Unveiling amultiscale view of massive
star and cluster formation

LAW CHI YAN

Department of Space, Earth and Environment
CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden 2022






THESIS FOR THE DEGREE OF LICENTIATE OF PHILOSOPHY

Unveiling a multiscale view of massive star and
cluster formation

LAW CHI YAN

Department of Space, Earth and Environment
CHALMERS UNIVERSITY OF TECHNOLOGY
Goteborg, Sweden 2022



Unveiling a multiscale view of massive star and cluster formation

LAW CHI YAN
© LAW CHI YAN, 2022.

Licentiatavhandlingar vid Chalmers tekniska hogskola
Technical report No. 3471
ISSN 0346-718X

Department of Space, Earth and Environment
Chalmers University of Technology

SE-412 96 Goteborg, Sweden

Telephone + 46 (0) 31 — 772 1000

Cover: ALMA 1.3mm total continuum image of the massive protostellar system
(28.2-0.05.
Typeset by the author using KTREX.

Printed by Chalmers Reproservice
Goteborg, Sweden 2022



When I consider your heavens, the work of your fingers, the moon and the stars,
which you have set in place, what is man that you are mindful of him, the son of
man that you care for him? (Psalm 8: 3-4)






Abstract

Massive stars regulate the physical and chemical evolution of galaxies. Most stars
within these galaxies, including massive ones, appear to be born in star clusters and
associations. However, many questions remain unanswered about how massive stars
and clusters form from the diffuse gas of interstellar space. For example it is not yet
known whether magnetic fields, turbulence or feedback are the most important actors
in regulating gravitational collapse to give birth to these systems. It is also unclear to
what extent potential protostellar crowding within a protocluster may affect massive
star formation. Overdense clumps within giant molecular clouds (GMCs), often
appearing in their earliest phases as infrared dark clouds (IRDCs), are the nurseries
of massive stars and clusters. Properties of turbulence and magnetic fields in IRDCs
are thus important to measure to give inputs for theoretical models of the formation
processes. On the smaller scales of individual massive star formation, various theories,
including core accretion, competitive accretion and protostellar collisions, may be
viable depending on environmental conditions. Hence, studying how massive stars
are forming in environments with relatively extreme conditions, e.g., in terms of
crowding or isolation, may yield the most stringent constraints on these models.

This licentiate thesis first presents a study of a massive protostar (G28.2-0.05)
that appears to be forming in relative isolation. Observational data, especially from
the Atacama Large Millimeter /Submillimeter Array (ALMA), are used to investigate
the nature of the system, including its dense and ionized gas structures, small-scale
kinematics and dynamics and large-scale outflows. Mid to Far Infrared observations
and archival data are used to measure the spectral energy distribution (SED) to
further constrain protostellar properties. We conclude the system is a massive
(~ 24 M) protostar that has an accretion powered wide angle bipolar molecular
outflow and is also in the first stages of producing significant ionizing feedback. An
examination of the mm dust continuum emission in the surroundings finds a near
complete dearth of other sources, which is evidence for the system’s isolation and a
strong constraint on competitive accretion models. Overall, core accretion models
appear to give a good description of the protostar.

We also present first results of an observational program that attempts to use
molecular gas kinematics and dust polarized continuum emission to measure proper-
ties of turbulence and magnetic fields across a range of scales from GMCs to IRDCs
to individual massive protostars. We discuss the methods to be used and present
the first data collected for the project. The overall work of this thesis leads in a
direction of characterization of both large-scale molecular cloud environments and
individual massive protostars forming within them to reveal a holistic, multi-scale
view of the birth of massive stars and clusters.
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Part 1

Introduction






Chapter 1

Scientific context

Stars are the main visible, baryonic component of the Milky Way and most other
galaxies. Depending on their mass, stars will evolve to different outcomes (see
Fig. 1.1), with ‘massive’ or ‘high-mass’ stars typically being defined as those that
start their lives with eight solar masses or more. These massive stars eventually
end their lives in core collapse supernova explosions. While the theory of stellar
evolution is relatively well developed and understood, one key aspect where many
open questions remain is in the crucial formation stage of the stars from the interstellar
medium (ISM). This Licentiate thesis contributes to understanding the processes of
the formation of massive stars and star clusters.
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Figure 1.1: A simplified synoptic diagram summarizing the main stages of the life
cycle of stars. (Credit: Image credit: NASA and Night Sky Network).



While massive stars are a relatively small fraction of the total stellar mass, they
dominate radiative, mechanical and chemical feedback on the ISM and galaxies,
including via the regulation of further star formation. For instance, at very early
stages, forming massive protostars may shape the physical conditions of any sur-
rounding protocluster by radiative heating and mechanical feedback from outflows.
Eventually stellar winds and ionizing feedback from fully formed massive stars are
likely to be the main agents that disperse remnant molecular gas halting further star
formation in the vicinity. Massive stars are responsible for the nucleosynthesis of
most chemical species. The nucleosynthetic yields from supernovae help set galactic
chemical evolution (e.g. Kobayashi et al., 2011; Romano et al., 2019)

Thus we see that massive stars have important impacts on many aspects of
astrophysical processes. However, there remain many open questions concerning the
formation process or processes of massive stars. Supersonic turbulence, magnetic
fields and feedback are expected to the main mechanisms interacting with gravita-
tional collapse to regulate massive star and star cluster formation. However, the
relative importance between them are debated. Various theoretical models have been
proposed, which involve different relative importance between these mechanisms (see,
e.g., Tan et al., 2014, mfor a review)

While this thesis will focus on the formation of massive stars, it is first worth
providing a summary of the main stages of the more well studied process of low-mass
star formation, since this forms the basis of one of the main classes of massive star
formation theories, i.e., core accretion. Figure 1.2 presents an schematic diagram
of low-mass star formation. Giant molecular clouds (GMCs) are mainly composed
of molecular hydrogen and are the primary sites of massive star and star cluster
formation in our Galaxy. Observational studies of the gas motion in GMCs suggest
that they are supersonically turbulent. Polarimetric studies toward molecular clouds
indicate an ordered magnetic field morphology, which suggests that magnetic fields
also play a role in regulating the large-scale environment of star formation. In the
densest regions (‘clumps’) in molecular clouds, where gravity starts to dominate,
prestellar cores emerge. Within these a quasi-hydrostatic protostar forms and the
system is then referred to as a protostellar core. As gas infalls, rotational support
tends to increase and accretion is mediated via a disk. Associated with this disk
is the launching of bipolar protostellar outflows, which are accretion powered, but
launched by magnetic fields that are spinning with the disk. These outflows are
the main agents of feedback that disperse a significant fraction of gas that is in the
core, such that its efficiency of star formation may be only ~ 30 — 50%. The young
low-mass star will then become visible as a pre-main sequence T-Tauri object.

One of the main open questions in massive star formation research is whether
this evolutionary sequence can be scaled-up to be applicable to birth of massive stars.
Another related open question is the role of the protocluster environment on massive
star formation. Finally, defining an evolutionary sequence for star cluster formation
and understanding the key processes that control it remains another outstanding
challenge. Thus motivated, this Licentiate thesis aims, in Paper I, to provide an
observational study of the physical properties of a massive protostellar system, G28.2-
0.05, which is already known to be exhibiting the early stages of ionizing feedback by
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Figure 1.2: A schematic diagram illustrating the major stages of low-mass star
formation. Molecular clouds are the environments from which stars form. Dense
regions (also known as ‘clumps’) where gravity dominates over turbulence and
magnetic fields collapse and fragment into dense cores. Within the cores, protostars
are born, each fed by a rotating disk and collapsing envelope. The disks launch
bipolar outflows that disperse the remaining core gas to reveal a pre-main sequence
T-Tauri star, which can still retain a circumstellar disk. (Credit: The Arizona
Radio Observatory).

creating an Ultra-Compact HIT (UC-HII) region. One feature of particular interest
revealed by our study is that this massive star appears to be forming in relative
isolation. Preliminary results also presented in this thesis (to appear as Paper II)
toward the large-scale gas-kinematics and magnetic field properties of an infrared
dark cloud (IRDC), with these systems known to be the progenitors of massive star
and star cluster formation.

Before presentation of the papers, in Chapter 2 we first summarise relevant
scientific background on key topics. In particular we overview the interaction of
self-gravity with turbulence, magnetic fields and feedback. We also summarise
the main evolutionary phases of massive star and star cluster formation, including
infrared dark clouds (IRDCs), star-forming clumps, pre-stellar cores, protostellar
cores (including hot molecular cores), and HII regions. Chapter 3 presents a summary
of the papers. Chapter 4 discusses future work and outlook.






Chapter 2

Physical processes and
evolutionary stages of massive star
and star cluster formation

2.1 Physical processes

Massive star and star cluster formation requires gravitational collapse, but this may
also be regulated by the processes of magnetic field support, turbulence and feedback
from the forming star or surrounding stars. However, the relative importance of these
processes is unknown. Here we review key aspects about the processes relevant at
early stages in IRDCs, i.e., only focusing on gravity, magnetic fields and turbulence,
and assuming feedback is relatively weak. A more extensive review of these topics is
given by McKee and Ostriker (2007)

Gravitational collapse: The key parameter that evaluates the importance of
self-gravity for a structure is the virial parameter, oy, (Bertoldi and McKee, 1992)
which measures the ratio of internal kinetic to gravitational energy. For a spherical
system, the virial parameter is given by:

Qir = b0*R/(GM), (2.1)

where ¢ is the 1D velocity dispersion, R is the radius, G is the gravitational constant
and M is the mass. According to the simple virial theorem (neglecting surface terms
and magnetic fields), a system is in virial equilibrium if the internal kinetic energy,
K, and the gravitational potential energy, U, satisfy:

2T + U = 0. (2.2)

For a uniform density sphere, virial equilibrium is thus equivalent to a.; = 1, which
the condition of being gravitationally bound is given by ay;, < 2. The terms ‘sub-
virial” and ‘super-virial’ are often used to describe systems that have a.; < 1 and
> 1, respectively. Bertoldi and McKee (1992) have evaluated the effects of internal
(power law) density structure and elongation (i.e., ellipsoidal structures) on the virial
parameter and the condition for virial equilibrium. They have also examined the
effects of magnetic fields and surface pressure terms.

7



8 2.1. Physical processes

For a system that is gravitational bound and unstable and in the limit of negligible
internal pressure support, the timescale for collapse is described as the ‘free-fall” time
and is given by:

4
by = 3T _ 4.4 x 10* yr ’ (2.3)
\ 32Gp /ny /106 cm—3
where ny is the number density of hydrogen nuclei and the normalization assumes
NY{e = OlnH
Magnetic fields: Magnetic fields act as an additional pressure term that can
provide support against gravitational collapse. The relative importance of the
magnetic energy and gravitational energy in a structure is described by the mass-to-
flux ratio, A. The critical mass-to-flux ratio for gas to be able to collapse against
magnetic pressure is defined by (Krumholz, 2011):

M Cop
Acrit - (q))crjt — W, (24)

where @ is the magnetic flux and cg is a dimensionless coefficient that is related to
the shape and the density distribution of the cloud. If A > M., the system is said to
be magnetically supercritical, i.e., B—fields cannot prevent collapse. If A < A, the
system is said to be magnetically subcritical, i.e., B—fields prevent collapse, but only
in directions perpendicular to the field lines and only if the material is well-coupled
to the field lines by being sufficiently ionized.

As both magnetic fields and turbulence may provide support against gravity, it is
normal to compare their relative importance. A key parameter for this is the Alfvén
Mach number (M), defined as the ratio between the turbulence velocity (v) and the
Alfvén velocity (v,), where v, = B/(47p)'/?(Krumholz, 2011). The ratio of magnetic
to turbulent energy densities (i.e., pressures) is described by

o3

where M, is the sonic Mach number of the turbulence, i.e., the ratio of turbulent
velocity dispersion to sound speed.

Molecular clouds are mostly neutral. Only the ions are directly coupled to the
magnetic fields and neutral can undergo ‘ambipolar’ drift across field lines (Ward-
Thompson and Whitworth, 2011). For a structure with length scale L and threaded
by magnetic field with an average uniform strength B, the ambipolar diffusion
timescale, taAp, is:
8mL? Lo [
?nnni<av) ot
where n,,,n; are the number density of neutral and ion species, respectively, p, and
p; are the mean masses of these neutral and ion species, and (ov) is the collision
rate coefficient between the ion and neutral species. For typical conditions, top can
be about 10 times longer than tg.

Magnetic fields are expected to have an effect on the orientation of dust grains,
with the log axis of the grains aligning in directions perpendicular to the field lines.

tap ~ (2.6)
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Thus the thermal continuum emission from the such aligned grains is expected to
be polarized with direction of polarization perpendicular to the (projected) B—field
orientation in the plane of the sky (see, e.g. Crutcher, 2012). Thus mapping FIR /sub-
mm polarization of molecular clouds provides a method to infer plane of sky B—field
morphology. Once this morphology is mapped, if the turbulent velocity dispersion is
known, then, from the degree of ordering of the polarization vectors, the B—field
strength can be estimated via the Davis-Chandrasekhar-Fermi (DCF) method (Chan-
drasekhar and Fermi, 1953). However, there are number of caveats associated with
this, including the effects of self-gravity in distorting B—field orientations. The
most direct method of inferring B—field strengths (along the line of sight) remains
via measuring Zeeman splitting of certain line emission. Via this method, quite
constant B-field strengths of ~ 10 uG have been inferred in clouds with densities up
to ng ~ 300 cm 3. At higher densities, the field strength is observed to increase as
B ~ 10(ng /300 cm3)%%® 4G (Crutcher, 2012).

Turbulence: The large-scale gas motions in molecular clouds are observed to
be supersonic turbulent (Krumholz, 2011). Statistical properties of the turbulence
may depend on the environmental and star formation properties of the cloud (see,
e.g., Burkhart, 2021, for a review). Two basic parameters are used to describe the
observed properties of turbulent gas are the Reynolds number and the sonic Mach
number. The Reynolds number is defined by the following equation at a length scale
(L), gas velocity (v) and viscosity (v):

Re =vL/v. (2.7)

Gas flow with a low Reynolds number is characterized by ordered, laminar flow. Gas
flow with large Reynolds number develops turbulence.

The sonic Mach number (M) is the ratio of turbulent velocity dispersion to
sound speed. In molecular clouds, the temperatures are ~ 10 K, i.e., with sound
speeds of ~ 0.2km s~ '. Observed 1D velocity dispersions of IRDCs and GMCs can
be ~ 1 to 10 km s, implying M, ~ 5 to 50. Thus the turbulence is described as
being supersonic, which is expected to lead to a network of shock compressed regions.
Shocks dissipate energy, so supersonic turbulence is expected to decay relatively
quickly, i.e., with an exponential decay time that is about equal to a flow crossing
time teross = L/v, which is similar to a free-fall time for a self-gravitating cloud.

The classic study by Larson (Larson, 1981) found that the internal velocity
dispersion of CO velocity spectra (Awv) are correlated with the cloud sizes (L). The
correlation can be described by a power-law (Av oc L%3%). More recent studies find
a power law index of about 0.5 McKee and Ostriker (see, e.g., 2007). The value of
this index is an important property to describe the nature of interstellar turbulence.

An important property of turbulent gas flow in relation with magnetic fields is
the potential anisotropic nature of the flow. If the magnetic field is dynamically
important, then a greater degree of anisotropy is expected, with energy dissipation
perpendicular to the B—field happening faster than along the field, i.e., motions
are more constrained in directions perpendicular to the B—field. This aspect is
summarised in Figure 2.1. The turbulence eddies are represented as ellipses, that
have major axes in direction aligned with the local magnetic field direction, while the
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B-field

Gradients

Turbulenteddies

Gradient

Gradient

Figure 2.1: Schematic diagram adopted from Lazarian et al. (2018) showing the
turbulence eddies in the dynamically important magnetic field, the elongations of
the turbulence eddies are align with the magnetic field direction. Notice that the
anisotropy is related to the local magnetic field direction.

minor axis is orthogonal to this. Thus spatial gradients in velocity are expected to
be largest in directions perpendicular to the B—field. This opens up the possibility
of kinematic methods for inferring magnetic field orientation (see, e.g., Burkhart,
2021, for a review).

2.2 Evolutionary stages

2.2.1 Infrared dark clouds (IRDCs)

Massive stars and star clusters are thought to form from dense molecular clumps
within giant molecular clouds (GMCs). In their early stages, these clumps can appear
as infrared dark clouds (IRDCs), i.e., IR shadows against the diffuse Galactic mid-IR
background (Perault et al., 1996; Egan et al., 1998; Simon et al., 2006). Figure 2.2
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Figure 2.2: (From Barnes et al., 2021): three-color image of part of the Galactic
plane which highlights several infrared dark clouds (IRDCs). In this image, red is
8 pm, green is 5.8 ym and blue is 4.5 ym emission from the Spitzer GLIMPSE
survey (Carey et al., 2009). The three IRDCs are Clouds F (G34.43+0.24), G
(G34.77-0.55), and H (G35.39-0.33) following the naming in Butler & Tan (2009).
The inset panels show zoom-ins of these IRDCs.

shows three well studied IRDCs exhibited as such dark silhouettes in front of the
mid-infrared Galactic emission as observed with the Spitzer space telescope (Barnes
et al., 2021).

Many IRDCs appear to be globally filamentary or to contain filamentary sub-
structures (e.g., Kainulainen and Tan, 2013). Such filaments may arise due to local
turbulent shock compression within GMCs, collisions between GMCs (e.g., Wu
et al., 2018), compression in feedback shells (e.g. Cosentino et al., 2020), collision of
feedback shells with each other (e.g. Inutsuka et al., 2015), magnetically regulated
collapse (e.g. Li et al., 2014), or some combination of these processes.

Numerous of studies have been carried out to characterize the physical conditions
of IRDCs (e.g., Rathborne et al., 2006; Butler and Tan, 2009, 2012; Kainulainen
and Tan, 2013; Hernandez and Tan, 2015; Sokolov et al., 2017). Figure 2.3 shows
the dust extinction map of Cloud H (G35.39-00.33) from Kainulainen and Tan
(2013). The extinction map is constructed by combining mid-infrared and near
infrared extinction data. The high extinction up to at least Ay ~ 100 mag indicates
high column densities (Ng ~ 1.87 x 10?3 cm™2 assuming a conversion factor of
Ny /Ay = 1.87 x 10*' (cm ™2 /mag) (Bohlin et al., 1978) Based on such column density
maps, estimates of the volume densities can be made, with values of ng ~ 103~¢cm=3
inferred for structures with masses in the range ~ 10°> down to 10 M, (Butler and Tan,
2012). Temperatures in IRDCs have been measured from studies of NH; emission



12 2.2. FEwvolutionary stages
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Figure 2.3: Dust extinction map of Cloud H (G35.39-00.33) constructed from
mid-infrared and near-infrared data (Kainulainen and Tan, 2013).

(Pillai et al., 2015) and from FIR dust SEDs (Lim et al., 2016), with values of ~ 15K
inferred. Pillai et al. (2015) (see also Soam et al., 2019; Tang et al., 2019)mapped
the plane of sky magnetic fields using polarized dust continuum emission toward two
IRDCs and, via the DCF method, inferred the presence of dynamically strong, ~mG
B—fields and sub-Alfvénic turbulence M4 ~ 0.5.

On the astrochemical side, as IRDCs are cold and dense, high levels of CO
freeze-out (depletion) have been detected. The CO depletion factor (fp) is defined
as the ratio between an abundance of CO assuming all C is in the form of CO in
the gas phase and the actual CO gas phase abundance. Values of fp ~ 3 to 10 have
been measured (Hernandez et al., 2011; Jiménez-Serra et al., 2014; Entekhabi et al.,
2021).
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2.2.2 Fragmentation of IRDCs into Prestellar Cores

The previous section summarized the main observed environmental properties of
IRDCs. To form massive stars and star clusters, requires fragmentation and collapse
within IRDCs. How such fragmentation proceeds is expected to influence the
properties of the results stars and star clusters. For example, massive star formation
theories involve different levels of fragmentation. In the Turbulent Core Accretion
model (McKee and Tan, 2003), some rare cases of massive prestellar cores with
limited fragmentation results. These objects contain many thermal Jeans masses, i.e.,
the mass that can be supported against gravity purely by thermal pressure, so their
fragmentation must be prevented by some combination of turbulent and magnetic
pressure. On the other hand, the Competitive Accretion model (Bonnell et al., 2001)
invokes high levels of fragmentation to thermal Jeans scale.

The core accretion model (see Figure 2.4) proposes that massive stars form by a
process that is a scaled-up version of the low-mass star formation model (Shu et al.,
1987), thus the formation of a massive star happens from material localized in a well-
defined region, i.e., the dense core. However, the core will be massive and is partially
supported by turbulence and magnetic fields (e.g., Butler and Tan, 2012; Tan et al.,
2014) to prevent its fragmentation. Nevertheless, the model also suggests a more
disordered collapse of the dense core due to its turbulent nature, perhaps including
significant accretion via over-dense filaments and other sub-structures, e.g., as seen
in magnetohydrodynamical (MHD) simulations of such structures (Seifried et al.,
2012; Myers et al., 2013; Hsu et al., 2021). On the other hand, in the Competitive
Accretion model (see Figure 2.4), stars chaotically gain their mass via the global
collapse of the clump without passing through the massive pre-stellar core phase. The
prediction of this model is that massive stars always form in clustered environments,
i.e., surrounded by many lower-mass protostars.

Several observational features can provide important information to help distin-
guish between core and competitive accretion: (1) Core mass function; (2) Identifi-
cation of massive dense cores and levels of fragmentation; (3) Existence of massive
protostars in relative isolated regions.

(1) Core mass function: A characteristic feature of core accretion models is
a more direct linkage of the pre-stellar core mass function (CMF) and the stellar
initial mass function (IMF). Several observational studies have found CMFs shapes
that are similar to that of the IMF (Alves et al., 2007; André et al., 2010; Konyves
et al., 2015; Cheng et al., 2018). On the other hand, in the competitive accretion
framework, there is no correlation between the CMF and the IMF as the accretion
involve randomly fed ambient gas materials from the clump or the parent cloud (e.g.
Padoan et al., 2020).

(2) Identification of massive pre-stellar cores Another important obser-
vational features to disentangle between the two scenarios is to look for massive
dense core, especially pre-stellar cores. For instance, some CMF studies (e.g. Motte
et al., 2018; Liu et al., 2018; O’Neill et al., 2021) have found relatively shallow
CMF indices, suggesting the existence of massive dense cores. Furthermore, ALMA
observations toward IRDC G28.3740.07 by Tan et al. (2013) identified two massive
dense prestellar core candidates with masses as high as 60 M. Csengeri et al. (2017)
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Figure 2.4: A schematic diagram showing the core accretion model. (image credit:
Jonathan Tan).
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Figure 2.5: A schematic diagram of competitive accretion model (image credit:
Bonnell et al. (2001)).

surveyed 35 sources with ALMA and found that most of them show limited fragmen-
tation, with at most 3 cores per clump. On the other hand, some observations find
higher levels of fragmentation: e.g., Cyganowski et al. (2017) studied the high-mass
star-forming region G11.92-0.61 finding that the three massive protostars in the
region are surrounded by at least 16 lower mass protostellar sources within a region
about 0.3 pc in radius; Sanhueza et al. (2019) studied 12 IRDCs clumps and revealed
a higher level of fragmentation with a large population of low-mass cores with sizes
smaller than 0.1 pc, but no high-mass counterparts.

(3) Massive protostars in isolated environments: A main observational
prediction of competitive accretion models is that massive stars must form in crowded
environments. Hence, identification of massive stars forming in relative isolated
environments would provides evidence in favor of core accretion, at least in these
regions. GG28.2-0.05, the massive protostellar system analyzed in this thesis provides
a case study for this type of investigation.
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Figure 2.6: SMA spectra adopted from Beuther et al. (2007a,b) toward two
massive star-forming regions (Top: G29.96; Bottom: IRAS 23151+5912). The
spectra show forests of simple and complex species.

2.2.3 Massive protostellar cores / hot molecular cores

Massive protostars, being sources of high luminosity and surrounded by large quanti-
ties of dense gas, lead to astrochemical rich conditions, observed as ‘hot molecular
cores’ (HMCs). These cores are characterized by being compact (< 0.1 pc), warm
(T > 100 K), and dense (ng > 10° cm™3) (e.g., van der Tak, 2004; Beuther, 2007;
Tan et al., 2014). Examples of a radio spectrum toward two HMCs are presented in
Figure 2.6 (Beuther et al., 2007a,b). In particular, many complex organic molecules
(COMs) have been identified in such spectra, including species that are building
blocks of prebiotic molecules, such as amino acids and proteins (e.g., Chakrabarti
and Chakrabarti, 2000; Garrod, 2013).

Following the cold IRDC and pre-stellar core phases, molecules are mostly frozen
on to dust grains. The HMC phase involves these species being thermally desorbed
into the gas phase. Chemical processing can occur both in the ices before desorption
and in the gas phase. The massive protostar G28.2-0.05 that is studied in this thesis
has been revealed to be one of the most chemically rich sources (Gorai et al. in-prep).
The physical characterization of the source we have carried out will be important for
the astrochemical modeling of this source.
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Figure 2.7: Four color image of the HII region Sh2-284 as seen by WISE. Blue
and cyan corresponds to emission at 3.4 and 4.6 pm, while green and red show
emission at 12 and 22 pm, respectively. Credit: NASA /JPL-Caltech/UC

2.2.4 Ionizing feedback as traced by HII regions

HII regions are the locations where H is ionised(Hoare et al., 2007). Young massive
stars produce high quantities of EUV photons that efficiently photoionize the gas
around them. Gas may also be ionized by strong shocks, e.g., driven by protostellar
outflows and stellar winds. Photoionized gas reaches temperatures of about 10,000 K
and so is overpressured compared to surrounding molecular cloud gas(Hoare et al.,
2007; Churchwell, 2002). Thus HII regions begin to expand into their surroundings
and this may be a crucial feedback process that destroys molecular clouds(e.g.
Kirsanova et al., 2008; Devaraj et al., 2021).

As an example, Figure 2.7 presents an image of the HII region Sh2-284, which is
powered by photoionization from already formed massive stars. These HII regions
are among the brightest objects in the mid infrared to radio wavelengthscitep(Hoare
et al., 2007; Churchwell, 2002). Owing to such high luminosity, HII regions are
targeted by observers as the ‘signpost’ for recently formed massive stars. To date,
over 2,000 HII regions have been detected across the Galaxy, including using MIR
survey data, followed up by studies of cm radio continuum free-free emission (Wenger
et al., 2021).

During the earlier protostellar phase, HII regions are smaller and indeed are
characterize via their size, i.e., Hyper-Compact (HC) HII regions (< 0.01 pc) and
Ultra-Compact (UC) HII regions(Churchwell, 2002). Large samples of UC HII regions
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Figure 2.8: Examples of UC-HII regions with different morphologies: Shell-like
(top left), Cometary (top right), Core-halo (bottom left), Bipolar (bottom right).
Figure is adapted from Rodriguez (2005).

were first characterized by Wood and Churchwell (1989) based on the IRAS data.
Some examples of UC-HII regions in radio wavelengths are presented in Figure 2.8,
which display different basic morphology. For instance, G28.2-0.05, the source
analysed in this project, is a shell-like HC-HII region (Sewito et al., 2008). The
different morphology could potentially be important in understanding the evolution
of the massive star forming environments, as it retains memories on the information
before ionization (Churchwell, 2002).

The radio spectral energy distribution (SED) of an HII region typically has a
shape presented in Figure 2.9. The spectral break corresponds to the frequency when
optical depth 7 ~ 1 Condon and Ransom (2016) . At frequencies lower than the
break, where 7 > 1, the SED follows a black body with spectral index «a,, ~ 2, where
S, o< v*. On the optically thin side, the optically thin free-free emission results in a
characteristic spectral index of o, >~ —0.1 Condon and Ransom (2016).However, the
radio SED of an HII region can involve a more intermediate power law index over a
broader range of frequencies if there is an underlying density structure in the HII
region, e.g., as in that of a stellar wind or protostellar outflow (e.g. Tanaka et al.,
2017). The radio emission from HCHII regions can be a crucial diagnostic to help
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Figure 2.9: The typical shape of the spectral energy distribution of HII regions.
The slope at frequency below the spectral break, indicated at the frequency when
7 = 1 is optically thick and follow a black body. The drop follows an index of
~ 2 assuming a cylindrical geometry. For the frequency higher than the spectral
break, the slope index is —1, which is correlated with the electron density. Figure
from Condon and Ransom (2016).

pinpoint the location of massive protostars that are just starting to ionize their local
environments.

2.3 A short note on interferometry

Much of the data analyzed in this thesis has been gathered by the ALMA interferom-
eter. Radio interferometry is needed to achieve the high angular resolution required
to probe the scales of distant massive protostars. Taking the source G28.2-0.05 as an
example, it has a prominent mm continuum structure on scales of 0.7”. To have 5
sampling elements across the source, requires an angular resolution of 0.14”. ALMA
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in a configuration with intermediate or long antenna baselines can easily achieve
such resolutions at 1.3 mm wavelengths (see Table 2.1).

While interferometry opens up a window to allow such high resolution studies,
there are still some caveats. An important problem is the incomplete sampling of the
visibility plane (u — v space). The regions sampled are related to the baseline differ-
ences between antenna pairs, and there is always a minimum baseline limit between
such pairs. Therefore, extended emission beyond some scale will be filtered out, i.e.,
the maximum recoverable scale (MRS). To recover this extended emission, single
dish observations are needed, which can then be combined with the interferometric
data.

ALMA is located in the Atacama desert at an elevation of about 5200 m. The
astronomical interferometer is composed of 66 antennas (forming the 12 m main
array and also the Atacama Compact Array [ACA]). By dynamically moving the
antenna to form different combinations, a wide ranges of angular resolutions ! as
high about a 30 mas scale at 1.3 mm can be achieved. In Paper I, the source was
observed by ALMA main 12m array at Band 6 (~ 1.3 mm) with three different array
configurations representing different baseline distances and thus various angular
resolutions and MRS levels. The corresponding details are summarized in following
table.

Thttps://almascience.eso.org/proposing/proposers-guide
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Table 2.1: Summary of ALMA observations toward G28.2-0.05
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Chapter 3

Paper summary and future works

3.1 Paper summary

In the appended paper, we present a detailed characterization of the physical proper-
ties of the massive protostellar system G28.2-0.05. The study was motivated by the
apparent isolated nature of the source as a means to more stringently test massive
star formation theories. The data was based on ALMA Band 6 observations. The
data was reduced by the pipeline and manual reduction was performed on the most
extended configuration data. All imaging and self-calibrations were performed with
CASA (ver. 5.6.1-8)(McMullin et al., 2007).

We first inspected the overall 1,3 mm continuum morphology and detected a
ring-like structure at a scale of about 2,000 au. A similar structure has been seen by
the VLA at 1.3 cm, suggesting it traces ionized gas, i.e., from a HC HII region. We
characterized the radio SED, including with an in-band SED analysis, to estimate
the contribution of dust emission to the 1.3 mm flux. The dust appears to be
concentrated on one side of the ring at the main mm continuum peak, which we
identify as the likely location of the massive protostar (see also below). The regions
just beyond the ionized ring, also appear to be dominated by dust emission.

We examine line emission in the ALMA data. The H30a recombination line also
traces ionized gas. It shows a strong line of sight velocity gradient at the location of
the main mm continuum peak, which is further evidence that this is the location
of the massive protostar. A dynamical mass estimate is made of the source from
these data. Several hot core molecular species are also identified, with emission in
the vicinity of the mm continuum peak. However, a more extensive study of the
astrochemistry of the source is deferred for a follow-up paper (Gorai et al., in prep.).
Finally, high velocity CO(2-1) emission is detected tracing a wide-angle bipolar
outflow that is driven from the region and extends to large scales.

3.2 Future works

Studying more massive protostars in a greater range of environments will allow
further constraints on massive star formation theories. The SOFIA Massive (SOMA)

23
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Star Formation survey, which has observed a large sample (> 50) massive protostars
in different environments and evolutionary stages provides a prime data base for
follow-up studies with ALMA and applying methods similar to those developed here.

Furthermore, additional large scale molecular line surveys, gas kinematics, and
magnetic field properties of IRDCs (Gorai et al. 2022 in-prep, Law et al. 2022
in-prep, see next chapter) are essential to connect the larger-scale properties in the
parental filament and the IRDCs to the local environment, thus forming a multi-scale
diagnostic analyses on the massive star and star cluster mechanisms.



Chapter 4

Turbulence and magnetic fields in
IRDC G38.9-0.74

4.1 Introduction

The roles and relative importance of self-gravity, turbulence, magnetic fields and
feedback in massive star and star cluster formation remain uncertain (e.g., Tan et al.,
2014; Rosen et al., 2020). In particular, it is challenging to measure the properties of
magnetic fields (see §1), with most practical methods of inferring B—field morphology
and strength in star-forming molecular clouds relying on indirect methods, especially
via mapping of polarized emission that is assumed to arise from the alignment
of nonspherical dust grains with magnetic field directions (e.g., Li et al., 2014).
Significant advances in this kind of observational data have occurred recently with
the results of PLANCK, BLAST-POL, JCMT-POL2, and SOFTA-HAWC+. Another
relatively novel method is to try and infer the effect of magnetic fields on turbulent
motions (see §1). Such methods have typically been calibrated against idealized
simulations of turbulence, but there have been relatively few studies that test
their results against independent observational measures of B—fields, such as from
polarizaration. This comparison is the primary goal of this project, with the target to
be studied an example Infrared Dark Cloud (IRDC) that has been observed with high
spatial and kinematic resolution in CO lines and has had its polarization morphology
mapped in the FIR.

IRDCs were identified via their high opacity at mid infrared (MIR) wavelengths
(e.g., Rathborne et al., 2006; Barnes et al., 2021). These massive dense clouds
are known to be the progenitors of massive stars and star clusters (e.g., Butler
and Tan, 2012; Kainulainen and Tan, 2013; Hernandez and Tan, 2015; Sokolov
et al., 2017). Direct observations of the magnetic field strengths in IRDCs are very
challenging, e.g., because molecules normally used for Zeeman measurements, like
CN, are frozen out onto dust grains. Some constraints on B—field morphology and
strength have been derived based on maps of polarized dust emission and by utilizing
the Chandrasekhar & Fermi method (Chandrasekhar and Fermi, 1953). For example,
Pillai et al. (2015) and Soam et al. (2019) have found relatively ordered degrees of
polarization and inferred that dynamically important magnetic fields are presented

25
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in IRDCs. However, there are significant uncertainties with this method of B—field
estimation, including its reliance on the uncertain physics of dust grain alignment
with B—fields. Alternative methods are thus needed to compliment as well as to
provide independent information on the magnetic field properties.

Models and simulations of interstellar turbulence (e.g., Goldreich and Sridhar,
1995) allow predictions to be made for the influence of magnetic fields on velocity
anisotropies and how these may be inferred from analysis of spectral lines cubes
of molecular lines, especially CO. have made ways to various techniques to infer
magnetic field orientations and other properties using the spectral line cube of
molecular lines (see, e.g., Burkhart, 2021, for a review). In particular, the Velocity
Channel Gradient (VCG) technique has been shown to capable to reveal magnetic
field morphology and other properties (e.g., Yuen and Lazarian, 2017; Lazarian et al.,
2018).

Observationally, the VCG method has been applied to a few low-mass star-forming
regions (e.g., Hu et al., 2019; Heyer et al., 2020) and in the massive star forming
region DR21 (Alina et al., 2020). However, it is unclear how reliable VCG may
be in regions with strong outflow feedback from star formation. Thus additional
observational studies are needed to test VCG analysis, ideally in early-stage clouds,
like IRDCs, that may be relatively free of feedback.

The IRDC G38.9-0.74 (kinematic distance of 2.7 kpc) is one (Cloud I) of the
ten clouds (A-J) in the sample of Butler and Tan (2009, 2012); Kainulainen and
Tan (2013), who produced high resolution MIR-based extinction maps of the regions.
Hernandez and Tan (2015) studied the kinematics and dynamics of these clouds,
including Cloud I, using the relatively low resolution (about 46”) *CO(1-0) data
of the Galactic Ring Survey (GRS) (Jackson et al. 2006). The study by Cosentino
et al. (2020) detected a wide spread of SiO morphology over Cloud I, which indicates
a potential shock interaction with the nearby HII regions N74 and N75. Two cores
have been identified toward the cloud, in which one has found with signatures of
molecular outflow and in-fall signature based on single dish SiO studies, while the
second core is more quiescent. The existence of both kinds of environment provides
an ideal test-bed to for the VCG techniques.

Here, using IRDC G38.9-0.74 (Cloud I) as a test case, we present preliminary
results from a project to perform the first comprehensive study of the magnetic
field morphologies and properties of IRDCs utilizing the high-resolution (about 6”)
BCO(1 — 0) Green Bank Telescope (GBT)-Argus observations, complimented with
SOFIA-HAWC+ dust continuum polarimetry data.

4.2 Methods

4.2.1 Velocity Channel Gradient (VCGQG)

The VCG method using spectral line cube data is described in detail by Yuen and
Lazarian (e.g., 2017); Lazarian et al. (e.g., 2018); Heyer et al. (e.g., 2020). In brief,
the method applies a simple Sobel kernel to compute the gradient in intensities of a
given “thin” channel map. The condition of being “thin” is simply that the velocity
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range of the channel map be smaller than the velocity dispersion of the cloud. Then

the direction and magnitude of the gradient in intensity, i.e., brightness temperature,
T, are described by

11/2

o 8Tk('xvyuv> ? aTk($>y7U) ’
VTi(z,y,v) = ((% + R T : (4.1)
aTk(‘Tay7U) aTk(x7y7U>_
Y = 4.2
cx(z,y,v) = arctan l 5 / o (4.2)

In practice, the original map is dissected into multiple blocks which the mean of
gradient in each block is computed. Here we take the block size to be the same as the
three beam resolutions, which correspond to 18" by 18”. This size is also equivalent
to the SOFIA beam resolution.

4.3 Observational Data

4.3.1 GBT-ARGUS 3CO data

Argus (Sieth et al., 2014) is a 16-element heterodyne ‘radio camera’ operating with
the GBT in the range of 85-116 GHz. The 16 heterodyne pixel receivers of Argus are
mounted in a 4x4 layout and have a beam separation of 30.4” in both the elevation
and cross-elevation directions.

Simultaneous mapping of the *CO(1-0) and C'®O(1-0) emission from the target
IRDC was performed using the GBT Argus on the 27 April 2021. The observations
utilised a ‘fast-mapping’ method in which the heterodyne pixel receivers are scanned
across the sky in rows of Galactic longitude, separated by 5.58” (0.8 x the beam
size). This might be expected to undersample the plane of the sky in comparison
with Nyquist sampling, in which a separation of <0.5 X the beam size is required.
However, the effects of sky rotation in relation to the scan direction, in addition to
that fact that any given point in the sky is observed by multiple beams, allows for a
relaxation of this requirement, without loss of information.

The data were reduced using the GBTIDL package, with calibration achieved
through observations of the Argus ‘Vane’, essentially a warm load placed in the beam
of the receiver. Atmospheric opacity estimates were taken from the forecast values
obtained from the CLEO! application, which are the average of the values from three
surrounding local sites.

After baseline fitting and removal was performed on spectra from each ARGUS
feed, these data were then gridded using the GBO tool ‘gbtgridder’ with a Gaussian
beam assumption and a pixel size of 2”. The resulting cube was then subjected to
further iterative baseline fitting and removal in order to equalize background noise
levels.

Thttps://www.gb.nrao.edu/ rmaddale/ GBT/CLEOManual /index.html
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Figure 4.1: 3CO(1-0) Moment 0 map of IRDC G38.9-0.74 integrated from vy, =
32 to 50 km s~ 1.

4.3.2 SOFIA-HAWC+ polarized dust emission data

The SOFIA-HAWC+ observation was carried out on 8 Sept. 2021 (Proj. ID 09_0104,
PI: Tan) in polarization OFTMAP mode to map the large-scale dust continuum and
polarization at 215 um (band E). The angular resolution is 18”. The mapped region
is 6.2" x 4.2 centered at R.A.: 19h04m10.00s, Dec.4+05d06m20.0s. The science ready
data were delivered after pipeline reductions performed by the SOFIA science staff.

4.4 Results

4.4.1 CO Kinematics

The overall 13CO(1-0) integrated intensity morphology is presented in Figure 4.1. Tt
shows peak intensities of about 50 K km/s, concentrated in several main clumps that
are surrounded by a more extended structure. We also inspect the velocity spectrum
(Figure 4.2) to infer the systemic velocity of the cloud of 41.2 km s™!. We notice
that this velocity is consistent with the 41.6 km s~! that was reported in Rathborne
et al. (2006).

4.4.2 Polarized Dust Emission

Figure 4.3 presents the Stokes I maps toward the G38.9-0.74 region. The overlaid
HAWCH+ inferred magnetic field directions shows ordered magnetic field morphology
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Figure 4.2: Averaged 3CO(1-0) spectrum of G38.9-0.74. The red line shows the

inferred systemic velocity of 41.2 km s 1.

around the cloud. We only select polarization vectors that have I/o I > 50,
SNR(P)> 2, P(%)< 50, and the uncertainty of the polarization angle §6 <= 30.
However, we notice that most of the vectors seems to be off the main filament but
detecting the nearby HII regions. None the less, as the GBT-ARGUS data cover the
same region, thus allow us to compare the magnetic field morphology.

4.4.3 B-field Analysis

For the CO data, we carry out the VCG analysis on a thin channel near the peak of
the spectrum. The results are shown in Figure 4.5. A first inspection of the overall
morphology suggests no particular anisotropy in the direction.

Next, we show the HAWC+ inferred B-field orientations overlaid on the CO map
of the IRDC. The map shows the presence of ordered polarization vectors detected
toward the relatively bright regions, with much of the inferred B-field vectors in the
North to South direction.

Thus, from a first preliminary analysis of these data, we do not see clear evidence
for agreement between the VCG and dust polarization methods for inferring B-field
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Figure 4.3: SOFIA 215um Stokes I intensity map overlaid with the magnetic field
direction.

orientation. Further work is needed to examine the robustness of this conclusion.
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Figure 4.4: Top: 3CO(1-0) Moment 0 map of IRDC G38.9-0.74 overlaid with the
the HAWC+H 215um Stoke I intensity contours (silver) and the 8 intensity contours
(black). The inferred magnetic field (by rotating the polarization angle with 90
degrees) is overlaid as vectors. The SOFIA beam size is presented in the bottom
left corner with FWHM of 18”. We only select polarization vectors that have
I/o I > 50, SNR(P)> 2, P(%)< 50, and the uncertainty of the polarization angle
00 <= 30. Bottom: plane of sky magnetic field morphology inferred from the
13CO(1-0) spectral cube using the velocity gradient technique. The background
presents the moment 0 map toward the velocity channel at the systemic velocity
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Figure 4.5: 13CO(1-0) Moment 0 map of IRDC G38.9-0.74 overlaid with the the

HAWC+ 215um Stoke I intensity contours (silver) and the 8 intensity contours

(black). The inferred magnetic field (by rotating the polarization angle with 90

degrees) is overlaid as vectors. The SOFIA beam size is presented in the bottom

left corner with FWHM of 18”. We only select polarization vectors that have

géa I > 50, SNR(P)> 2, P(%)< 50, and the uncertainty of the polarization angle
<= 30.
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ABSTRACT

We report high resolution 1.3 mm continuum and molecular line observations of the massive protostar
(G28.2-0.05 with the Atacama Large Millimeter/Submillimeter Array (ALMA). We identify a ring-
like structure in the continuum image with radius of about 2,000 AU, which has also been reported
previously at lower resolution in 1.3 cm observations with the VLA. A spectral index analysis and
the presence of H30« indicates that this ring mostly traces ionized gas, although there is evidence for
~ 30 Mg, of dusty gas near the main mm continuum peak on one side of the ring, as well as around
the ring within 3,000 au. High excitation molecular lines tracing dense and warm molecular gas are
also seen around the main mm continuum peak. A virial analysis on scales of about 2,000 au yields a
dynamical mass of about 80 M. The H30« emission around the main mm peak shows a large velocity
gradient, which we interpret as a rotating, ionized disk wind that may be launched from the inner
~ 100 au around a massive star of ~ 30 Mg. Such a disk wind is also likely to be the driver of a
large-scale, wide-angle bipolar molecular outflow that is seen in CO and SiO emission. We model the
spectral energy distribution of G28.2-0.05 from the mid to far-infrared and derive best-fit results for
a protostar that currently has ~ 24 My and is forming from a core with initial mass of ~ 400 My in
a clump with mass surface density of £, ~ 3 gem™3. Structure-finding analysis on the larger-scale
continuum image suggests G28.2-0.05 is forming in a relatively isolated environment, with no other
concentrated mass structures, i.e., protostellar cores, above 0.4 Mg found on scales from about 0.1 pc
to 0.4 pc around the source. Our results indicate that a massive star is able to form in relative isolation
from other protostars. The properties of the system can be understood in the context of core accretion
models. The dearth of other protostellar companions within the ~ 1 pc scale surroundings is a strong
constraint on massive star formation theories that predict the presence of a surrounding protocluster.

Keywords: Interstellar medium, Star formation

1. INTRODUCTION

Massive (> 8 M) stars impact many areas of astro-
physics, however, the mechanism of their formation is
still under debate. Two main scenarios are (i) Core Ac-
cretion (e.g., the Turbulent Core Accretion model of Mc-

chiyan.law@chalmers.se

Kee & Tan 2003) and (ii) Competitive Accretion (e.g.,
Bonnell et al. 2001; Wang et al. 2010) (see, e.g., Tan
et al. 2014 for a review). The former is a scaled-up
version of the standard model of low-mass star forma-
tion (Shu et al. 1987), although with the internal pres-
sure of the massive pre-stellar core being dominated by
turbulence and/or magnetic fields, rather than thermal
pressure. This implies the collapse will likely be more
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disordered than in the low-mass case, perhaps including
significant accretion via overdense filaments and other
sub-structures, e.g., as seen in magnetohydrodynamical
(MHD) simulations of such structures (e.g. Seifried et al.
2012; Myers et al. 2013; Hsu et al. 2021). A character-
istic feature of core accretion models is a more direct
linkage of the pre-stellar core mass function (CMF) and
the stellar initial mass function (IMF), although perhaps
mediated by effects of a varying core-to-star formation
efficiency and binary or small-N multiple formation by
disk fragmentation within a core.

In Competitive Accretion, stars chaotically gain their
mass via the global collapse of the clump without pass-
ing through the massive pre-stellar core phase. In the
context of the competitive accretion model, there is no
correlation between the CMF and the IMF as the accre-
tion involve ambient gas materials of the cloud.

Identification of relatively isolated massive protostar
candidates provides a direct way to constrain massive
star formation. Relatively isolated massive protostars,
i.e., with limited surrounding fragmentation and star
formation, indicate that collapse of a massive core has
occurred in a relatively monolithic manner. For in-
stance, Csengeri et al. (2017) studied 35 sources with
ALMA and found that most of them show limited frag-
mentation, with at most 3 cores per clump. Louvet et al.
(2019) also found low levels of fragmentation in the mas-
sive cores of the NGC-6334 region. On the other hand,
Cyganowski et al. (2017) studied the high-mass star-
forming region G11.92-0.61 finding that the three mas-
sive protostars in the region are surrounded by at least
16 lower mass protostellar sources within a region about
0.3 pc in radius.

Protostars forming via core accretion, especially in rel-
atively uncrowded environments, are more likely to in-
volve an ordered transition from the infall envelope to a
Keplerian disk, as has been claimed in G339.88-1.26 by
Zhang et al. (2019). They are also more likely to exhibit
relatively ordered outflows, i.e., launched orthogonally
to the accretion disk and maintaining their orientation
for relatively long periods.

Additional observational studies of relatively isolated
massive protostars are important to test theoretical
models. In this work, we analyse 1.3 mm (band 6) con-
tinuum and line data observed by ALMA of the massive
protostar G28.2-0.05. This source has been character-
ized as being a high luminosity (~ 1.4 — 1.6 x 105 L)
(Herndndez-Hernandez et al. 2014; Maud et al. 2015)
shell-like hypercompact HII region and a hot molec-
ular core (Walsh et al. 2003; Sewilo et al. 2004; Qin
et al. 2008) at a distance of 5.770% kpc (Fish et al.
2003; Sollins et al. 2005; Qin et al. 2008), which will

be adopted throughout this work. The source sys-
temic velocity is vsys = 95.6 £ 0.5 km s~' . We note
that some previous studies adopted a larger distance of
9.1 kpc (Kurtz et al. 1994; de la Fuente et al. 2020).
Within a radius of 0.48 pc, G28.2-0.05 has an estimated
gas mass of 33 Mg, and thus a mass surface density
of (33 x 1.989 x 10%3)/((3.086 x 108 x 0.48)? x 71) =
9.52 x 1073 g cm™? (Hernandez-Herndndez et al. 2014).
Previous studies (e.g., Sollins et al. 2005) have suggested
the presence of two components: (i) an infalling equa-
torial torus molecular gas, whose dense central ionized
gas produce HII regions, and (ii) an extended molecu-
lar shell which is associated wide angle outflow or wind.
Furthermore, Klaassen et al. (2009) presented SMA ob-
servations and inferred from a velocity gradient perpen-
dicular to the outflow direction that warm molecular
gas (e.g., as traced by SO2) is undergoing bulk rota-
tion. Klaassen et al. (2011) detected a large and wide
angle 12CO (2 — 1) outflow based on the JCMT observa-
tions. Furthermore, various masers (OH, H,O, CH30H)
and in-fall motions have been revealed from centimeter
wavelengths observations of molecular and radio recom-
bination lines (Sollins et al. 2005; Sewilo et al. 2008).

Qin et al. (2008) presented a chemical study of the
source with the SMA to measure the kinetic temperature
and column density of the source. Based on multiple
K-components of the CH3CN and rotational diagram
method, the authors measure a rotational temperature
of about 300 K.

This paper is organized as follows. In §2, we sum-
marise the observations and the reduction procedures.
We characterise the spectral energy distribution (SED)
of the source in §4. We study the continuum and molec-
ular line morphology of the protostar in §3.1. We model
the spectral energy distribution (SED) of the protostar
in §4. In §5 we characterise the large scale fragmenta-
tion of the source. Finally, a summary is presented in
§6.

2. ALMA OBSERVATIONS & DATA REDUCTION

(G28.2-0.05 was observed with ALMA in Band 6 via
a Cycle 3 project (PL: Y. Zhang; 2015.1.01454.S) with
compact (C36-2, C)! and intermediate (C36-5, 1) array
configurations and via a Cycle 4 project (PI: J. Tan;
2016.1.00125.S) with a long-baseline (C40-9, E)? config-
uration (see Table 1). In each case, a single pointing
observation was made with a primary beam size (half

! https://almascience.eso.org/documents-and-tools/cycle3 /alma-
technical-handbook (Table 7.1)

2 https://arc.iram.fr/documents/cycle4/
ALMACycle4TechnicalHandbook-Final.pdf (Tale 7.1)
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power beam width) of 26.9”3. All the observations have
the same spectral set-up, covering frequencies from 216.7
to 234.9 GHz. Information about the spectral band
passes used in the observations is given in Table 2. The
total integration times were 4.2, 16.2 and 130.4 minutes
in these configurations, respectively. For the Cycle 3
observations, J1427-4206 was used for band-pass cali-
bration, J1617-5848 and Titan were used for flux cali-
bration, and J1636-4102 and J1706-4600 were used as
phase calibrators. For the Cycle 4 observations, J1924-
2914 was used for band-pass calibration, J1834-0301 and
J1846-0651 were used for phase calibration.

All data reduction and imaging was performed with
CASA (McMullin et al. 2007) using version 5.6.1-8. Af-
ter pipeline calibration, we performed the continuum
and line imaging separately. For the continuum imag-
ing, we image and self-calibrate each spectral window
based on line-free channels with task tclean using ’briggs’
weighting with a robust parameter of 0.5. We identify
line-free channels as follows. We first inspect the raw
spectrum of each spectral window and identify repre-
sentative line free channels. We then define a threshold
by the root mean square (rms; owms = />, I2/n) of
those channels. Any channels that are within four times
the rms are counted as line free channels. We then use
these line free channels to form the individual spectral
window continuum images, as well as the total contin-
uum image. We perform four iterations of phase-only
calibrations with solution intervals of 30s, 10s, and ’int’
with manual masking. Finally, an iteration of amplitude
calibration with manual masking, which we also apply
to the line data.

The resulting synthesized beams of each configuration
are summarized in Table 1. We self-calibrated each con-
figuration before combining them using the CASA func-
tion concat to obtain the final combined continuum im-
ages. During combination, we weight each configuration
based on their average time intervals (Table 1 Column
6)*. The final weightings are 1, 1 and 0.33 for the Com-
pact (C), Intermediate (I) and Extended (E) baseline
configurations, respectively. The combined (C+I+E)
continuum was then cleaned interactively with manual
masking with multi-scale deconvolver at scales of 0, 10,
50, 150 pixels. The resulting synthesized beam of the
final combined continuum image is 0.060”x0.036”. A
summary of the observations and configuration set up is
given in Table 1. We note that the maximum recover-

3 https://almascience.nrao.edu/about-alma/alma-basics

4 https://casaguides.nrao.edu/index.php
/DataWeightsAndCombination

able scale ranges from 0.34” to 11", while the resolution
ranges from about 0.026"” to 0.813".

The root-mean-squared (rms) noise level in a given
continuum image (before primary beam correction) is
done by sampling 5000 regions each with area equal to
the synthesized beam. We then fit a Gaussian to this dis-
tribution of fluxes and estimate the 1o noise level from
the standard deviation of this Gaussian. The 1o noise
levels in the C, C+I and C+I+E configuration images
are 1.29, 0.358, and 0.170 mJy bm~! respectively.

For molecular line imaging, we first subtract the base-
line in the uv plane using wvcontsub in CASA. The
continuum emission is obtained by subtracting line-free
channels using the wvcontsub function. We apply man-
ual masking during line imaging. We use tclean to image
the emission lines, again with ’briggs’ weighting and ro-
bust factor of 0.5 and multiscale deconvolver at scales
of 0, 10, 50, 150 pixels. Unless otherwise mentioned
specifically, science measurements are performed on the
primary beam corrected images.

3. CHARACTERIZING THE PROTOSTAR
3.1. Morphology

Figure 1 presents an overview of the G28.2-0.05 pro-
tostellar system and its surroundings. Panel (a) shows
the Spitzer-IRAC 8 pym image of the large-scale envi-
ronment around the source, spanning 7 pc by 10 pc.
The protostar is visible as a MIR-bright compact source
that is embedded in a MIR-dark filament, i.e., an IRDC.
We note that the (G28.2-0.05 source is close in the
sky position (about 6’) to the well-studied, massive
IRDC G028.37400.07 (also known as Cloud C in the
sample of Butler & Tan 2009, 2012), which has a similar
estimated kinematic distance of 5 kpc. The uncertain-
ties in kinematic distances are such that it is possible
these sources could be in close proximity, with the pro-
jected separation being about 10 pc.

Figure 1(b) presents the Herschel 70 pm continuum
map of G28.2-0.05. The dynamic range in intensity of
this image spans more than a factor of 1,000. In this
image the central source appears to be relatively iso-
lated with no detection greater than 1% of peak emission
within a 2’ (3.3 pc) radius around it.

Figure 1(c) shows the primary beam corrected
ALMA 1.3 mm continuum image derived from the com-
pact (C) configuration observation. As described above,
the 1o noise level in the central part of this image is
1.29 mJy bm~!. The color stretch is set to have a mini-
mum value of 0.1¢. The image shows a central, compact
source that is surrounded by a halo of fainter emission,
but with an absence of other bright sources.



4 LAW ET AL.

Table 1: Summary of ALMA observations toward G28.2-0.05

Start of Obs.  Obs. time Config. Antennas  Baseline Averaged MRS Beam size
used Lengths Interval
(min.) (m) (sec.) (") @
2016 April 24 4.17 C 41 14.7 - 376.9 6.05 11.0 0.735 x 0.813
07:44:13.2
2016 Sept 11 16.2 I 37 479 -1396 6.05 3.40 0.201 x 0.217
02:45:50.2
2017 Sept 30 34.5 41
01:53:01.1
2017 Nov 1 34.8 E 49 346.5 - 9743 2.02 0.340 0.026 x 0.048
00:15:20.2
2017 Nov 5 61.1 47
23:00:02.4

Table 2: Summary of ALMA spectral windows set-up

Spectral Window Molecular Line

Frequency range (MHz) Channel Spacing (kHz) rms ( mJy bm™")

Spw0 CH30H (42,5 — 51,4) 232928.10 - 234928.10 15625.00 0.600
Spwl H(30)a 231587.86 - 232056.61 488.28 0.810
Spw2 12C0(2-1) 230297.25 - 230765.99 488.28 0.310
Spw3 H2CO (918 — 91,0) 218714.73 - 218656.14 112.07 0.717
Spw4 CHsOH(4-2,3 —3-1,2)  21839.79 - 218365.55 112.07 0.589
Spw5 C™0 (2-1) 219514.81 - 219485.58 112.07 0.460
Spw6 CH;3CN 220278.12 - 220248.88 112.07 0.890
Spw7 SiO(5-4) 217147.97 - 217031.03 488.28 0.279
Spw8 SO. 216685.46 - 216451.08 488.28 0.710

Figure 1(d) shows the primary beam corrected 1.3 mm
continuum image derived from the compact and inter-
mediate combined (C+I) data, with 1o noise level of
0.358 mJy bm~! in the central regions. Again, the color
stretch is set to have a minimum value of 0.1¢. This
image reveals finer details and substructure of the cen-
tral source. However, again, there is no clear evidence
of strong, compact secondary sources in the wider FOV.
We return to this topic with a quantitative analysis of
this image for the presence of secondary sources in §5.

Figure 1(e) shows the primary beam corrected 1.3 mm
continuum image derived from all the configurations
combined (C+I+E), while Figure 1(f) presents a zoom-
in view of the central source. The range of intensities
shown extends down to 0.10, with the 1o noise level be-
ing 0.170 mJy bm~! in the central regions. The image
reveals a ring-like structure with a radius from its cen-
tral minimum to bright rim of ~ 0.01 pc (2,000 AU).
Three peaks have been identified within the ring. The
main peak of the continuum emission is on the SW side

at R.A. =18 :42:58.0997, DEC.= —4 : 13 : 57.636. A
secondary peak is found on the NE side and a third rel-
atively faint peak toward the northern part of the ring.
Outside of the ring, more extended, fainter structures
are visible, especially on each side that is aligned to the
apparent long axis of the ring, i.e., NW to SE.

3.2. Radio to mm Spectral Index to Probe Ionized and
Dusty Gas

Sewilo et al. (2008, 2011) carried out high resolu-
tion VLA observations toward G28.2-0.05 at 1.3 cm
(22.4 GHz, i.e., radio K-band) and detected a ring-like
structure that is similar to the one we see in the 1.3 mm
continuum. Figures 2(a) and (b) present the archival
VLA 1.3 cm continuum image overlaid with the E only
and C+I+E combined 1.3 mm continuum images, re-
spectively. On first inspection the images show very
similar morphology at these two wavelengths. Assum-
ing the 1.3 cm continuum traces free-free emission from
ionized gas, this suggests that a significant portion of the
1.3 mm continuum is also contributed by such emission.
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Figure 1: Multi-scale views of the G28.2-0.05 massive protostar. (a) Top left: Spitzer 8 um intensity map of the
~ 20-pc scale region. A filamentary IRDC, from which the massive protostar appears to have formed, is visible as a
dark shadow. The Spitzer spatial resolution is 2”. (b) Top middle: Herschel 70 pm continuum image of the ~ 5 pc
scale region. The Herschel PACS spatial resolution is 5”. (¢) Top right: ALMA 1.3 mm compact (C) configuration
only continuum map, with color stretch such that the lower edge is 0.1c (¢ = 1.29 mJy bm™!) and upper limit is
about 316 mJy bm~!. The dashed circle represents the ALMA 12m primary beam. The beam size for ALMA C
configuration is 0.813” x 0.735”. (d) Bottom left: The same field of view as (c¢), but now showing the ALMA 1.3
mm compact + intermediate (C+I) configurations continuum map. The solid circle shows the extent of a 5 radius
aperture that encloses the main continuum structures and is one scale used for flux measurements. The lower edge of
the colorbar extends down to 0.1 (o0 = 0.358 mJy bm™!) intensity level (Section 2). The beam size for ALMA C+I
configurations combined is 0.201” x 0.217”. (e) Bottom middle: The same field of view as (c), but now showing the
ALMA 1.3 mm compact + intermediate 4+ extended (C+I+E) configurations continuum map. The lower edge of the
colorbar in extends down to 0.10 (o ~ 0.170 mJy bm~!) intensity level. The beam size is 0.060” x 0.036”. (f) Bottom
right: A zoom in of panel (e) to the inner region of G28.2-0.05, which shows a ring-like structure. The solid circle
shows a 0.5” radius aperture, which is adopted to measure the flux of the ring. The beam size of 0.060” x 0.036" is
more clearly visible than in panel (e).

On closer examination of the VLA and ALMA images, VLA (9 mas)® and ALMA (3 mas)® observations. The
we notice an apparent offset in peak positions and overall VLA observations were carried out in March 14, 2006,
ring structure. Based on 2D Gaussian fits to the 3 peak i.e., 11.5 years before our ALMA observations (using the
positions, this offset has an magnitude of (34.8+9.5)mas 2017/11/5 date of the longest E configuration observa-
in a direction of P.A. = 216° (from VLA to ALMA). This tion). Thus, the observed offset corresponds to a proper

offset is larger than the astrometric uncertainties of the

5 https://science.nrao.edu/facilities/vla/docs/manuals/oss/
performance/positional-accuracy

6 https://help.almascience.org/kb/articles/what-is-the-
astrometric-accuracy-of-alma
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Figure 2: (a) Top left: ALMA 1.3 mm continuum image (E config. only) of inner region of G28.2-0.05. The VLA 1.3 cm
continuum is shown with contours [0.1,0.2,0.4,0.8,1.2,1.6, 2.0, 2.4 Jy/arcsec?]. The beam size of 1.3 mm image is 0.048" x 0.026"
(see inset), while that at 1.3 cm is 0.09”. An offset of 34.8 mas in direction of P.A. = 216° is seen between the peaks of the
VLA and ALMA images (see red arrow in lower right, while black arrow shows direction to Galactic centre). (b) Top right:
As (a), but now showing 1.3 mm C+I+E combined image, with beam size 0.060” x 0.036” (see inset). (c) Middle left: As (a),
but now with the 1.3 cm image translated to align with the 1.3 mm image. (d) Middle right: As (b), but now with the 1.3 cm
image translated to align with the 1.3 mm image. (e) Bottom left: Map of spectral index, o, = log (I, /1.,) /log (v1/v2), where
v = 22.4 GHz and v» = 234 GHz, i.e., evaluated using 1.3 cm and 1.3 mm (E-configuration) fluxes. The contours are the
1.3 mm continuum E configuration image, with levels at [0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 5.5, 6] Jy/arcsec®. (f) Bottom right:
As (e), but now using the 1.3 mm C+I+E configuration image. The overlaid contours levels are set to be the same as in bottom
left panel.
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motion of (3.03 4 0.83) mas yr~!, i.e., (82 £22) kms~!
at the 5.7 kpc distance of source.

The expected proper motion due to Galactic orbital
motion (assuming a constant rotation curve of ampli-
tude 200 kms ™!, solar galactocentric distance of 8.0 kpc
and a kinematic distance to the source of 5.7 kpc in the
direction of I = 28.2°) is 109 km s~! in the direction of
decreasing I, i.e., west in Galactic coordinates. The P.A.
of this direction along the Galactic plane in R.A.-Dec.
projection is 207°. Thus, the observed proper motion,
given the uncertainties, is consistent with being entirely
in this direction along the Galactic plane. Additional
velocity components of ~ 10km s™! due to non-circular
motions in the Galaxy, e.g., due to spiral arms or local
turbulence, are also likely to be present, which can also
help explain the difference between the observed motion
and that predicted by the simple Galactic orbital model.
Thus, overall, we conclude that the observed magnitude
is approximately consistent with that expected due to
Galactic orbital motion. We note that if the source was
at the far kinematic distance (9.1 kpc), then the ex-
pected motion would be larger, i.e., 243 kms™ ", corre-
sponding to 5.63 mas yr~!. This is supporting evidence
that the source is indeed at the near kinematic distance.

We proceed by correcting for the apparent offset, i.e.,
by shifting the VLA image so that it best aligns with the
ALMA image. These overlaid images, the equivalent of
Fig. 2(a) and (b), are shown in Fig. 2(c) and (d). Apart
from the general close agreement between the images, we
also note the presence of an extended spur of emission in
the 1.3 cm image extending from the north of the ring.

We next evaluate the spectral index, a,,, map of the
source based on the ratio of the intensities at 1.3 cm
and 1.3 mm. The spectral index can help diagnose the
physical processes responsible for the emission. In par-
ticular, regions where dust starts to make a dominant
contribution to the 1.3 mm flux would have larger val-
ues of «,,. We first re-grid the ALMA image to the VLA
resolution (i.e., a pixel scale of 0.03") using the imregrid
function in CASA. The spectral index is defined via

a, =log (L, /1) /log (v1/va), (1)

where 11 = 22.4 GHz and vy = 234 GHz. When mak-
ing the spectral index map, we only consider pixels that
are 4 times the corresponding measured rms noise lev-
els in both the ALMA and VLA images, i.e., 0.0689
Jy/arcsec? and 0.00679 Jy/arcsec?, respectively. Fig-
ures 2(e) and (f) present the maps of «, using the E
and C+I+E ALMA images, respectively.

We see that o, takes values of about 0.1 in the main
ring structure, as based on VLA to ALMA C+I+E data.
As expected, when only ALMA E configuration is used,

smaller values of «,, are generally seen, which is likely
due to missing flux at 1.3 mm in this case. We notice
that toward the main 1.3 mm continuum peak there is
a local enhancement of o, to values of about 0.5. There
are also larger values of a,, i.e., 2 1, seen immediately
surrounding the ring.

To obtain an average value of the spectral index of the
inner region we integrate the flux inside a radius of 0.5”.
At 1.3 cm this flux is 0.550 Jy. At 1.3 mm the flux is
0.546 Jy in the E-configuration image and 0.742 Jy in
the C+I+E image. Thus the average values of «,, of the
inner region are —0.00311 £ 0.0614 and 0.128 + 0.0614,
respectively. These data are shown in Figure 3a, along
with previous reported flux measurements from the VLA
at 14.7 GHz (0.543 Jy with source size of 1.0” x 0.7")
and 43 GHz (0.645 Jy with source size of 0.9”) (Sewilo
et al. 2011). We see that the three VLA data points
and the ALMA C+I+E data point can be well fit by a
single power law, i.e., o, = 0.118+0.0202. This suggests
that a significant fraction of the 1.3 mm continuum flux
on these scales is contributed by free-free emission from
ionized gas, since approximately power law behavior is
often seen in the radio SEDs of ionized structures in the
frequency range where they are transitioning from being
partially optically thick to optically thin. However, it
remains possible that the free-free emission spectrum
deviates from this single power law description, i.e., if
it reaches the fully optically thin limiting value of o, =
—0.1 by ~ 100 GHz. In this case a greater proportion
of the 1.3 mm flux would be expected to be contributed
by dust.

As a further examination on the presence of dust in
this region, we evaluate the ALMA in-band SED, i.e.,
within Band 6 from 216.575 GHz to 233.926 GHz. We
make the same continuum measurements of the inner
0.5” region, but now carried out separately in the line-
free regions of each of the spectral windows of the ob-
servation. These data are shown in Figure 3b, as well as
in more detail in Figure 4. Here we assume a 10% cali-
bration uncertainty in the integrated fluxes of each mea-
surement, which dominates over other errors. From the
in-band data we measure the following spectral indices
(o), depending on which image is used: 0.255 + 2.93
(E); 2.774£0.714 (C+I+E). We note the following results
for other combinations: 1.65 + 0.258 (I); 1.43 + 0.350
(C+I). These results suggest the potential presence of
dust in the inner region, which leads to a steepening of
the spectral index compared to the values seen at longer
wavelengths.

If dust is contributing significantly, then we may ex-
pect local spatial variations to its contributions. In Fig-
ure 5 we present the continuum images (both for E-only
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Figure 3: (a) Top: Radio to mm SED of the inner 0.5”
(2,850 au) radius region of G28.2-0.05. Two data points
are shown at 230 GHz (1.3 mm) from the ALMA obser-
vations. The higher (blue) point is based on the C+I+E
combined image, while the lower (red) one is based on
the E-only configuration image. Information about the
other data points, which are from VLA observations,
is given in Table 3. A power law fit to the SED (in-
cluding ALMA C+I4+E measurement) is shown, along
with 1o and 20 confidence intervals, with derived spec-
tral index of a,, = 0.118 & 0.0202. (b) Bottom: As (a),
but now showing separate in-band ALMA measurements
from 43 to 14.7 GHz (C+I+4E - blue open squares; E -
red open squares). Solid squares show the equivalent av-
erage ALMA fluxes with these configurations from (a).
Now the power law fit is only done to the VLA data
points and then extrapolated to the ALMA frequencies.
This power law has a,, = 0.168 £ 0.0580.
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Figure 4: In-band 1.3 mm SED of the inner 0.5”
(2,850 au) radius region of G28.2-0.05 based on E-only
(red points) and C+I4+E (blue points) configuration im-
ages.

and C+I4+E) at 216.575 GHz and 233.926 GHz, i.e.,
from spectral windows 8 and 0, respectively. We also
use these data to present in-band spectral index maps.

While the morphologies are generally quite similar, we
notice a modest enhancement of the higher frequency
emission in the vicinity of the main continuum peak.
In this region of the ring, the in-band value of «, has
values ~ 1 to 2. Furthermore, the region just outside the
ring also shows even larger values. These two features
are consistent with those seen in the VLA to ALMA
spectral index map.

We thus draw the tentative conclusion that there is
dust present in the inner region around the G28.2-0.05
protostar, especially around the main continuum peak
and in surrounding regions outside of the ring. We will
see below that there is evidence that the protostar is
located at the position of the main continuum peak.
However, these results motivate the need for high res-
olution imaging at other frequencies, especially around
~ 300 GHz and higher to better confirm the presence of
dust on these scales.

We proceed by making an approximate estimate of the
1.3 mm continuum flux from dust inside 0.5”. For this
we simply take the difference in fluxes between 234 GHz
and 217 GHz based on the in-band power law fit, i.e.,
0.94 — 0.75 = 0.19 Jy. For optically thin dust emission,
1.3 mm flux density corresponds to a mass surface den-
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%43.25( Q) gem™2,

where F,, is the total integrated flux over solid angle €2,
K0.00638 1s the dust absorption coefficient normalised to
0.00638 cm? g_l. This fiducial value has been derived
assuming an opacity per unit dust mass of 0.899 cm? g71
(i.e., from the moderately coagulated thin ice mantle
model of Ossenkopf & Henning 1994) and a gas-to-
refractory-component-dust ratio of 141 (Draine 2011).
We note that the mass surface density is sensitive to the
temperature of the dust, with the above value normal-
ized to Ty 100 = T4/100 K = 1. Values of Ty = 50 K
and 200 K change the coefficient by factors of 2.12 and
0.486, respectively.

Applying equation (2) to the inner 0.5” circular aper-
ture of G28.2-0.05, i.e., with = 0.785 arcsec?, we es-
timate Ypm = 10.5 g ecm ™2 (averaged over this region).
This corresponds to a mass of 30.3 M. This mass is
consistent with the 33 Mg reported in the literature
(Hernéndez-Hernéndez et al. 2014). If Ty is in the range
from 50 to 200 K, the mass would thus be in the range
from about 60 to 15 Mg.

It is possible that the optically thin assumption used
for these mass estimates is not valid. To see this,
we evaluate the dust optical depth 7 = k,%um. For
our fiducial estimate of ¥, = 10.5 g cm™2
7 = 0.067, which implies the optically thin approxima-
tion is valid. As shown in Figure 6, only if the dust
temperature is as low as ~ 20 K does 7 start to be-
come significant. However, as discussed below, such low
temperatures are not expected to be realistic for this
region that is so close to a massive protostar. On the
other hand, these estimates assume the dust is spread
out uniforming over the 0.5” scale region. The actual
distribution is likely to show some spatial concentration
and thus involve higher values of ¥,,. If the 0.19 Jy
emission from dusty gas is concentrated in a region of
10 times smaller area, then Figure 6 shows that 7 ~ 1
for T'< 100 K and the method using the optically thin
assumption would underestimate the mass by a signifi-
cant factor. We will return to these mass estimates when
discussing other inferred protostellar properties.

, we have

3.3. Hot Core Environment

The structure and kinematics of hot molecular core
emission lines that trace dense and warm molecu-

lar gas can also be used to characterize the proto-
star. Figure 7 shows moment 0 maps of a lower
excitation line of HaCO(32,1 — 22,0, Eyp = 68.1 K),
a higher excitation line of HoCO(91,8 — 91,9, Fup =
174 K), CHgOH(4,2’3 — 3,1’2, Eup = 45.46 K), and
CH3OCH3(224719 — 223,207 Eup = 25341K) We see that
the two higher excitation species are concentrated in a
region that is close to and overlapping with the main mm
continuum peak, but with a slight offset of about 0.2”
(i.e., ~ 1000 au). Some emission from these species is
also seen extending around and just exterior to the mm
continuum ring. The two lower excitation species have a
more extended distribution with their strongest emission
just exterior to the mm continuum ring. These results
indicate that there is dense, warm molecular gas present
just outside the ring, but also even hotter gas near the
main mm continuum peak and likely to be heated by a
source at this location. The upper state energies of these
transitions indicates that a typical value of ~ 100 K for
the dust temperature used above is a reasonable choice
in the inner 0.5” scale region.

In addition, other molecules are detected in the
spectra of G28.2-0.05, both relatively simple, such as
502(222’20 — 222721, Eup = 248.44 K), HQS(2210 — 2171,
E,p = 83.98K), to more complex hot core lines, such as
CQH5CN(271127 - 261,26, Eup = 15773K) ThUS, G28.2-
0.05 appears to be a relatively chemically rich massive
protostar, e.g., compared to other sources studied with
the same spectra set up, such as G339.88-1.26 (Zhang
et al. 2019b), IRAS 07299-1651 (Zhang et al. 2019a)
or G35.20-0.74N (Zhang et al. 2022). A detailed chemi-
cal characterisation of G28.2-0.05 will be presented in a
companion paper to this one (Gorai et al., in prep.).

In Figure 8 we show the average spectra of the four
lines shown in Fig. 7. These spectra exhibit a central
main Gaussian peak, but with evidence of high velocity
line wings, especially to more redshifted velocities. The
lines peak at velocities close to the reported literature
source systemic velocity of 95.6 km/s (see §1). Hence,
we adopt this value as the systemic velocity of the source
throughout this work.

In Figure 9 we present the moment 0, 1 and 2 maps
of the CH3OCHjs line. The velocities near the main mm
continuum peak are seen to be close to the systemic ve-
locity of +95.6km s~ ', but become blueshifted by several
km/s as one moves around the ring. The moment 2 map,
which shows the estimate of the 1D line of sight velocity
dispersion, o, exhibits values as high as 2.5 km s~ near
the main mm continuum peak.

We now use the velocity dispersion of the highest ex-
citation species, i.e., the CH3OCHs line, to estimate
a dynamical mass of the protostar assuming it traces
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Figure 5: Top row: 216.575 GHz (spw8) continuum images of E only and C+I+E combined respectively. The beam
sizes are accordingly 0.042” x 0.021” and 0.073” x 0.046”. Middle row: Similar to the top row , but for 233.926 GHz

(spw0).

The bean sizes are respectively 0.048” x 0.027” and 0.077” x 0.051".

Bottom row : E only and C+I+E

combined spectral index map between spw8 and spw0 (o, = log (1,,/1,,) /log (v1/v2), where 11 = 216.575 GHz and
vy = 233.926 GHz. The overlaid continuum contours levels are respectively the same as in Figure 2.
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Figure 6: (a) Top: Optical depth (7) of inner-scale dust around G28.2-0.05, i.e., within a projected radius of 0.5”
(2,850 au), versus assumed dust temperature. The blue dotted line shows 7 evaluated from a uniform face-on slab of
material in this region, with its mass surface density estimated assuming 0.19 Jy is due to optically thin dust emission
at 1.3 mm. The solid blue line shows the equivalent 7, but allowing for optical depth in the slab. The red dotted and
solid lines show the equivalent cases when assuming this 1.3 mm continuum emission is concentrated in a 10 times
smaller area, e.g., a uniform slab of radius 900 au. (b) Bottom: As (a), but now showing the implied mass surface

densities, ¥, of the slabs.

virialized motions of a region extending out to radius,
R = 1,700 au (0.3”). This radius is justified as being
the approximate extent of the emission from the main
mm continuum peak. The measured 1D velocity dis-
persion in this region is o = 2.95 kms™'. Thus the
dynamical mass assuming virial equilibrium is Mgy, =
502R/G ~ 84 M. The uncertainty in this mass esti-
mate is at least ~ 20% due to kinematic distance uncer-
tainty to the source and choice of radius of region traced
by CH30OCHj3 emission. Furthermore, the method as-
sumes virial equilibrium of material distributed in a uni-
form density sphere, which is an idealization of the ac-
tual distribution of the gas. Nevertheless, we see that
the dynamical mass estimate is comparable to the previ-

ous estimate of dusty gas mass, but is about a factor of
two larger. The dynamical mass is expected to be larger
since it probes the potential of the total mass enclosed
in the region, i.e., of the gas and the protostar.

3.4. HS30o emission

Figure 10 presents the moment 0, 1 and 2 maps of
H30c, only including pixels with values five times larger
than the root mean square noise measured from line free
channels in the neighborhood of the spectral line. The
moment 0 map shows a structure, including ring and ex-
tended NW-SE emission, that has close correspondence
to the 1.3 mm continuum emission. This is additional
evidence that a large fraction of the 1.3 mm continuum
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Figure 7: (a) Top left: Moment 0 map of HoCO(32,1 — 22,0, Fyp = 68.1 K) only considering cells above 1o of the
spectral rms measured over representative emission free channels. The black contours show the 1.3 mm continuum
emission (0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 5.5, 6 Jy/arcsec?). (b) Top right: As (a), but for HoCO(91 8 — 91,9,
Eup = 174 K). (¢) Bottom left: As (a), but for CH;OH(4_23 — 3_12, Eup, = 45.46 K). (d) Bottom right: As (a), but

for CH3OCH3(224,19 - 223,20, Eup = 253.41 K)

emission is tracing ionized gas, as already concluded
from the 1.3 cm to 1.3 mm spectral index analysis.
The moment 1 map reveals a very strong velocity
gradient towards the main mm continuum peak. At
the location of the peak, the velocity is close to the
+95.6km s~ ! systemic velocity of the protostar inferred
from molecular lines (see above). Then, in the direc-
tion of elongation of the mm continuum source there is
an ordered, relatively smooth gradient to blueshifted ve-
locities in the SE and redshifted velocities in the NW,
with velocities differences of up to +10 kms™' being
observed. We will see later in §3.5 that this direction
of H30« velocity gradient is perpendicular to a large-
scale CO outflow from the region. This fact suggests
that rotation, either in a disk or in a disk wind, plays
a role in setting this kinematic structure, which we dis-

cuss in more detail below. Other features seen in the
moment 1 map include that the NE side of the ring
and northern spur have blueshifted velocities, again by
about 10km s~ from the systemic. The southern spur,
which connects to the main mm continuum peak, shows
redshifted velocities by up to about 10 kms™* from the
systemic. The moment 2 map shows that 1D velocity
dispersions can exceed 10 kms™! in the ring, but have
much lower values in the northern and southern spurs.

Figure 10d presents a map of the ratio of H30« inte-
grated intensity to 1.3 mm continuum. The ratio be-
tween H30a integrated intensity and free-free contin-
uum intensity for optically thin Local Thermodynamic
Equilibrium (LTE) conditions is (see, e.g., Zhang et al.
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Figure 8: Averaged HyCO(32,1 — 22,0, Eyp = 68.1 K)
(Cyan), CH3OH(4_273 — 3_112, Eup = 45.46 K) (ma-
genta), HoCO(918 — 91,9, Eyp = 174 K) (gold), and
CH300H3 (224719 — 223207 Eup = 253.41 K) (gray) spec-
trum of G28.2-0.05 over an aperture 3" radius. We no-
tice the lines both show good Gaussian-like single peak
shape. The black dotted line shows the systemic veloc-
ity from the literature at 95.6 km/s, which is consistent
to the peaks of both lines. Hence, we adopt the liter-
ature value as the systemic velocity of the source and
used through this work.

2019a)
[ Tnzoadv 4.678 x 108 km s~ (T./K)~*
Iigmm  [1.5I(T,/K) — 8.443](1 + Nye+ /Ny+)
3)
For an ionized gas temperature of T, = 10* K and

Nye+ /Ng+ = 0.1, we obtain a reference value for the ra-
tio of 79km s~ 1. If the temperature is as low as 5,000 K,
then the value increases to about 200 km s ™.

Most of the H30«w emitting region shows line to contin-
uum ratios < 200km s *, which could thus be consistent
with optically thin LTE conditions. Some relatively low
values could be due to the presence of dust contributions
to the mm continuum, e.g, in the regions just outside the
ring.

We next consider if the implications of the kinemat-
ics of the H30a emission for the dynamics of the sys-
tem. The spectrum of this emission extracted from a
region with radius of 0.3” around the main mm con-
tinuum peak is shown in Figure 11. If we attempt a
virial analysis based on the velocity dispersion within
this region, as was done above for CH30CHj3 emission,
we find that the 1D velocity dispersion is 14.2 km s~}
and so Mayn = 502R/G ~ 2,000 Mg, i.e., > 20x larger

than that inferred from CH3OCH3. We conclude that
the H30« emission is most likely to be tracing an ion-
ized wind that is escaping from the massive protostar.
For example, this may be the ionized base of a rotating
magnetocentrifugally launched disk wind. Such winds
typically achieve speeds of order the escape speed from
their launching radii, rqy, i.e.,

vz . ~1/2
My Tdw —1
wose = 23. ( ) kms~l. (4
Y, 30<30M®> 100 au ms. (4)

Inspection of Figure 11 reveals that there is high veloc-
ity H30a-emitting gas out to at least 30 km s~ " to both
redshifted and blueshifted velocities. The models of ro-
tating ionized disk winds of Tanaka et al. (2016) (e.g.,
see their Figs. 15 and 16) appear to be highly relevant
to explain the general features of broad line-width with
large-scale velocity gradient that we see in the H30«
emission from G28.2-0.05.

3.5. CO and SiO Outflows

Figure 12 presents the moment 0 maps of 2CO(2-
1) emission that traces outflowing molecular gas:
the blueshifted emission is integrated from +80 to
495 km s~'; the redshifted emission is integrated from
+96 to +115 kms~*. The overall morphology is that
expected from a wide-angle bipolar outflow, with the
P.A. of the near-facing blueshifted outflow axis being
in the NE direction (~ 43°, i.e., consistent with being
perpendicular to both the major axis of the main mm
continuum peak and the direction of maximum velocity
gradient of H30« emission. Note that there is some red-
shifted CO(2-1) emission in the NE direction (and some
blueshifted emission in the SW direction), as would be
expected in a wide-angle outflow. This morphology is
consistent with the previous study of Klaassen et al.
(2011).

SiO line emission is another tracer of protostellar
outflows. It is expected to be strong in regions of
faster flows and/or strong shocks that may lead to de-
struction or sputtering of dust grains, which then en-
hances the gas phase abundance of SiO. Figure 12 shows
blueshifted (+80 to +95 kms™') and redshifted (+96
to +115 kms™ ') integrated intensity maps of SiO(5-4)
emission. This emission is much sparser than the high
velocity CO(2-1) emission. The blueshifted SiO is again
found mostly in the NE direction and at a narrower
range of position angles from the protostar, i.e., appar-
ently tracing the more central part of the cavity. Some
redshifted emission is also seen in this region. The SiO
emission is much weaker towards the SW side, where
there it is dominated by a modest knot of redshifted
emission.
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Figure 9: Moment 0, 1 and 2 maps (left to right) of CH3OCH3(224 19 — 223,20, Eup = 253.41 K) emission, only
including pixels that are above 1o spectral rms (see Table 2 spw7). The black contours show the 1.3 mm continuum
emission (0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 5.5, 6 Jy/arcsec?).

Figure 13 presents spectra of CO(2-1) and SiO(5-4)
extracted from a region of radius 10” centered on the
protostar (based on C configuration data). In the CO
spectrum, we see there is an absence of signal near the
systemic velocity, likely due to absorption from ambient
gas. CO emission is seen to extend to velocities that are
up to about +25 kms™! from the systemic velocity of
the system. The SiO(5-4) spectrum is more continuous,
peaking near the systemic velocity, but also extending
out to over the same velocity range seen in CO(2-1).

Based on this extracted spectrum, Figure 14 presents
an analysis of the CO-traced outflow mass and momen-
tum, following the methods of Zhang et al. (2019b) that
were applied to similar data for the G339.88-1.26 mas-
sive protostar. The key assumptions of this method are
the choice of CO abundance, i.e., Xco = [F2CO/Hy] =
104, the choice of excitation temperature, i.e., Toy, =
10 — 50 K (see also Dunham et al. 2014) and the as-
sumption that the emission is optically thin. We follow
Zhang et al. (2019b) to adopt a fiducial excitation tem-
perature of 17.5 K, which minimizes the mass estimate
from the (2-1) transition. A choice of Tex = 50 K will
increase the mass by a factor of 1.5.

From this analysis we obtain the following fiducial
estimates that should be regarded as minimum val-
ues. We find masses of outflowing gas of 0.464 Mg
and 1.06 Mg in the blue and redshifted components,
respectively. These components have total momenta
of 3.93 Mg km s~ and 10.8 Mg km s71, respectively.
The mean (mass-weighted) velocities of the compo-
nents are thus 8.48 kms™' and 10.2 km s_l7 respec-
tively. We associate the outflows with a size of 10",
i.e., Loyy = 57,000 au, and so the outflow timescales
are 3.19 x 10* yr and 2.65 x 10* yr, respectively.
Thus the mass flow rates are 1.46 x 107° Mg yr—!
and 4.00 x 107° Mg yr~! and the momentum injec-
tion rates are 1.23 x 10~ My kms~yr~ " and 4.07 x
10~4 My kms~!yr~ ", respectively.

Figure 14 also shows the distribution of mass with ve-
locity. Such distributions are important diagnostics that
can be compared with theoretical models of massive pro-
tostellar outflows (e.g., Staff et al. 2019). In principle,
such comparisons allow constraints to be placed on the
evolutionary stage, inclination of outflow axis to the line
of sight and other properties of the protostellar core.

The same figure also presents the mass spectrum of
the outflow with a log-log scaling. In this panel we also
compare with the outflow mass spectra of G339.88-1.26
(Zhang et al. 2019b), which is more collimated and thus
likely to be at an earlier evolutionary stage. We see that
(G28.204-0.05 has a more powerful low velocity outflow
than G339.88-1.26, but the latter has a larger amount
of mass at high velocities. Some of these differences
could be a result of varying degrees of inclination to the
line of sight, however, we suspect that much of the fast
outflowing gas that is closer to the outflow axis may
have been photodissociated in G28.204-0.05, since this
source is already starting to create a HC HII region. In
this case, the prediction would be that there are relative
broad and strong tracers of atomic outflow components,
such as [OI] and [CII] lines.

4. PROTOSTELLAR PROPERTIES FROM SED
MODELING

The MIR to FIR spectral energy distribution (SED)
can be used to constrain protostellar properties. In par-
ticular, for core accretion Zhang & Tan (2018) have pre-
sented a grid of model SEDs that survey the three intrin-
sic parameters of initial core mass, M., clump mass sur-
face density, X1, and current protostellar mass, m,. The
viewing angle to the outflow axis, fyiew, and the level of
foreground extinction, Ay, are the remaining two ad-
ditional parameters that are derived from the SED fit-
ting. All other core properties, such as initial core radius
(R.), current accretion rate (17, ), bolometric luminosity
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Figure 10: (a) Top left: H30«w moment zero map, only considering pixels with integrated intensity above 5o of the
spectral rms measured over emission free velocity channels in the averaged velocity spectrum (o g300 ~ 0.8 mJybm™1).
The black contours show the 1.3 mm continuum emission (0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 5.5, 6 Jy/arcsec?). Bottom
left: H30a moment one map overlaid with 1.3 mm contours. The contours levels are same as in the top left panel.
Again, only pixels with H30« integrated intensity greater than 50 of the spectral noise are included in showing the
moment 1 maps. Bottom right: H30a to continuum intensity ratio overlaid with 1.3 mm contours. The contours levels

are same as in the top left panel.

(Lbo1) and outflow opening angle, are determined from
M., ¥ and my.

Figure 15 presents the background subtracted SED of
(G28.2-0.05 from 3.6 um to 6 cm, i.e., based on archival
Spitzer-IRAC (3.6 to 8 pm), WISE (22 pum) and Her-
schel PACS and SPIRE (70 to 500 um. We have also
measured the fluxes of the source at 53 and 214 pm from
SOFIA-HAWC+ (Law et al., in prep.).

We compile data from Herschel SPIRE/PACS, WISE ,
Spitzer IRAC, SOFIA-HAWC+H, ALMA (this work) and
archival VLA data (Sewilo et al. 2011, and references
therein) to construct the spectral energy distribution
(SED). Table 3 summarizes the integrated flux densi-
ties within an optimal aperture of 15.5” radius. The

SOFIA-HAWC+ data is obtained from recent observa-
tions (Proj. ID 09.0164, PI: Law, C.Y.) to map the
large scale dust continuum and polarization respectively
at 53,89, 154, and215um. Here we include the observed
and reduced 53pum and 215pum data to construct the
multi-wavelength SED. The optimum aperture was de-
fined by which beyond 30% of that radius, the back-
ground flux increases is within 10% (Telkamp et al.
2022, in prep). The integrated flux at Herschel and
Spitzer wavelengths are derived following the methods
in the SOMA survey (Liu et al. 2019). We fit only
the Herschel, WISE, Spitzer and SOFIA data to a grid
of models following the Zhang & Tan (2018) radiative
transfer models. The fitting was performed using the
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Figure 11: H30«a averaged spectrum toward a circular
aperture of 0.3” radius from the main mm continuum
peak. The red dotted line is the Gaussian fit to the
spectrum. The corresponding dispersion is 14.2 km/s.
The vertical black dotted line represents the systemic
velocity of the source.

python package sedcreator (ver. 6.0.4)7 (Fedriani et al.
2022, in prep.).

The best-fitting model SEDs are plotted in Figure 16.
The physical parameters of the best five fitted models
are presented in Table 4. Constraints in the main pa-
rameter space of M., ¥ and m, are summarised in Fig-
ure 17. These results indicate that G28.204-0.05 harbors
a protostar that currently has a mass of m, ~ 24 Mg
and is forming from a core with initial mass of ~ 400 My
in a clump with mass surface density of £ ~ 3gcm™3.
We note that this estimate for m. is consistent with our
earlier dynamical mass estimate, if there is also a similar
mass in dusty gas present within the 0.3” scale region of
the protostar.

5. FRAGMENTATION PROPERTIES OF
(G28.20+0.05

We characterise the fragmentation properties of
(28.204-0.05 and its surroundings by applying the den-
drogram algorithm (Rosolowsky et al. 2008). We carry
this out on images before primary beam correction, i.e.,
so that it has a uniform noise map. Following Cheng
et al. (2018),Liu et al. (2018), and O’Neill et al. (2021),
the fiducial dendrogram parameters that we use are min-
value = 40 (the minimum intensity considered in the
analysis); mindelta = 1o (the minimum spacing between

7 https://github.com/fedriani/sedcreator

isocontours); minpix = 0.5 beam area (the minimum
number of pixels contained within a structure).

In Figure 18 we present the dendrogram identified
structures respectively in the C only and C+I config-
urations. In the C only image, dendrogram finds the
main central core, but then only two additional smaller
cores (with masses 6.67 Mg, 7.66 Mg assuming 20 K).
Furthermore these two additional cores are quite close
to the main core, i.e., within about 4”, and only sepa-
rated from the main core’s boundary by less than one
beam FWHM. Thus, there is an absence of dendrogram-
detected sources beyond 4”, i.e., beyond about 23,000 au
or ~ 0.1 pc. The dendrogram analysis of the C+I im-
age yields a larger number of fragments (or “cores”), but
these all overlap with the central region within about 4”.
We note that, assuming a temperature of 20 K, the mass
sensitivity of the dendrogram analysis for the C image
is 1.30 Mg and the C+I image is 0.387 M. For 100 K,
these mass sensitivities would decrease by a factor of 6.
Thus the main conclusion to be drawn is that there is
a lack of compact mm emission sources beyond about
0.1 pc from the massive protostar. Other protostars in
the vicinity would be expected to appears as such com-
pact sources. Thus G28.2040.05 appears to be forming
in near splendid isolation.

Close examination of the mm continuum images does
reveal a relatively extended ring of emission about 8"
to the south of the main source. This corresponds to a
source already noted by Sewilo et al. (2011) based on
VLA radio 7 mm and 2 cm data. Such a source likely
corresponds to a small HII region around an already
formed relatively massive star, e.g., a B star. However,
it is not prominent in ALMA 1.3 mm continuum, indi-
cating it does not have a large amount of warm dust
around it.

6. DISCUSSION AND CONCLUSIONS

We have presented 1.3 mm continuum and line ALMA
observations of the massive protostar G28.2-0.05 (d =
5.7kpc) using three array configurations to achieve sen-
sitivity to a high spatial dynamic range from a MRS of
11" down to a smallest beam of ~ 0.04”, corresponding
to about 200 au. Analysis of these data, along with
ancillary MIR to FIR data, indicate the presence of
a massive protostar with current protostellar mass of
~ 24 M. The protostar is launching powerful outflows,
both in the form of a rotating ionized disk wind and as
larger-scale molecular flows. Thus it appears to still be
undergoing active accretion. At the same time, there is
clear evidence that it is starting to produce ionizing feed-
back within its protostellar core, i.e., by ionizing its disk
wind, but also by ionizing some surrounding, denser gas



® The numbers in brackets are C+I combined enclosed flux within the larger 5” radius aperture. The corresponding
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Table 3: Integrated flux density from Spitzer 3.6 um to VLA 6 cm

Facility ~Wavelength Integrated intensity Aperture radius
um Jy "
Spitzer 3.6 0.424+0.598 15.5
Spitzer 4.5 1.34+0.149 15.5
Spitzer 5.8 5.07£0.567 15.5
Spitzer 8.0 7.7401+1.650 15.5
WISE 22 13.0+£27.5 15.5
SOFIA 53 1449+144.1 30
Herschel 70 1561+77.3 15.5
Herschel 160 12224282 15.5
SOFIA 215 746+187 40
Herschel 350 167+81.9 15.5
Herschel 500 26.94+33.5 15.5
ALMA 1282 0.827(2.63)¢ 0.5(5.0)
ALMA 1294 0.842(2.28)* 0.5(5.0)
ALMA 1301 0.778(2.41)° 0.5(5.0)
ALMA 1362 0.756(2.31)° 0.5(5.0)
ALMA 1367 0.766(2.32)¢ 0.5(5.0)
ALMA 1372 0.737(2.58)° 0.5(5.0)
ALMA 1374 0.739(2.52) 0.5(5.0)
ALMA 1382 0.720(2.05)° 0.5(5.0)
ALMA 1385 0.726(2.13) 0.5(5.0)
VLA 6900 0.645+0.065 0.9
VLA 13000 0.548+0.055 0.5
VLA 20000 0.494+0.050 0.8 x 0.6°
VLA 36000 0.297+0.045 3.6 x 3.8°
ATCA 45000 0.326 1.9 x 1.9°
VLA 60000 0.150+0.015 2.19

17

uncertainties of the fluxes are set to be 10% of the flux. *The integrated flux measured in Sewilo et al. (2011) is measured
within the source size defined by the long and short axes, thus here we present the two axes values. Also note that the single

value in the 6.9 mm measurement is the source size (FWHM), which is adopted from Sewilo et al. (2008).

Table 4: Parameters of the Best Five Fitted Models
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Figure 12: (a) Top Left: Integrated intensity maps of CO(2-1) emission tracing outflowing gas as observed in C
configuration. The blue contours show blueshifted emission from +80 to +95kms~'. The contours levels are [1.28,
2.5, 5, 10, 20] Jy bm~!. The red contours show redshifted emission from +96 to +115km s~ '. The contours levels are
[1.28, 2.5, 5, 10, 20] Jybm~!. Only pixels that are above 1o spectral rms (= 0.31 Jybm™1!) are included. The grey scale
shading shows the 1.3 mm continuum image (C+I+E). (b) Top Right: As (a), but for C+I combined configurations of
CO(2-1) emission. The contours levels for the blueshifted and the redshifted emissions are [0.16, 0.32, 0.64, 1.28, 2.5,
5] Jybm~!. (c) Bottom Left: As (a), but now showing integrated intensity maps of SiO(5-4) emission (C configuration).
The blue contours show blueshifted emission from +80 to +95 kms™*. The red contours show redshifted emission
from +96 to +115kms~'. The contours levels are [0.16, 0.32, 0.64, 1.28, 2.56, 5.12] mJy bm~'. Only pixels that
are above 1o spectral rms (= 0.279 mJy bm™1!) are included. (d) Bottom Right: As (c), but now for C+I combined
configurations of SiO(5-4) emission. The contours levels are [0.01, 0.02, 0.04, 0.06, 0.08, 0.1, 0.12] Jy bm~!.
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Aperture radius or size Flux (Jy) % (g cm™) Mass (Mo)
(20K,100K,300K) (20K,100K,300K)
0.5" (C+I+E) 0.733 256,40.4,13.0 737,117,37.4
0.5" (C+I) 0.809 282,44.6,14.3 813,129,41.3
5" (C+I) 2.10 8.28,1.31,0.421 2111, 333,107
All dendrogram leaves 0.450 46.2,7.32,2.35 452,71.6,23.0

Table 5: Fluxes, mass surface densities and masses of structures identified in ALMA 1.3 mm continuum images of

(G28.2040.05 (see text).
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Figure 13: CO(2-1) and SiO(5-4) averaged spectra ex-
tracted from a circular aperture of radius 10”.

structures, as evidenced by the presence of a cm to mm
free-free emitting “ring”. The nature of this structure is
still somewhat uncertain, but could involve the ionized
surfaces of dense molecular accretion structures, e.g., fil-
aments or streamers, that are generic features within a
massive turbulent core (e.g., McKee & Tan 2002, 2003;
Myers et al. 2013). Our cm to mm spectral index anal-
ysis suggests the presence of dust in and around this
ring, however, higher frequency ALMA observations are
needed for a more definitive characterization. Emission
lines from dense and warm molecular gas are also seen
in this region, and furthermore enable a dynamical mass
estimate of ~ 80 M within about 2,000 au scales.

An crucial aspect in massive star formation theory
is whether massive stars can form in relatively isolated

environments. Competitive accretion models (e.g., Bon-
nell et al. 2001) require the presence of a surrounding
massive protocluster in order for a massive star to form.
On the other hand, core accretion models (e.g., McKee
& Tan 2003) can be valid in both isolated and in rela-
tively crowded environments. From our analysis of the
larger scale 1.3 mm continuum image, we argue that
the protostar is forming in an isolated environment, i.e.,
with no compact and strong 1.3 mm continuum sources
identified beyond a 4” radius, corresponding to ~ 0.1 pc,
and extending out over the ALMA FOV to about 0.4 pc
in radius. This apparent dearth of protostellar compan-
ions in a protocluster around the massive protostar is a
strong constraint on massive star formation theories.
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Figure 14: (a) Top: Distribution of outflow mass inferred from CO(2-1) versus velocity. (b) Middle: Distribution of
outflow momentum inferred from CO(2-1) versus velocity. (¢) Bottom: Mass spectra of blue and redshifted outflow
components. The equivalent data from the G339.88-1.26 massive protostar (Zhang et al. 2019b) are also shown.
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