' 0.′′10, which is precisely

the transition radius, Rturn, where the power-law of the

Stokes I intensity profile changes (see previous section).

The region inside the transition radius, Rturn, (here-

after 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 direc-

tions. Most of the angles are partially aligned with the

minor axis (22.6◦), with an average direction of ∼ 36◦.

The other region arises from the north-east quadrant of

the inner disk, and shows an average position angle of

−38◦.

The outer disk (i.e., the region outside Rturn) has sig-

nificantly higher polarization levels than the inner disk,

with an average value of 4.0% and standard deviation of

2.3% 2. 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 seg-

ment shown in Fig. 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 an-

gle and the observed polarization angle. The average

angle difference is relatively small, 11◦. 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

2 This has been measured in a region enclosed between Rturn

and the disk radius of Rdisk.

Figure 3. Top panel: Composite of the 1.14 mm con-
tinuum ALMA Stokes I (contours), polarized intensity (grey
scale) and polarization position angle segments (red bars) in
the GGD27 MM1 disk. Bottom panel: Similar as before, but
the colour 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 of 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 pat-
terns.

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, be-

coming optically thin. A multi line analysis of SO2,

at scales of a few hundred au, indicates that the aver-

age kinetic temperature of the traced molecular gas is

∼ 120 K (Fernández-López 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 Rturn radius, i. e., at the radius where
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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 differ-
ences between the polarization position angles and the disk
azimuthal angles for the disk’s outer region (R > 0.′′10).

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 polariza-

tion properties. Together, all these pieces of evidence

strongly suggest that the Rturn radius (0.′′1 or 170 au)

indicates the change between the optically thick and the

optically thin regimes in the disk. This implies that ob-

servations at 1.14 mm or at shorter wavelength cannot

be used to properly study the disk density and temper-

ature as well as the kinematics in the inner disk. Obser-

vations at longer wavelengths may alleviate somewhat

this problem.

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.

The overall polarization pattern of the inner disk at

first sight 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 most clear 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. Not

only this, the strongest polarized emission is extended

along the major axis with a curved shape, similar to

what is expected (see Fig. 4h from Yang et al. 2017).

In addition, 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 opti-

cally thick disk is the bifurcation in polarization orienta-

tion, with respect to the minor axis direction, along the

major axis. Thus, in an optically thin disk the orienta-

tion 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 pre-

dicted 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 NE 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

Fig. 5). For the case of an optically thick disk, polariza-

tion 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 it is

shown in the bottom panel of Fig. 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 to 50◦, with respect to the

expected values. One possibility for this significant de-

parture 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.

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).
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The average polarization fraction detected in the in-

ner region, 0.56%, is well within the expected values for

self-scattering, but it is lower than the predicted aver-

age 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 stud-

ies carried out by Kataoka et al. (2016, and references

therein). From Figure 3 of Kataoka et al. (2016) and

taking into account the average polarization fraction in

GGD27 MM1, we estimate that the maximum grain size

should be in the 50 and 500 µm range.

In the outer part of the disk, the azimuthal pattern

is remarkable (Figs. 3 and 4b). 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 with a polarization degree higher than in the cen-

ter, ∼2–3 % (Kataoka et al. 2016; Yang et al. 2017).

The GGD27 MM1 disk presents three clear differences

with respect to these published predictions. First, the

azimuthal layer is significantly broader and appears to

extend outwards starting from the transition radius be-

tween optically thick and thin regimes. Second, the po-

larization fraction reaches in many zones 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 tai-

lored for our particular source) can be resolved with an

outer disk where the temperature drops more quickly

with radius than 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. Ob-

servations at multiple wavelengths but with similar an-

gular resolution are needed to better constrain the po-

larization origin in the outer disk, the maximum grain

size in the inner and outer disk, and to determine the

origin of the SE-NW asymmetry in the inner disk.

This paper makes use of the following ALMA data:

ADS/JAO.ALMA#2015.1.00480.S. ALMA is a part-

nership of ESO (representing its member states), NSF

(USA) and NINS (Japan), together with NRC (Canada)

and NSC and ASIAA (Taiwan) and KASI (Repub-

lic of Korea), in cooperation with the Republic of

Chile. The Joint ALMA Observatory is operated by

ESO, AUI/NRAO and NAOJ. JMG, RE, GA, IA,

GB, IA, JFG, MO and JMT are supported by the

MINECO (Spain) AYA2014-57369-C3 and AYA2017-

84390-C2 coordinated grants. SC acknowledges sup-

port from DGAPA, UNAM and CONACyT, México.

HY is supported in part by ALMA SOS, and ZLY

by NASA NNX14AB38G and NSF AST-1313083 and

1715259. MP acknowledges funding from the Euro-

pean Unions Horizon 2020 research and innovation

programme under the Marie Sk lodowska-Curie grant

agreement No 664931. IJS acknowledges financial sup-

port from STFC through an Ernest Rutherford Fel-

lowship (ST/L004801). JM acknowledges support from

MINECO (Spain) AYA2016-76012-C3-3-P grant.

Facilities: ALMA

Software: CASA (McMullin et al. 2007)
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