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Abstract

Despite the huge impact that high-mass stars have on galaxy environments and the stars
and planets that form within them, there is still no consensus on how they form. Some theories
pose that their formation is driven by accretion from gravitationally bound disks of gas and
dust. While studying the properties of these disks is key to understanding their role in massive
star formation, few instruments are powerful enough to probe the scales at which these disks
form around massive stars. We performed a systematic search of the Atacama Large Millime-
ter/submillimeter Array (ALMA) Science Archive to find the highest resolution data available
for high-mass protostars (stars still in the formation stage). Using these data, we measured and
analyzed 1.3 mm continuum fluxes and morphological features to test predictions of some of
the leading models of massive star formation.

Introduction

Massive stars (which have a mass greater
than 8 times that of the sun) are critical to
the regulation and evolution of galaxy envi-
ronments. The high energy output of their
winds, radiation, and eventual collapse into su-
pernovae impacts a large range of processes,
from the reionization of the universe to the for-
mation of other stars and their planets. Yet,
in spite of their importance, the mechanisms
behind their formation are still disputed. The
leading theories of massive star formation in-
clude Core Accretion (e.g., Mclaughlin et al.
1997; Mckee et al. 2003; Krumholz et al. 2009)
and Competitive Accretion (e.g., Bonnell et al.
2001; Wang et al 2010; Grudic et al. 2022).
Core Accretion is basically a scaled-up version
of the formation of low-mass stars and theo-
rizes that they form when self-gravitating cores
(supported by turbulence and magnetic fields)
collapse via a central disk. This is predicted
to result in a primary bipolar outflow, as often
observed with low mass protostars. Competi-
tive Accretion assumes that massive protostars

form towards the centers of globally collapsing
protoclusters and compete for material as they
accrete gas. Due to close protostellar interac-
tions, protostars under Competitive Accretion
will accrete from smaller, truncated disks, and
the outflows will be more disordered.

While many disks around low mass pro-
tostars have been observed, limited informa-
tion exists on the properties of their high mass
counterparts. This is largely due to the fact
that massive protostars are typically located
at large distances from us, which means that
very high resolutions are required to probe the
scale at which their disks would form. The
Atacama Large Millimeter/submillimeter Ar-
ray (ALMA) is powerful enough to make these
high-resolution observations. For example,
Zhang et al. 2019 resolved a binary system of
massive protostars, with evidence of an individ-
ual disk around each one. Furthermore, Maud
et al. 2019 observed a massive O-type star still
undergoing formation and hosting a Keplerian
disk.

Given these developments, we have sys-
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tematically searched the National Radio As-
tronomy Observatory’s (NRAO) ALMA Sci-
ence Archive to find the highest resolution
ALMA data available for massive protostars.
Using such high-resolution data allows us to
probe smaller scales (around a few hundred
au), where we typically find the disks of mas-
sive protostars. With these data, we identified
over 100 sources, measured their 1.3 mm con-
tinuum fluxes, and estimated properties of their
potential disks to test predictions of massive
star formation theories.

Methods
Data Selection

Located on the Chajnantor plateau in Chile,
ALMA is a radio telescope used to observe
light at millimeter and submillimeter wave-
lengths. ALMA consists of 66 antennas, with
its main array possessing 50 dishes that are
each 12 meters in diameter and act together as
a single telescope. These antennas can be ar-
ranged in different configurations to probe dif-
ferent scales of astronomical objects. To inves-
tigate the scales at which the disks of massive
protostars are potentially present, we needed to
use high-resolution “long baseline” data gath-
ered using configurations where the arrays are
spaced farther apart.

To obtain these data, we utilized the NRAO
ALMA Science Archive, which hosts >70,000
observations of objects spanning planets and
stars, to distant galaxies. Since massive proto-
stars are often located several kiloparsecs away
and their disks are typically expected to be seen
at scales of a few hundred au, we restricted our
search to data with an angular resolution under
0.05”. A search for Band 6 continuum data
with this resolution and under the “High-mass
star formation” keyword yielded 42 publicly
available observations at the time of our search.
Next, we visually inspected these images and
selected those with a primary source that ap-
peared relatively compact and isolated, result-
ing in 18 final images, some of which contained

multiple sources. The names, coordinates, and
distances of the regions covered by these im-
ages are shown in Table 1.

Source Identification
Next, we used the Astrodendro Python

package (Robitaille et al. 2019) to identify
sources in the images without primary beam
correction. This package identifies hierarchi-
cal structures in the input data and returns their
locations and estimated sizes. We considered
the highest level structures, or “leaves” within
the 30% primary beam response as our source
candidates. We set the minimum flux den-
sity of a source to be 5 times the noise level
of the corresponding image and the minimum
size as the synthesized beam area. To filter
out non-compact sources or close multiples,
we removed any sources connected to another
source through a lower-level structure. In order
to obtain sufficiently isolated sources for our
analysis, we also removed any sources with a
neighbor closer than 2 beam radii. The result-
ing sample contained 130 sources.

2-Dimensional Gaussian Fitting
The images in our dataset span physical res-

olutions of ⇠20-300 au. Since we expect to find
the disks of massive protostars at these scales,
we attribute the observed emission in each im-
age to a potential disk (called “disk candidates”
in the rest of this paper) with possible envelope
contributions. To characterize these disk candi-
dates, we search for the elongation of compact
continuum structures in the data by fitting a 2-
dimensional elliptical Gaussian to each source
in the primary beam corrected images. We
used the imfit task of the Common Astronomy
Software Applications for Radio Astronomy
(CASA) (CASA Team et al. 2022) (version
6.4.1) to perform the fitting on a window cen-
tered on each source. The outputs included the
estimated position and integrated flux of each
source, as well as the position angle and full
width at half maximum (FWHM) of the major
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Name R.A.(J2000) Decl.(J2000) d (kpc) Angular Res. (”)
G032.03+00.05 18h49m37s.05 �00�46050”.22 5.51 0.03

G11.92-0.61 18h13m58s.11 �18�54020”.14 3.42 0.03
G14.22-0.50 18h18m12s.99 �16�57021”.82 3.73 0.05
G24.60+0.08 18h35m40s.50 �07�18034”.02 3.54 0.05
G339.88-1.26 16h52m04s.65 �46�08034”.00 2.15 0.05

G35.2N 18h58m13s.03 +01�40036”.14 2.26,7 0.03
G351.77-0.54 17h26m42s.57 �36�09017”.60 1.08 0.02

G353.273+0.641 17h26m01s.59 �34�15014”.94 1.79 0.02
G45.47+0.05 19h14m25s.74 �11�09025”.90 8.410 0.03

IRAS 07299-1651 07h32m09s.67 �16�58014”.00 1.711 0.03
IRAS 18337-0743 18h36m40s.82 �07�39017”.74 3.812 0.05

NGC 6334 I N 17h20m54s.90 �35�35010”.02 1.313,14 0.04
R Mon 06h39m09s.95 +08�44009”.55 0.815 0.03

S255 IR 06h12m54s.02 +17�59023”.10 1.616 0.03
c20kms�1 c1 17h45m37s.55 �29�05044”.23 8.117 0.02
c20kms�1 c4 17h45m37s.57 �29�05044”.23 8.117 0.02

Sgr C 17h44m40s.37 �29�28014”.79 8.117 0.02

Table 1 : ALMA source name, RA and DEC of the central coordinates, distance, and angular res-
olution of each observation in the sample. Distance references: (1) Battersby et al. 2014; (2) Sato
et al. 2014; (3) Rathborne et al. 2006; (4) Moscadelli et al. 2021; (5) Krishnan et al. 2015; (6)
Zhang et al. 2022; (7) Wu et al. 2014; (8) Leurini et al. 2011; (9) Neckel et al. 1978; (10) Wu et
al. 2019; (11) Reid et al. 2009; (12) Lu et al. 2014; (13) Reid et al. 2014; (14) Chibueze et al.
2014; (15) Jones & Herbig 1982; (16) Burns et al. 2016; (17) Gravity Collaboration et al. 2019.

and minor axes of the 2D Gaussian fit before
and after the image is deconvolved from the
synthesized beam. We defined “poor” fits as
those with a residual image standard deviation
greater than 2 times the standard deviation of
the input image. This resulted in a final sample
of 102 sources.

Estimating Disk Properties

We used the 2D Gaussian fits to estimate
the orientation, radius, inclination, and mass of
each disk candidate. First, we defined the ex-
pected disk axis as the axis of elongation of
a source in the corresponding continuum im-
age. As such, we took the position angle of
each 2D Gaussian fit as the projected disk ma-
jor axis direction. Next, we used the 2D Gaus-
sian fits to estimate the radius of each disk can-

didate. Following Ansdell et al. 2016, we de-
fined the radius of a disk as the radial point that
encompasses 90% of the total flux density, ap-
proximately corresponding to the 2� point of a
Gaussian (see Tobin et al. 2020 for discussion
of the assumptions made in, and limitations of,
this method.). We used the FWHM values out-
putted by CASA to obtain the � of the major
axis of each fit in arcseconds and multiplied by
the distance to the source (obtained through a
literature search) to calculate a radius in au. To
estimate the inclination of each system, we as-
sumed a circularly symmetric disk and used the
following equation:

i = cos�1(b/a), (1)

where i is the inclination and a and b are the
lengths of the major and minor axes of the 2D
Gaussian fit.
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Next, we used the CASA-outputted flux
density of each source and some simplifying
assumptions to help constrain the masses of
the identified structures. Disks around massive
protostars are sometimes marginally optically
thick, and their temperature is not necessarily
constant throughout. However, assuming op-
tically thin emission and constant temperature
yields a lower bound estimate for the mass of
each disk candidate. Under these assumptions,
the dust mass can be calculated with the follow-
ing equation:

Mdust =
S⌫d2

⌫B⌫(T )
, (2)

where d is the distance to the source, ⌫ is
the opacity, S⌫ is the flux density measure-
ment, and B⌫ is the blackbody distribution
flux at 1.3 mm for a dust temperature T . We
performed these calculations at 70K, which
is the average envelope temperature within
⇠10,000 au around a 12� 16 solar mass proto-
star derived from radiative transfer simulations
(Zhang & Tan 2018). We used an opacity of
1.3mm = 0.89 cm2g�1, which Ossenkopf &
Henning 1994 estimated at 1.3 mm for ice-
covered dust grains with an ice-to-silicate ra-
tio of 1.2. To calculate the total lower bound
mass of the gas and dust for each disk candi-
date (with some potential envelope contribu-
tions), we used a gas-to-dust mass ratio of 100,
which is typically assumed for the interstellar
medium.

Results and Future Work
Three of the regions in our sample (c20

kms�1 c1, c20 kms�1 c4, and Sgr C) are lo-
cated in the Central Molecular Zone (CMZ), a
region spanning the center of the Milky Way
galaxy. The CMZ is known to exhibit extreme
conditions including higher temperatures, den-
sities, and stronger magnetic fields (e.g., Hen-
shaw et al. 2023). In addition, the CMZ is lo-
cated at a farther distance than the rest of the
regions in our sample, so we are potentially

probing larger-scale physical structures or fac-
ing greater envelope contributions in these ob-
servations. Because of these discrepancies, we
present the CMZ results separate from, and in
comparison to, the rest of our sample. Fig-
ure 1 shows the distributions of the radii of
the disk candidates calculated from the images
convolved with the synthesized beam (left) and
deconvolved from the beam (right). From these
plots, we can see that the radii span a few hun-
dred au to almost 2000 au. All of the disk can-
didates in the non-CMZ regions have a calcu-
lated radius of <500 au, whereas the CMZ radii
tend to be larger and host the largest values in
the sample. It is possible that the chaotic na-
ture of the CMZ results in these larger radii.
However, these radii are just lower limits, and
since the CMZ is farther away than most of
the other regions, the CMZ observations probe
larger spatial scales (⇠300 au), while many of
the other observations probe sub-100 au spa-
tial scales. Figure 2 shows these radii divided
by the corresponding synthesized beam radii.
From these plots, we can see that the differ-
ence between the beam-normalized radii distri-
butions for the CMZ and non-CMZ sources is
much less drastic. This indicates that caution
must be employed when comparing the disk
properties between these populations.

Figure 3 shows the inclination estimates
for these systems. The CMZ and non-CMZ
sources distributions appear comparable upon
visual inspection, and we see that neither dis-
tribution follows a random uniform distribution
in cosine. However, it is important to note that
these inclinations are calculated assuming ver-
tically thin disks, and modeling is needed in or-
der to assess the impact of their actual thickness
on the computed inclinations. This distribu-
tion can also reflect the systematic biases in the
ALMA archive. For example, brighter sources
are more likely to be observed, and fewer ob-
servations exist for edge-on disks.

Figure 4 shows the fluxes measured for
the sources and the resulting lower bound disk
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Figure 1 : Distributions of the calculated disk radii of the sources in the sample, separated into
sources located within within the CMZ (solid pink histogram) and sources not in the CMZ (dotted
blue histogram). The left plot shows the radii calculated from the 2D Gaussian fits before each
image was deconvolved from its synthesized beam, and the right plot shows the radii calculated
from the fits after beam deconvolution.

Figure 2 : Distributions of the calculated synthesized beam-normalized radii of the sources in the
sample before (left) and after (right) beam deconvolution.

mass estimates. Here, we see that the CMZ
distribution is shifted to slightly lower fluxes,
which could be due to the fact that it is farther
away than the rest of the sample. We also see
that the CMZ mass distribution is shifted to-
wards higher values, again noting that these ob-
servations probe larger spatial scales and could
be subject to greater envelope contributions.
The next step will be to compare these dis-
tributions to distributions of protostellar disk
sizes and masses observed in lower mass sur-

veys such as in Tobin et al. 2020.

Another goal of this project is to compare
disk and outflow axes of massive protostars to
assess trends in their relative orientations. Mul-
tiple studies have shown that bipolar outflows
are observed in 50-80% of their samples of
high mass protostars (e.g., Henning et al. 2000;
Zhang et al. 2001; Ridge et al. 2001). How-
ever, different models of massive star forma-
tion make contrasting predictions of the mor-
phology and abundance of these outflows. For
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Figure 3 : Distributions of the disk inclinations of the sources in the sample before (left) and after
(right) beam deconvolution. A random distribution in cosine is overplotted for comparison

Figure 4 : Distributions of the log of the fluxes (in Janskys) outputted for each source by CASA
and the lower bound disk candidate masses (in solar masses) calculated from these.

example, if stars form via Core Accretion, disk
winds are assumed to result in the presence of
a “primary” bipolar outflow. If stars form via
Competitive Accretion, the processes involved
are more chaotic, and the high density of low-
mass protostars will produce strong dynamical
interactions that result in more disordered out-
flows.

As previously described, we estimated the
orientation of each disk candidate in our sam-
ple using the elongation of the corresponding
2D Gaussian fit. To obtain outflow axis esti-
mates, we are performing a literature search to
obtain information on CO outflows associated

with our sample and their reported directions.
An example comparison is shown in Figure 5.
With this information, we will perform a statis-
tical analysis to assess the significance of any
preferential relative orientation from a total ran-
dom distribution using tests such as a projected
Rayleigh statistic and Kolmogorov–Smirnov
test. We can then compare any observed trends
to the predictions made by the leading massive
star formation theories.

Summary and Conclusions
Massive stars have a large influence on

galactic environments, impacting the formation
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Figure 5 : Example comparison between the estimated disk axis and outflow axes. The left image
shows the orthogonal alignment predicted by the Core Accretion theory, where the yellow star
represents the protostar, the pink ellipse represents the disk, the dotted white line shows the disk
axis, and the orange line shows the outflow axis. The right image follows these same conventions
and shows a real image of source G339 with an angle of 88� between the disk and outflow axes.
The narrow grey lines on either side of the predicted disk axis represent the uncertainty. A 100 au
scale bar is shown in the lower left, and the synthesized beam is represented by the grey ellipse in
the lower right.

and evolution of other stars and planets. In spite
of their importance, the mechanisms through
which they form—whether it occurs through a
scaled-up version of low-mass star formation,
or a competitive accretion process within glob-
ally collapsing clusters of protostars—is still
uncertain. Testing predictions of protostellar
properties and environment can provide insight
into these formation mechanisms. Taking ad-
vantage of the high-resolution observations en-
abled by ALMA, we can zoom into scales at
which we expect to find the disks of these mas-
sive protostars. Here, we have presented some
preliminary results of a uniform analysis of
some of the highest resolution ALMA data of
massive protostars to date and discussed some

potential trends among the radii, masses, and
inclinations of their potential disks. Through
continued statistical analysis of these results
and comparison with existing protostellar sur-
veys, we aim to provide further constraints on
the massive star formation process.
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