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ABSTRACT

Recent high-angular resolution (~ 40 mas) ALMA observations at 1.14 mm resolve a compact (R =~
200 au) flattened dust structure perpendicular to the HH 80-81 jet emanating from the GGD 27-MM1
high-mass protostar, making it a robust candidate for a true accretion disk. The jet/disk system
(HH 80-81/GGD 27-MM1) resembles those found in association with low- and intermediate-mass
protostars. We present radiative transfer models that fit the 1.14 mm ALMA dust image of this disk
which allow us to obtain its physical parameters and predict its density and temperature structure.
Our results indicate that this accretion disk is compact ( Raisk™ 170 au) and massive (~ 5 M), about
20% of the stellar mass of ~ 20 M. We estimate the total dynamical mass of the star-disk system
from the molecular line emission finding a range between 21 and 30 Mg, which is consistent with our
model. We fit the density and temperature structures found by our model with power law functions.
These results suggest that accretion disks around massive stars are more massive and hotter than
their low-mass siblings, but they still are quite stable. We also compare the temperature distribution
in the GGD 27-MMI1 disk with that found in low- and intermediate-mass stars and discuss possible
implications on the water snow line. We have also carried out a study of the distance based on Gaia
DR2 data and the population of young stellar objects (YSOs) in this region, and from the extinction
maps. We conclude that the source distance is within 1.2 and 1.4 kpc, closer than what was derived
in previous studies (1.7 kpc).

Keywords: stars: formation — ISM: individual objects (GGD 27, HH 80-81, IRAS 18162-2048) — stars:
massive — protoplanetary disks

1. INTRODUCTION

Understanding how high-mass stars form and evolve is
one of the hot topics in astrophysics, due to the strong
impact that these objects have in the life of a galaxy.
However, the study of high-mass protostars is difficult
due to their fast evolution (~ 10° yr) to the main se-
quence, their large distances and high obscuration.

It is well known that low-mass stars are formed
through an accretion disk that transports gas and dust
from the envelope to the protostar and through a jet that
removes the excess of angular momentum (Shu, Lizano,

& Adams 1987; McKee & Ostriker 2007). Disks around
nearby solar-type stars have been studied to great ex-
tent and detail (e.g. Williams & Cieza 2011; Testi et al.
2014; Hartmann et al. 2016; Andrews et al. 2018), but at
the moment the number of disks studies of more distant
and massive stars is still comparatively very small.
Accretion disks around massive stars is a plausible
mechanism that can alleviate the radiation pressure
problem, hence allowing an accretion flow to continue
once photo-ionization has started (e.g. Tan et al. 2014;
Klassen et al. 2016; Kuiper & Hosokawa 2018). How-
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ever, their physical properties are still uncertain (see
e.g., Beltran & de Wit 2016, for a recent review). Flat-
tened, disk-like structures have been observed in a few
massive young stars (Beltrdn et al. 2011, 2014; Sanchez-
Monge et al. 2014; Johnston et al. 2015; Sanna et al.
2018; Zapata et al. 2019). However, these structures are
large (~ 1000-10000 au) and have masses considerably
larger than the central protostar and it is difficult to
envisage them as real accretion disks. Therefore higher
angular resolution and more sensitivity observations are
required to better characterize the physical parameters
and the role of these rotating structures (e.g. Maud et al.
2019; Ginsburg et al. 2019). Three of the best examples
in the literature of massive protostars associated with
a clearly defined jet and a compact (few hundred au)
angularly resolved dusty disk candidate are: Cepheus A
HW2 (Patel et al. 2005), GGD 27-MM1 (Girart et al.
2018), and G11.92-061 MM1a (Ilee et al. 2018).

The HH 80-81 objects (at a distance of 1.4 kpc;
see Appendix) are associated with a spectacular (~
10 pc long) highly collimated radio-jet (Marti et al.
1993; Heathcote et al. 1998; Masqué et al. 2015),
which is powered by a massive early B-type pro-
tostar TIRAS18162—2048 (GGD 27-MM1, Fernandez-
Loépez et al. 2011a; Girart et al. 2017). This protostel-
lar radio-jet is the first one where polarized emission
due to relativistic electrons has been detected, show-
ing the presence of a magnetic field aligned with the jet
(Carrasco-Gonzdlez et al. 2010; Rodriguez-Kamenetzky
et al. 2017). Very Large Array (VLA) continuum obser-
vations at 7 mm reveal a cross-shaped morphology which
was interpreted as two overlapping structures that could
correspond to the radio-jet and a disk of ~200 au of ra-
dius (Carrasco-Gonzélez et al. 2012), in agreement

with the upper limit imposed by the 1.3 mm contin-
uum dust emission observations (Ferndndez-Lépez et al.
2011a). The size of the putative disk coincides with the-
oretical predictions of the centrifugal radius based on
the Spectral Energy Distribution (SED) fitting of some
high-mass protostar regions (De Buizer, Osorio, & Cal-
vet 2005).

In addition, observed velocity gradients in the molec-
ular gas perpendicular to the HH80-81 radio jet have
been interpreted as rotating motions (Ferndndez-Lépez
et al. 2011b; Carrasco-Gonzalez et al. 2012; Girart et al.
2017). Definitive evidence of a compact disk around
IRAS 18162-2048 comes from ALMA observations at
1.14 mm with an angular resolution of ~ 40 mas (~ 56
au), which reveal a compact dust disk clearly perpen-
dicular to the radio-jet (Girart et al. 2018, see Fig. 1).

Due to the similarities with disk-protostar-jet systems
in low- and intermediate-mass protostars, in this paper

we analyze the GGD 27-MM1 disk by applying models
that have successfully explained disks around low-mass
stars. The main goal is to investigate if the assumptions
that are usually adopted for disks around low-mass stars
can be roughly extrapolated to the case of massive stars.
For example, disks around low-mass stars are much less
massive than the central protostar and therefore they
are usually gravitationally stable. In the high-mass case
it is not clear if disks are stable (Maud et al. 2019) or
unstable (Motogi et al. 2019; Zapata et al. 2019).

The paper layout is as follows. In Section 2 we present
the ALMA observations of the disk around GGD 27—
MM1, describing the disk model in Section 3. In Sec-
tion 4 we present the main observational properties of
the region. In Section 5 we explain the fit procedure and
Sections 6 and 7 correspond to results and discussion, re-
spectively. We list the main conclusions in Section 8 and
present the new distance estimation in the Appendix.

2. ALMA OBSERVATIONS

In this work we use ALMA continuum observations at
1.14 mm (263.0 GHz; project ALMA#2015.1.00480.S).
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 was
used. The observations were carried out with 37 anten-
nas in the ¢36-8/7 configuration, which provided base-
lines between 82 m and 11.05 km (13 to 5400 kA). The
Stokes I image toward GGD 27 -MM1 was generated
using the resulting visibilities after the subtraction of
the compact source (see Section 2.1). This was done
using the CASA task tclean with a value of 0.5 for the
robust Briggs weighting parameter. Because of a lack
of visibilities between 150 and 300 kA and in order to
filter extended emission coming from the envelope, we
used visibilities from baselines larger than 300 kA (cal-
ibration of the data is described in Girart et al. 2018).
The resulting synthesized beam has a full width at half
maximum (FWHM) of 45.0 mas x 38.3 mas (PA = -
62.4°). The Stokes I rms noise is 60 uJy beam~!. The
ALMA#2015.1.00480.S project had also a science goal
at Band 7 to observe several molecular lines in the 298-
302 and 310-313 GHz frequency ranges (c40-6 configura-
tion). Here we analyze the position-velocity diagrams of
two of the brightest lines detected that better trace the
disk kinematics, SOQ 92,8—8177 and 193,17_192,18 transi-
tions. For these two molecular lines, the calibrated data
were self-calibrated from the continuum by using all the
available channels in the four observed spectral windows,
except for the channels with the brightest line emission
(e.g., HoCO 45 3-31 2). Velocity channel maps were ob-
tained (after continuum subtraction) using tclean with
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Figure 1. Disk and jet system of the massive star GGD 27
-MM1. The color image shows the dust continuum emission
of the disk observed with ALMA at 1.14 mm with ~40 mas
angular resolution (~56 au) (Girart et al. 2018, see also our
Fig. 4). In contours it is shown the VLA image at 3.6 cm
of the radio-jet observed with an angular resolution of ~0.4
arcsec (Carrasco-Gonzdlez et al. 2012).

natural weighting, which yielded a FWHM synthesized
beam of 0.21” x 0.16” (PA = —87.1°). The channel
width was ~ 0.98 km s~!. The rms noise achieved
was 1.3 mJy beam~! per channel. The other molec-
ular lines detected will be presented in a forthcoming
paper (Ferndndez-Lépez et al. in prep.).

2.1. The compact (few au) source at the disk center

Figure 2 shows the real part of the observed visibil-
ities as a function of the wv distance from the phase
center (disk center). The flux density decreases steeply
with increasing visibility radius, r(u,v), for the shortest
baselines (r(u,v)< 2000 kX). At larger radii the flux

density decreases more smoothly up to r(u, v)~4000 k.
At this point the flux density remains roughly constant
with the visibility radius. This suggests that the emis-
sion from the longest baselines may be dominated by
a very compact object. To check this possibility, we
generated several images using only visibilities with a
minimum visibility radius, r(u,v)min, between 3500 and
4750 kA and with a robust weighting of 1. The values
of the minimum visibility radius used and the resulting
synthesized beam are given in Table 1. Maps including
only baselines longer than 4000 kA are devoid of arti-
facts due to the severe missing flux density from the
disk. The compact source appears in maps with long
visibilities radii (see Fig. 3).

A two dimensional Gaussian fit was performed to the
different images obtained with different baseline ranges.
The flux density and the deconvolved size obtained from
the Gaussian fit are listed in Table 1. The images with
visibilities radii > 4000 kA show an unresolved source
with a flux density of ~19 mJy at the center of the disk.
We also performed a Gaussian fit to the visibilities using
the same range of visibilities as before. The flux density
and size of these fits are also shown in Table 1. The fits
to the visibilities with 7(u,v)min>4000 and >4250 kA re-
veal that the emission arises from a very compact region
with a radius of ~ 4 mas (~5.6 au). Given the rela-
tively short range of visibilities used in this fit, further
very high angular resolution observations (~ 10 mas)
are needed to better constrain its size. In any case,
these values imply that the brightness temperature of
this compact source is probably ~ 10 K.

The origin of the compact source cannot be due to the
thermal emission of dust grains but rather to ionized gas
(see Section 7.1). Therefore, this compact source was re-
moved from the visibilities to obtain the map presented
here, tracing only the dust emission from the accretion
disk (Fig. 4).

3. DISK MODEL

The disk was modeled using the irradiated a-accretion
disk models created by D’Alessio et al. (1998, 1999, 2001,
2006), which have been successfully used and further
developed to model disks around low- and intermediate-
mass stars (e.g.; McClure et al. 2013; Osorio et al. 2014,
2016; Macfas et al. 2018).

The models describe disks around stars with parame-
ters typical of classical T Tauris; that is, an irradiated
flared disk with two population of grains. These two
populations aim at emulating the dust growth and ver-
tical settling predicted by dust evolution models (Dulle-
mond & Dominik 2004). The code computes the ver-
tical and the radial structure of the disk using the a-
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Table 1. Gaussian fit to the Compact Source

Image plane Visibility plane

7(u,0)min  Synthesized Beam Flux density Deconvolved Size  Flux density Size

(kX) (masxmas,®) (mJy) (masxmas,) (mJy) (mas)

3500 26.7x22.4, -63 28.5+0.2 16£1x7£1, 91+5 29.5£0.1 13.6+0.1
4000 23.8x20.9, -68 21.0£0.2 unresolved 20.8£0.1 4.7+0.5
4250 21.9x20.9, -59 20.1£0.2 unresolved 19.940.3 3.5+1.0
4500 21.6x19.8, 77 19.7£0.3 unresolved 19.3£0.4 failed ¢
4750 21.8x18.3, 67 19.1+0.4 unresolved 19.54+0.6 failed @

@ Algorithm did not found solution probably due to the small range of visibilities.
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Figure 2. Annular average of the real part of the 1.14 mm 0.2 0.15 0.1 005 O —-0.05 -0.15

ALMA visibilities, centered in GGD 27 MMI1, as a function
of the uv distance where the error bars are smaller than
symbols.

viscosity prescription and enforcing vertical hydrostatic
equilibrium. In the past, these models have already
been used to reproduce the spectral energy distribution
(SED) of a possible disk around the high-mass proto-
star AFGL 2591-VLA 3 (Trinidad et al. 2003). Further-
more, the a-viscosity prescription has been also used
to model quasi-steady selfgravitating disks around mas-
sive protostars under certain conditions (H/R < 0.1 and
Maisk /M, < 0.5, with H the disk scale height, and R
the radius of the disk; Forgan et al. 2016).

The model allows to set two populations of grains,
with a power-law size distribution n(a) o< a=3-5, where
a is the grain radius. Regarding the degree of settling,
we used the epsilon parameter € = (yman/Cstd, where
Csman and (giq are the dust-to-gas mass ratio of the small
grains and the initial standard value respectively (see
D’Alessio et al. 2006). The relative abundances of the
different dust components were adopted with a dust-
to-gas ratio of 0.0065 corresponding to the measured

Relative J2000 Right Ascension (arcsec)

Figure 3. 1.14 mm ALMA image of GGD 27 MM1 obtained

using only visibilities from baselines larger than >4000 k.

Contour levels start at 4-o, where ¢ is 0.06 mJy beam ™!,

and then increase by a factor two at each contour. The emis-
sion shows a compact source with a brightness temperature
~10K, likely associated with free-free emission (see Section
7.1).

abundances of silicates and graphites in the ISM (Draine
& Lee 1984; D’Alessio et al. 2006; Osorio et al. 2014).
The remaining ratio up to the commonly used value of
0.01 would be water ice and other ices. These ices sould
be sublimated at the high temperatures expected in the
disk, so they should have a negligible contribution in the
model (see Section 7.6.)

Other parameter related with the settling is Zy;, that
locates, as a function of the scale height (H), the border
between both populations of grains, which was fixed as
Zhig=0.1H.

The main heating sources are the stellar irradiation
and the viscous dissipation, which is parameterized
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through « (Shakura & Sunyaev 1973) and it is assumed
to be constant over the disk. The viscosity effective co-
efficient is defined as v; = acsH, where ¢ is the local
sound speed, and H is the hydrostatic scale height of
the gas:

R RQ(R) W
where k is the Boltzmann constant, T, is the disk mid-
plane temperature, G is the gravitational constant, Mgy
is the total mass (M, + Mgisk) at every radius, u=2.33
is the mean molecular weight and my is the hydrogen
mass. Besides, the model considers accretion luminosity
as part of the irradiation of the disk.

The temperature and density structure are calculated
self-consistently once the stellar parameters (radius R,
mass M,, and temperature T), the dust content (abun-
dances, distribution of grain sizes), viscosity («), and
disk mass accretion rate (Macc) are set. The dust opac-
ity includes absorption and isotropic self-scattering. In
an a-accretion disk model the mass surface density is
E:Maccﬂ/ 3racs(T.)?. The remaining parameters to
describe the disk model are: the disk radius, Rgjsk, and
the inclination angle of the disk .

The disk is considered to be steady, axisymmetric,
and geometrically thin. Its self-gravity is neglected com-
pared to the stellar gravity, and it is assumed to be in
Keplerian rotation and in hydrostatic equilibrium in the
vertical direction. The model assumes that dust and gas
are well mixed and thermally coupled; thus, a unique
temperature as a function of position in the disk is cal-
culated.

4. THE GGD 27-MM1 DISK-JET SYSTEM

In this section we present the main observational prop-
erties that can be used to constrain the parameters of
our disk model. Figure 4 shows the ALMA continuum
image of the GGD 27-MM1 disk at 1.14 mm. We re-
solve the disk at this wavelength, obtaining a flux den-
sity of 351.30 & 0.33 mJy and a peak intensity of 46 mJy
beam™! (see also Busquet et al. 2019). The morphol-
ogy observed at this wavelength is consistent with an
inclined disk (49°; 0° for a face-on disk) with a radius of
~ 240 au and PA= 113°. The brightness temperatures
of the disk in the central region reaches a value of ~
470 K (Girart et al. 2018). This is an indication of an
important source of heating.

Although there are not enough data points at differ-
ent frequencies with high angular resolution to build the
SED of the disk, we have extensive knowledge of the re-
gion that provides us with a series of observational con-
straints regarding the physical parameters of our model,
which are discussed below.

H cS(TC)[ kT.R }1/2
G Mot pmu

-20°47'30.8" d

r30

Dec (J2000)
3
m)y beam~1!

" )
// \\
— ; ; ; 0
18h19m12.11s12.10s 12.09s 12.08s
RA (J2000)

Figure 4. ALMA image at 1.14 mm of the GGD 27-MM1
disk. The contour levels are -5, 5, 50, 100, 200, 300, 500
times the rms noise (0.06 mJy beam™'). The conver-
sion factor from flux density to brightness temperature is
~8.9 K mJy~! beam.

Bolometric luminosity. The observed value is ~2.0
x10* L for a distance of 1.7 kpe (Gémez et al. 2003).
As shown in the appendix the source distance is between
1.2 and 1.4 kpc, and therefore the luminosity can be re-
calculated to be between ~1.0 x10* and ~1.4 x 10%
L& . This luminosity must be considered an upper limit
for the massive protostar GGD 27-MM1 since it comes
mainly from the IRAS fluxes that probably encompasses
other sources (Fernandez-Lépez et al. 2011a).

Dynamical mass. The total dynamical mass of the
star-disk system can be obtained from the molecular
line emission tracing the gas motions from the disk and
assuming that they behave as a rotationally-supported
disk (i.e., Keplerian velocity). We used the data cubes
for the SOg 95 5—81,7 and 193 17—192,15 lines (see Section
2) to construct position-velocity (PV) maps, centered
at the dust peak intensity with a position angle of 113°,
i.e. along the major axis of the disk. Figure 5 shows
the resulting plots. The brightest blueshifted emission
appears in the south-east side of the disk, while the red-
shifted emission arises from the north-west side of the
disk. This is in agreement with previous lower angu-
lar resolution and less sensitive observations (Fernandez-
Loépez et al. 2011b; Carrasco-Gonzalez et al. 2012; Gi-
rart et al. 2017). We note that there is also significant
red/blueshifted emission in the SW/NE side of the disk.
This could be an indication of infall motions, although
MHD simulation of disk formation and evolution shows
that this can be also a projection effect for significant
inclinations (e.g., Seifried et al. 2016). In order to con-
strain the dynamical mass from these PV maps, we fol-
lowed the procedure given by Seifried et al. (2016). This
procedure fits the Keplerian profile to the 5-0 contour
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Figure 5. Position-velocity plots along the major axis of the
disk for the SO2 92,38—81,7 and 193,17—192 18 lines. Contours
are 2, 4, 8, 16, 32, 64 and 128 times the rms noise of the
maps, 1.2 mJy beam™'. The dashed black line shows the
expected Keplerian profile for a 25 M. The red dashed line
shows the best Keplerian fit to the data using the method
proposed by Seifried et al. (2016) at 5-0. The fit corresponds
to a dynamical mass of 30 and 21 Mg for SOz 92 8—81,7 and
193,17-192,18 lines, respectively.

emission, and was tested in synthetic ALMA molecu-
lar line PV maps generated from MHD simulations for
disks around both low- and high-mass stars. It should
best work for lines that fully resolve, spatially and kine-
matically, the Keplerian profile in the PV maps and for
cases not too close to a face-on projection. The best
fit obtained yielded an inclination corrected dynamical
mass of 31+1 and 2141 M, for the SOy 95 8-81 7 and
19317192 18 lines, respectively. Since the line emission
mostly arises from the outskirts of the dusty disk mod-
elled in this paper, we can consider this dynamical mass
as the combined mass of the star and the accretion disk.
Thus we explored stellar mass values between 15 and
25 Mg and keep the total mass (star + disk) close to
the dynamical mass.

Mass accretion rate. Carrasco-Gonzalez et al. (2012)
estimate the mass-loss rate in the jet using the formula-
tion given by Reynolds (1986) (see Eq. 2), who model
the free-free emission from an ionized jet adopting a
power-law dependence with radius (see also Anglada
et al. 2018):

. 0.75
Moyt _ —6,.—1 Vjet S
[ngjq;*l} = 1.9x107"z, [1010(5)kms*1] |:mj }
« [ v ]70.45 D | [970]0‘75
GHz kpc rad

(2)
they assume a pure hydrogen jet with constant open-
ing angle 6y ~ 19° (conical jet), terminal velocity vjet
(~ 1000 km s~1), ionization fraction zo = 0.1, electron
temperature T,=10* K, and that the jet axis is in the
plane of the sky. They obtain a mass-loss rate of Mot
~107° Mg yr~! for a distance of 1.7 kpc, ~ 8x10~°
Mg, yr=t for the corrected distance of 1.4 kpc (see ap-
pendix). This value is in agreement with the value ob-
tained from CO observations of the molecular outflow
associated with the jet (Qiu et al. 2019). Assuming the
accretion rate Macc of the disk onto the star to be ~10
times larger than the mass-loss rate (Bontemps et al.
1996), the mass accretion rate would be Maccw 8x10~°
Mg yr—1. However, Beltran & de Wit (2016) (and ref-
erences therein), obtain a ratio between the mass-loss
rate and mass-accretion rate of approximately ~0.3 for
disks in young high-mass stars. In this case the mass
accretion rate would be lower, ~ 3x107° Mg yr—1.

Even though the mass accretion rate is not well de-
termined using these methods, it allows to define a
range of values to explore. Therefore, in our model-
ing we explored values of Macc in the ~ 1x107° to ~
2x10™* Mg yr~! range.

Stellar parameters. 1t is expected that most of the dy-
namical mass (21-31 Mg) is stellar, otherwise the disk
would be unstable and would show significant asymme-
tries (e.g., spiral structures) that are not observed with
the present data. Such massive star, if it were in the
main sequence, should develop an H II region, which
is not detected with the present observations (see Sect.
7.1). A possible solution to mitigate this problem is to
assume that the star is inflated, with low enough temper-
ature for not producing stellar UV radiation and create
an H II region.

In that sense, Hosokawa & Omukai (2009) found a
dependence of the protostellar radius with the accretion
rate. They obtain that, in general, the higher is the
accretion rate, the larger is the stellar radius. Then
the protostar has a lower maximum temperature for a
certain stellar mass. This fact causes a delay in the
onset of the main sequence phase and therefore a delay
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in the formation of an H II region. Thus, because of
the high accretion rate estimated, we decided to explore
large stellar radii, between 10 and 30 Rs. Because the
luminosity is known, this implies temperatures between
12000 and 18000 K. This is consistent with Johnston
et al. (2013), who modeled the envelope and disk around
the luminous star AFGL 2591-VLA3 (2.3 x105 Lg ),
and find a stellar radius of 90 R with a temperature
of 13000 K.

Inner disk radius. Considering a sublimation temper-
ature of 1400 K for the most refractory grains (D’Alessio
et al. 2006) and the observed luminosity, we can locate
the sublimation wall from L = 4mocT*R? at ~ 12 au of
radius. Because of the high spatial resolution of the ob-
servations (~ 56 au), an inner radius larger than ~ 20 au
was discarded. Otherwise we should marginally resolve
the inner wall of the disk. The sublimation temperature
usually is assumed to cover a range from 1200-1500 K,
thus we explored an inner radius range between 10 and
20 au instead to just using the 12 au that we calculated
(see Table 2).

Settling degree and grain size. We can obtain some
constraints about the settling of the larger dust grain
at the mid-plane looking at the polarization emission
due to scattering from large grains. Based on polariza-
tion observations, Girart et al. (2018) do not find signs
of dust settling, and determine a dust maximum grain
size (maz) from 50 to 500 pm (see Section 7.2). We
explored in our modeling cases with different settling
degree, including the no settling case.

Taking into account the observational restrictions set
out above, in the following we proceed to look for the
set of parameters that best fit the observations.

5. THE MODEL-FITTING PROCEDURE

We computed several grids of models varying the pa-
rameters of the disk and the star. Through these grids
the parameters were refined until the best-fit model im-
age.

The fitting procedure and analysis was done us-
ing Common Astronomy Software Applications (CASA)
and Multichannel Image Reconstruction, Image Analy-
sis, and Display (MIRIAD; Sault et al. 1995) data re-
duction software packages.

In order to properly compare the model with the
ALMA data, synthetic visibilities were computed from
the model images. This was done with the CASA simu-
til package. After that, tclean of CASA was used with
the simulated visibilities to create a final image from
the model adopting the same cleaning parameters used
to create the observed ALMA image. In Fig. 6 we show
the ALMA image (top panel), the modelled image (mid-

Table 2. Explored parameters range

Parameter Values Step
Star mass (Mg) 15 - 25 1
Temp. eff. (K) 12000 — 18000 1000
Star radius (Rg) 10 - 30 5
Acc. rate ( Mg yr™') 1 x 107°-2x 107* 1 x 107°
Disk radius (au) 130 — 250 10
Inner radius (au) 10 - 20 1
Inclination(degrees) 44 — 54 1
Gmaz (pm) 100, 500 and 1000 -
« 0.1, 0.01 and 0.001 -

dle panel), and the residual map (bottom panel). The
residual map was obtained by subtracting the model im-
age from the observed one. Therefore positive values in
the residuals show regions where the model underesti-
mates the emission.

The radial intensity profile was computed averaging in
concentric ellipses every 0701 (~ 1/4 of the beam) with
the inclination adopted in the disk model (see Fig. 7).
The best fit parameters of the disk model were obtained
initially by visual inspection of the radial intensity pro-
file and then, from among this first selection we chose
the best fit model based on minimum x2 of the resid-
ual map. In the case of the residual map, only pixels
inside of ellipse with R=230 au were considered to cal-
culate the x? (see Fig. 4) to avoid contamination from
the outskirts of the map. Appendix B shows the vari-
ation of the disk parameters with y? (leaving the other
parameters fixed).

6. RESULTS

In this section we present the best fit model obtained
after exploring a wide range of values in the space of
parameters of the model presented in Section 3. The
best fit parameters are shown in Table 3.

We found a massive disk of ~ 5 My, i.e. 20% of the
stellar mass. The radius of the disk is ~ 170 au with
an inclination angle of ~ 49° (angle between the ro-
tation axis and the line of sight). The mass accretion
rate, which in our model is a very sensitive parameter,
resulted to be ~ 7 x1075 Mg yr=!. The total lumi-
nosity is ~ 1x 10* L which is in agreement with the
previous estimation (see Section 4). The stellar mass is
20 Mg which together with disk mass (5 Mg), is consis-
tent with the estimated dynamical mass for the star-disk
system (21-30 Mg; see Section 4).
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Table 3. Best fit model parameters

Parameter Value
M.(Mo) 20 fitted
Tz (K) 12000 fitted
R. (Ro) 25 fitted
Distance (kpc) 1.4 adopted
M (Mg yr=') 7 x107° adopted/refined ¢
Maisx (Mg) 5 calculated
Raisk (au) 168 adopted /refined ¢
Hioo (au) 7 calculated
Rin (au) 14 fitted
i (degree) 49 adopted /refined ¢
Gmaz (pm) 500 fitted
o 0.1 fitted

@Parameter with observational constrains and un-
certainty.

Regarding the composition of the disk in terms of
grain size, different maximum size of grains according
with results found in Girart et al. (2018) were tested
(see Section 4). We did not find substantial differences
between models with a4, of 100, 500 pm and with
1 mm (see Fig. 8). Ounly for small radii (< 0.05”) the
difference between the models is noticeable. The grain
sizes of the best fit model goes from a minimum value
of 0.005 pym to a maximum of 3 pm in the disk upper
layer. For those grains settled in the disk mid-plane the
grain sizes are between 5 pm and 500 pm.

The density and temperature profiles for the best fit
model are shown in Fig. 9. We found a flared disk with
a maximum scale height of ~13 au. The disk shows
a temperature profile that goes from ~1400 K at the
inner edge of the disk to ~150 K at the outer part.
The small irregularities that can be seen in the internal
part of the disk are caused by numerical effects and by
the sublimation of the different dust components, which
result in a step in the dust opacity, but they do not affect
the results.

From the mass surface density (X) and using the to-
tal opacity of the model (absorption + self-scattering),
x = 0.13 cm? /g (opacity for a dust grain mixture with
the physical properties described in Section 3 and with
a grain size distribution which assumes grains with a
maximum radius of 500 ym and considers the scattering
effects), we obtain an optically thick disk at 1.14 mm for
all radii, with 7 = Xx ranging from 50 to 170. In Bus-
quet et al. (2019) they computed the mass of gas and
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Figure 6. Observed ALMA 1.14 mm image (top

panel), best fit disk model (middle plane), and the resid-
ual (image—model) map (bottom panel). The conver-
sion factor from flux density to brightness temperature is
~8.9 K mJy~! beam.

dust of the disk assuming that the 1.14 mm dust con-
tinuum emission is optically thin and the temperature
distribution is uniform (T4=109 K). They estimated a
disk mass for GGD 27 MM1 of ~0.5 M. This mass
could be considered as a lower limit due to the optical
thickness of the disk and to the fact that the opacity due
to the self-scattering is not considered. We fitted the
density and the temperature profiles with a power law
functions (X(R) « RP, T(R) x RY) using the method
of the minimum mean squared error (MSE). Here we
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Figure 8. Radial intensity profile for three models with the
same parameters given in Table 3, except Gmqz of 100 pum,
500 pm, and 1 mm.

present the coefficient and the power index. Equations
3 show the behaviour of the surface density, X(R), and
the temperature at the mid-plane, T.(R), approximated
as power laws. The MSE of the fits are 0.023, and 0.034
respectively.

—0.5
Z(R) R
[g/em?] ~ 500 ([100 au])

—1
T.(R) R
K " 300 ([100 au])

7. DISCUSSION

In this work we have studied the ALMA image at
1.14 mm of the circumstellar disk around GGD 27 -
MMI1. We found a compact source coming from the
inner radius (~ 4 mas/5.6 au) probably due to ionized
gas. By modeling the dust continuum emission from the
disk (with the compact source previously subtracted),
we found a massive (~ 5 Mg) and compact (~ 170 au)
disk. In the following we discuss the implications of our
results, while also analyzing the gravitational stability
of the disk.

7.1. Ionized component

The compact source reported in Sect. 2.1 appears un-
resolved in the different images obtained with a mini-
mum visibility radius of 4000 kA (Fig. 3). The Gaus-
sian fits in the visibility domain indicate that the source
has a radius of ~5.6 au and a brightness tempera-
ture of ~10* K. At such high temperature, the dust
grains should be sublimated. Indeed, the expected tem-
perature for the sublimation of silicates is ~1400 K
(D’Alessio et al. 2006). Therefore, the most plausible
explanation is that this compact emission is tracing ion-
ized gas, either from an incipient and extremely compact
H II region or from the base of the HH 80-81 thermal
radio-jet, best traced at cm-wavelengths (e.g., Carrasco-
Gonzélez et al. 2012). In fact, from the peak flux den-
sity measured at 1.3 cm at the center of the radio-jet
(~1 mJy; Carrasco-Gonzdlez et al. 2012), and the flux
density measured at 1.14 mm ~19 mJy (see Sec. 2.1), we
estimated a spectral index of o ~1.2 between these two
frequencies. This value is within the range of spectral
indices measured in thermal radio-jets associated with
YSOs (e.g., Anglada et al. 2018). Higher resolution and
multi-frequency observations would help determine the
nature of this compact component in a conclusive way.

7.2. Restrictions from polarization

An important source of information about the compo-
sition of the disks in terms of grain size, grain shape, and
grain distribution comes from polarimetric observation.

Polarization data allows to constrain the dust distribu-
tion in the disk (settling) and the maximum dust grain
size. Girart et al. (2018) based on polarization models
of Yang et al. (2017) conclude that dust settling has not
yet occurred . Yang et al. (2017) compare two models
with different thickness of the layer of large grains which
are responsible for the scattering, and propose two mod-
els in which large grains can be found up to 0.1 H' and
1 H', where H’' is the (dust) hydrostatic scale height,
H'(R) = H)(R/R.)*>~%/? being R. a characteristic ra-
dius of the disk (dust) density distribution, and ¢ the
temperature power law index.
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Figure 9. Upper: Temperature at the mid-plane (left) and surface density (right). Bottom: Scale height, H (left) and Toomre

parameter @, see Section 7.3 (right).

Unlike the models of these authors, our models con-
sider the dust settling changing the dust-to-gas mass
ratio between two populations through the e parameter
as explained in Section 3. Small grains are in the upper
layer and big grains are in the mid-plane. The position
of the border between these two populations can be set
through the parameter Zyg.

In this work our best fit model has e=1 (no dust set-
tling) but it still has two dust populations with the bor-
der located at Z1,;,=0.1H, where H is the pressure scale
height of the gas at the mid-plane temperature (see Sec-
tion 3).

We also reproduced the scenario suggested by Yang
et al. (2017) to reproduce the polarization pattern ob-
served by Girart et al. (2018). To do so, we tested a
model with Zy;; =1 H and € =1. In this case we ob-
tained a more massive disk (7 M) with larger mass
accretion rate (1 x 107* Mg yr=!) than the model
with Zpig=0.1H (Mgigx ~ 5 Mg and Myee~ 7 x 1077
Mg, yr=1; see Table 3), our fiducial best fit model, which
shows a lower value of x2.

Furthermore, we have compared two- and one-
population models. We tested models with a single dust
grain population with a maximum grain size of 500 pm.
Due to the lower opacity to the stellar radiation of this
dust population, the one-population models would re-
quire significantly higher disk masses, even comparable
to the stellar mass. These masses are inconsistent with

our estimated dynamical mass (see Section 4, indicating
that at least two dust populations are needed to fit the
observations.

In summary, we have considered the results presented
in Girart et al. (2018) concerning the size and distribu-
tion of grains. Moreover, taking into account the con-
ceptual differences presented above (H, H'), we have
explored values adjacent to them. We did not find sub-
stantial differences between both scenarios and therefore
we can not favor either.

7.3. Stability of the disk

We have quantified the Toomre parameter of our
model to check the stability of the disk against self-
gravity perturbations. Figure 9 (bottom right) shows
the Toomre parameter @ (Eq. 4) for a Keplerian disk
evaluated at the disk mid-plane temperature.

Q= 75

Q= ()

(4)
where ¢, is the sound speed at the mid-plane temper-
ature, {2 the Keplerian angular velocity, 3 the surface
density of the disk, and G the gravitational constant.

We adopted the surface density and the temperature
at the mid-plane as a function of the radius of our best fit
model. The stability condition (Q > 1) is satisfied up to
aradius Rgisk ~ 100 au. A similar result has been found
by Maud et al. (2019) in the massive O-type protostar
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G17.6440.16, who reported a massive and stable disk
for Raisk < 150 au. Furthermore, Meyer et al. (2018)
and Takahashi et al. (2016) propose an update of the
Toomre criterion in which the only necessary condition
for disk instability is Q<0.6.

In addition, our best fit model satisfies the conditions
proposed by Forgan et al. (2016) in order to apply the
a-viscosity prescription model in self-gravitating disks;
that is, H/R < 0.1 (see Fig. 9) and Mgjsx/ M, < 0.5.

We note that due to the relatively high mass of the
disk of our best model (5 M), self-gravity might play
a non-negligible role. In order to explore the potential
effects of including self-gravity, we compared our best fit
model to the hydrodynamic simulations (including self-
gravity) of massive star formation performed by Kuiper
& Hosokawa (2018). Our model shows very similar re-
sults in terms of disk mid-plane temperature and disk’s
aspect ratio to this model (Fig. 6; Kuiper & Hosokawa
2018), which indicates that including self-gravity would
not change our results significantly.

7.4. Residual map

The values of the residual map are low when compared
with the observed (residuals are below 5% of the peak
intensity), but significant with respect to the rms noise
level (o ~0.06 mJy beam™!), with an intensity range be-
tween ~ 2 and —2 mJy beam ™! (see Fig. 6). The main
differences between the observed and modeled images
arise from the outer parts of the disk, beyond 150 au,
with an excess and a deficit of emission. This is illus-
trated in Fig. 10, where we show flux density-position
cuts along the major and minor axis of the disk (ob-
served and modeled). We also verified that the asym-
metries were not caused by a mismatch in the inclination
of the system or a shift in the disk centers. In Fig. 11
we present the model image and the residual map of the
best fit model (i=49°; central panels) together with two
models in which the inclination around the best fit has
been modified (i=44° and 54°). In addition, we show in
Fig. 15 the x2 as a function of the inclination for the
best fit model varying the inclination angle in a range
of 10° centered at 49°.

Although we cannot discard intrinsic asymmetries
within the disk, a plausible explanation for this ex-
cess/defect of emission at the outer parts of the disk
could be a small mismatch with the flaring angle and/or
settling of the disk. To discriminate between possi-
ble intrinsic asymmetries and modeling, we would need
ALMA high-angular observations at other frequencies as
it has been carried out in low-mass YSOs (e.g., Carrasco-
Gonzalez et al. 2019; Macias et al. 2019).
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Figure 10. Cut along the major (top panel) and minor (bot-
tom panel) axis. Solid grey and dashed red lines represent
the observed image and model, respectively. The physical
space scale (au) is corrected by inclination.

7.5. Mass accretion rate and evolutionary stage

Trinidad et al. (2003) used the D’Alessio model to
fit the SED of AFGL 2591 VLA3, a massive disk-star
system located in the Cygnus X region. They find that
for all models, the main heating source was the stellar
irradiation for radii larger than 20 au and the viscous
dissipation for smaller radii. Furthermore, ¥ ~ .acc /o
for radius larger than 20 au. In this scenario, they find a
family of models that could explain the observed SED.
This family of models correspond to a constant value of
Mace /a, showing that the SED does not change as long
as this ratio is maintained.

Our best fit model yields a rate Macc/a ~1x10~%
Mg, yr=1. We tested if the radial intensity profile would
be significantly affected by varying the accretion rate
and alpha, while keeping Mce /o constant. As we show
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in Fig. 12, the radial intensity profile at 1.14 mm is dra-
matically affected when the disk mass accretion rate is
changed although the ratio Mpce /a stays constant. The
main reason for this difference is because of the effects of
the irradiation from the accretion luminosity. Therefore
by not having this degeneration we are able to constrain
the Myge.

We would like to point out that the accretion rate
could be variable with time. In fact, Mart{ et al. (1998),
based on multi-epoch VLA continuum observations, re-
port a flux density decay of the two inner condensations
in the HH 80-81 thermal radio jet. Such a flux den-
sity decay could be attributed to changes in the mass
accretion rate, being higher in the past. Furthermore,
GGD 27-MM1 is a young source that has a faint en-
velope and probably an incipient (hyper-compact) H 1T
region. Some studies estimate that the timescale for
the development of H II regions, with an accretion rate
in the range ~ 10741072 Mg yr~!, is ~10° years
(e.g., Osorio et al. 1999; Cesaroni 2005). Consider-
ing the constant accretion rate of our best fit model
(7x107° Mg yr—1), for it to reach a star mass of 25 M,
its age would be ~4x10° yr, which is larger than the de-
velopment time of an H II region. Thus, higher accretion
episodes in the past are necessary to explain the present
situation.

The GGD 27 complex includes two compact cores,
MM1 and MM2, separated by ~7” (~ 10000 au).

Fernandez-Lopez et al. (2011a) estimated masses of
MM1 and MM2 at different scales (see their Table 6).
These authors show that while in MM2 most of the mass
(~75%) is found at envelope scale, in MM1 ~70% of
the mass is already at disk scale. This fact would place
MM1 in a more evolved stadium than MM2, being MM1
equivalent to a Class I low-mass star.

7.6. Temperature distribution in the GGD 27-MM1
disk: comparison with disks around low- and
intermediate- mass stars and implications on the
water snow line

In flared a-irradiated disk models, the temperature
varies as a function of both the radial distance to the star
and the height above the disk mid-plane. The mid-plane
temperature decreases with increasing radius, typically
as T, oc RI705~1 (e.g., D’Alessio et al. 1998). In the
GGD 27-MM1 disk we found T, x R™! (see Section 6).

Furthermore, because of the flared morphology of the
disk, its surface is heated directly by the radiation from
the star and the accretion shock, while the inner layers
are heated by viscous dissipation, which heats mainly
the disk mid-plane. The energy released by the star
and the accretion shock generally exceeds the one re-
leased by viscous dissipation. As a result of these heat-
ing mechanisms, the surface of the disk is warmer than
the regions closer to the mid-plane, but the temperature
gradient becomes smoother, or even reversed (temper-
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Figure 12. Averaged radial intensity profile of the best
fit model (R.=25 Re, M.=20 Mg, Raisx=170 au, i=49°,
Tox=12000 K, distance=1.4 kpc, Rin=14 au, amae 500 pm)
varying Maccand «. Solid line: Disk mass accretion rate
7x107% Mgy yr=t, a=0.1, Mgis=5 Mg. Dotted line: Disk
mass accretion rate 7x107°% Mg yr=!, a=0.01, Mgjs=8 M.

Dashed line: Disk mass accretion rate 7x1077 Mg yr—1,

a:0.00I, Mdiskzg M@.

ature increasing with decreasing height), near the mid-
plane. In the latter case, the minimum temperature is
not reached at the mid-plane but above it.

For disks in low-mass stars this vertical inversion only
happens typically at radii < 1 au and heights < 1 au
(D’Alessio et al. 1997, 1998). According to our model-
ing, in the case of the GGD 27-MM1 disk the vertical
inversion of temperature occurs at all radii; for instance,
near the star, at Rq;sx ~ 30 au, the inversion occurs at a
height of ~ 5 au and at a temperature of ~ 240 K, while
in the outermost regions, Rgisx =~ 150 au, the inversion
occurs at a height of ~ 30 au and at a temperature of
~120 K.

Typical disks around low-mass stars reach very low
temperatures (~ 20-30 K at ~ 150 au; D’Alessio et al.
1997; Men’shchikov et al. 1999; Fogel et al. 2011; Tobin
et al. 2018). Disks around intermediate-mass stars have
slightly higher values of the minimum temperature (~
3040 K at ~ 150 au; Osorio et al. 2014). In contrast,
according to our modeling, the GGD 27-MM1 disk is
significantly warmer. Even at large distances from the
star, close to the edge of the disk (Rgisx ~ 170 au), its
mid-plane temperature remains above ~140 K (see Fig.
9) and at this radius the minimum temperature is ~ 115
K at a height of ~ 30 au. High temperatures have also
been reported for disk candidates around other massive
protostars (mid-plane T, ~ 200 K at Rgisx =~ 200 au;
Chen et al. 2016), using radiative transfer models which

take into account radial and vertical temperature gra-
dients. However in most cases, the temperatures have
been inferred from vertically isothermal models that do
not provide the temperature of the surface layer; also, it
is unclear if some of the disk candidates are indeed real
accretion disks or just elongated structures, since they
are extremely large.

Due to the elevated temperatures of GGD 27-MM1
disk, condensation fronts, known as snow lines, of ma-
jor volatile such as carbon monoxide, carbon dioxide
and methane, are not expected to be present since these
species sublimate at temperatures considerably lower (~
20-40 K, Zhang et al. 2015) than the temperatures we
find in the GGD 27-MMI1 disk. Nevertheless, water ice
sublimates at temperatures above 100 K, hence it is pos-
sible that the water snow line is present in the outer re-
gions of GGD 27-MM1 disk. Since the water ice subli-
mation temperature depends on the density (e.g., Sand-
ford & Allamandola 1993; Osorio et al. 2009), taking
into account the density and temperature distributions
obtained in our modeling of the GGD 27-MM!1 disk (see
Section 6), we estimate that the water snow line would
be located near the edge of the disk, at a radius of ~ 170
au. At this radius, densities are 1 x 10°-2 x 10 cm™3
within a height of 30 au of the mid-plane, implying a
range of water sublimation temperatures of 120-130 K,
which is similar to the range of temperatures of ~ 120—
150 K predicted by our model.

It has been thought that water snow lines are impor-
tant because they can trigger the growth of grains to
pebbles and lastly to planets. They are also important
because they mark the border between rocky planets
formed inward of this line and giant gas planets formed
outside. In the case of the GGD 27-MM1 disk, we ex-
pect the formation of gas planets to be hindered by the
high temperatures of the disk, being restricted to radii
near the disk edge. Consequently, we speculate that
if the formation of gas planets were to occur in disks
around massive protostars, in general, they would be
formed at distances around hundreds of au. It is unclear,
however, whether such giant planets could survive after
the onset of an H II region around the massive star.

One should keep in mind that the planetary forma-
tion process in high-mass protostars, if it takes place,
must be fast because the time scales for the formation
of these stars are shorter than for low-mass stars. In
principle, the time scale for planet formation is expected
to be of the order of that of mass exchange in the ac-
cretion disk, roughly estimated as the disk mass divided
by the accretion rate, resulting in 7 x 10* yr for the
disk of GGD 27-MM1. This time scale is shorter than
the values typically estimated for the grain coagulation
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process (~ 106 yr, Testi et al. 2014), required for parti-
cles to become cores and eventually planetesimals end-
ing in planets. However, some additional factors should
be also taken into account: (i) the full disk lifetime is
larger than the time scale of mass exchange in the disk,
resulting in more available time for the final planetary
mass to be assembled. In particular, in the GGD 27—
MM1 disk, where infall is still significant, the disk is
still being replenished with new material from the sur-
rounding envelope that makes its life longer; (ii) at later
stages, hydrodynamic models show that the accretion
of material onto planet embryos can largely exceed the
accretion onto the star itself (Zhu et al. 2011), speed-
ing up the planet formation; (iii) the density of particles
in massive disks is much higher than in low-mass disks.
Thus, the density of planetesimals would be higher and
one would expect planet assembling to be faster than in
the low-mass case, analogously to what happens in the
formation of the star itself, which is a faster process for
high-mass stars; (iv) lastly, for low-mass stars there is
both theoretical (Lambrechts & Johansen 2012) and ob-
servational evidence (HL Tau: Carrasco-Gonzélez et al.
2016; TMC 1A: Harsono et al. 2018) suggesting that
planet formation starts very early in the star-formation
process. These results imply that the planetary for-
mation process might be faster than initially thought
and compatible with the time scales of massive star-
formation.

Obtaining observational constraints on the location of
the water snow line in the GGD 27-MM1 disk would be
of major importance to inform about the plausibility of
gas planet formation around this massive protostar. We
note that in low-mass protostars, water snow lines are
difficult to detect because they are commonly located
at very small distances, of only a few au, from the star,
requiring a very high angular resolution to detect them.
Cieza et al. (2016) observed V883 Ori during an out-
burst, when an increase in luminosity drove the water
snow line out to more than 40 au (~ 0.1” at the dis-
tance of Orion), making the detection feasible. Since
in the GGD 27-MM1 disk the water snow line is ex-
pected to be located at a radius of ~ 170 au, resulting
in a similar angular separation, ~ 0.1”, at the distance
of GGD 27-MM1, it would not require of a stellar out-
burst, as in the case of low-mass protostars, to become
detectable. High angular resolution ALMA observations
of the GGD 27-MM1 disk at several frequencies could
help to constrain the presence of the water snow line by
looking for spatial variations of the dust optical depth
(e.g., Cieza et al. 2016).

8. CONCLUSIONS

We used ALMA continuum observations at 1.14 mm,
obtained with an angular resolution of ~40 mas, to
model the accretion disk around the central massive
early B-type protostar exciting the powerful HH 80-81
radio jet using a-viscosity prescription. We found an
enclosed mass of 21-30 Mg, of which 5-7 Mg can be
attributed to the disk. This mass is consistent with the
derived dynamical mass of 31+1 Mg and 21+1 M, for
the SO2925-81,7 and 19317192 15 lines, respectively.
The radius of the disk is ~170 au, with an inclination
angle of 49°. We compared the physical structure, tem-
perature and density profiles, obtained with our model
with power law functions, showing that the GGD 27—
MMI1 system is a potential template for future simi-
lar studies in other high-mass protostars. In particular,
we obtained a flared disk with a maximum scale height
of ~13 au, and a temperature profile that ranges from
~150 K at the outskirts of the disk up to ~1400 K at
the inner edge of the disk. The analysis of the Toomre
Q@ parameter, evaluated at the disk mid-plane temper-
ature, indicates that the disk is stable up to a radius
Rgisk ~100 au. This work shows that the D’Alessio mod-
els can be used as a first approximation in the modeling
of accretion disks around massive protostars, providing
in addition several observational predictions.

We also reported the presence of an unresolved com-
pact source at the center of the accretion disk, with a ra-
dius of 4 mas (~5.6 au at the source distance of 1.4 kpc)
and a brightness temperature of ~10* K, most likely
tracing ionized gas. The origin of this compact source
is uncertain, it could arise from an incipient, extremely
compact H IT region or from the base of the HH 80-81 ra-
dio jet. Observations at higher angular resolution would
help to determine the nature of this compact source.

Finally, we have estimated a distance of 1.2-1.4 kpc to
the GGD 27 star-forming region based on the Gaia DR2
catalogue combined with near-IR polarimetric data of
the YSOs in the region and the extinction maps.
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APPENDIX

A. THE DISTANCE TO THE LDN 291 CLOUD

The GGD 27 nebulosity and the objects associated to the region (e.g., HH 80-81, and the HH 80N star forming core
Heathcote et al. 1998; Girart et al. 1994, 2001; Masqué et al. 2011, 2013) are located in the LDN 291 large molecular
cloud complex (including the dark clouds LDN 306, 314, 315 and 322) that extends ~ 4° in Sagittarius (Lynds 1962;
Reipurth et al. 2008; Saito et al. 1999). The distances reported in the literature range between 1.5 and 2.4 kpc (e.g.
Racine 1968; Humphreys 1978; Rodriguez et al. 1980). However, the most used value in the literature is 1.7 kpc. For
this distance, the spatial scale of LDN 291 cloud complex is ~75 pc x 19 pc and the mass is ~1.2 10° M, (Saito et al.
1999).

A.l. Analysis

Here we present two different approaches to better estimate the distance to the LDN 291 / GGD 27 region. The
two approaches rely on the Gaia DR2 catalogue (Gaia Collaboration et al. 2016, 2018). First, we used data from
Gaia in combination with near-IR polarimetric data of the YSOs located in the GGD 27 region (Kwon et al. 2016).
The second approach is to use the on-line STILISM" application (Capitanio et al. 2017; Lallement et al. 2018), which
combines the Gaia data with extinction maps to obtain 3-D dust maps of the Galaxy.

A.1.1. Method 1: Young Stellar Objects in GGD 27 and Gaia

Figure 13 shows the polarization fraction as a function of the Gaia DR2 parallax for the YSOs in GGD 27 (from the
Kwon et al. (2016) and This figure shows that the YSOs population with counterpart in GAIA have distances clearly
smaller than the distance adopted in the literature, 1.7 kpc. Most of the YSOs have parallaxes between ~0.6 mas
(1.67 kpc) and 1.2 mas (830 pc) but with significant uncertainties. However, there are two objects that have large
parallaxes. One of them is [HL85] GGD 27-28 31 (Hartigan & Lada 1985). It is located at a distance of 362+ 58 pc but
has very high polarization levels (26%, 42% and 57% in the JH K bands, respectively; Kwon et al. 2016). This star is
located in front of the bright GGD 27 nebula, where high levels of circular polarization are detected. Therefore, the
near-IR linear polarization is likely coming from the nebula and it is not related with the optical star. The other star,
2MASS J18185959-2045537, is located at 395 + 31 pc and it exhibits no polarization in the near-IR, which indicates
that this is a (cold) foreground star not related to the cloud. In order to estimate the distance we calculated for the

L https://stilism.obspm.fr
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YSOs the average value of the Gaia parallaxes weighted with the uncertainty:

N
Yomifo}
< Taap2r >= ——— (A1)

N
1o}
i

and the uncertainty is:

m; and o; are the parallax for each star and its uncertainty, respectively, from the GAIA DR2 catalogue. We excluded
four stars with parallaxes, within their uncertainties, larger than 0.9 mas (with distances less than ~1100 pc). Using
the rest of the sample, we obtain an average, weighted by the uncertainty, parallax of 0.801 + 0.106 mas. Therefore,
the distance to the YSO cluster is 1248+166 pc.
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Figure 13. Gaia parallax (in mas) versus polarization fraction in the H band for the YSO stars that appear in any of the Kwon
et al. (2016) and Qiu & Zhang (2009) catalogues. The blue color stars have distances smaller than ~1100 pc (considering their
error bars), suggesting that they are not associated with the cloud. These stars were not used in the cloud distances estimation.
The black dashed vertical line shows the averaged parallax (weighted by the uncertainty) of the YSOs in GGD 27, 0.81 mas
(1.25 kpc). The red dashed vertical line shows the parallax for the distance previously adopted in the literature, 1.7 kpc.

A.1.2. Method 2: Extinction-Gaia data — STILISM

A recent work (Danielski et al. 2018) has correlated the Gaia distances and the corrected version of G extinction
with archival ground based data, specially with 2MASS and SDSS/APOGEA-DR14 (Capitanio et al. 2017; Lallement
et al. 2018). This allows to derive 3D maps of the extinction as a function of the distance. We used the on-line tool
that provides the cumulative reddening curve as a function of the distance for a given line-of-sight. Figure 14 shows
the E(B — V) extinction as a function of the distance toward the LDN 291 / GGD 27 region. It clearly shows two
abrupt increases of the extinction, a small one (E(B — V') ~0.2 mag or Ay ~0.6 mag) around 100 pc and a larger one
(E(B =V) ~0.7 mag or Ay ~2.0 mag) around 1200 pc. In order to fit the two abrupt extinction jumps, we used the
following approach:
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Ao
1 + e_Al(D_Djutnp)

E(B-V)= + AyD + As, (A3)

where D is the distance, Djump is the distance where the jump occurs and A4, (i=0, ..., 3) are free parameters. We
used a reduced x? fit. The distance for the large jump is 1270 4 65 pc. We also used this expression to estimate the
first small extinction jump, obtaining a distance of 119 + 15 pc.
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Figure 14. E(B — V) extinction (in magnitudes) as a function of the distance toward the GGD 27 region obtained from the
STILISM (Structuring by Inversion the Local Interstellar Medium) on-line application (Capitanio et al. 2017; Lallement et al.
2018). The blue and red lines are the fit to the visual extinction jump at 119 and 1270 pc, respectively.

A.1.3. Distance to the GGD 27 nebula/molecular cloud

The YSOs detected with Gaia are likely near the surface of the cloud, otherwise the cloud extinction would make
them not visible at optical wavelengths. Indeed, most of the Spitzer YSOs from Qiu & Zhang (2009) do not have
optical counterparts. The previous analysis indicates that the average distance within 1-o uncertainty is between
~1100 to 1400 pc. The second method is even more very sensitive to the cloud’s surface, giving a distance between
1200 and 1340 pc (also at 1 o level). Therefore, combining both methods, we can constrain the distance to the GGD 27

region in the range of 1200 to 1400 pc.
B. MODEL ROBUSTNESS

As we already advanced in Section 5, Figure 15 shows how the x? value changes when we vary the main parameters
of the disk, while fixing the others to the best fit value. The same scale for the Y-axis (x?) is used in the four panels.
The parameters under study were varied between ~ 10% and ~ 30% according to the observational restrictions (see
Section 4). The four parameters show a minimum at the value of our best fit model. The panel shows that the model
is much more sensitive to changes in inclination and disk radius, where the parameter variations are around 10%,
compared to changes in the inner radius and accretion rate, where the variations are over 30%.

Regarding the inner radius, we situated the sublimation wall at 12 au (£ 2 au), based on the luminosity and the
dust sublimation temperature. Inward from this border the dust can not survive, thus we can not obtain a physically
consistent model with an inner radius smaller than 14 au. In addition, an inner radius larger than ~20 au (~14 mas)
is discarded because it should have been observed with the angular resolution of our ALMA observations.
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Figure 15. x? for the best fit model varying inclination (upper left), Raisx (upper right), Ri, (bottom left),

Macc(bottom right).
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