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This project improved our understanding of the formation of massive stars. In particular the results
support a scenario that massive stars form in a similar way as low-mass solar type stars. The
method developed in this study can be applied to more targets to study massive star formation.

The whole project is to search, identify, and study the rotationally
supported disks around massive protostars. We have successfully identified several sources with
rotationally supported disks around forming massive stars. These observational results support a
scenario that massive stars form in a similar way as low-mass stars, despite their strong radiation
and kinematic feedbacks. Based on these observations, we have developed a method that can be used to

search for disks, including hot-disk molecules and recombination lines. Based on the results and
developed methods, we have successfully applied new observations which will extend the research.
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1. WFEBMES IO &

The community has agreed upon a general picture for low-mass star formation: a star forms from a
molecular gas core, which collapses and feeds the protostar via a rotationally supported disk. Meanwhile
the disk drives bipolar outflows. In the end, the core is dispersed by the outflows, and the remaining
protostar and disk continue to evolve into the star and its planet system. The key in such a picture is the
disk that redistribute the angular momentum of the accreting material to allow accretion toward the protostar.

A long-standing question in star formation research is that whether massive stars also form in such a way,
i.e., via accretion through a rotationally supported disk. The observational challenges are from the large
distances, and highly crowded and embedded environments. There were only very few rotationally
supported disk candidates around massive protostars have been claimed. It is unknown whether this is due
to a genuine lack of such disks in massive star formation or due to observational difficulties. The traditional
method to detect disks relies solely on the kinematic signatures, but the Keplerian rotation of disks can be
easily mixed with the non-Keplerian rotation of envelopes if the observation spatial resolution is not high
enough. This question is further complicated by the fact that most massive stars form in binary or higher-
order multiple systems.

In low-mass star formation, the transition from an envelope to a disk has been observed to be indeed
accompanied with not only change of kinematics, but also change of chemical compositions due to the
accretion shock and different temperature/density conditions in the envelope and disk. However, such
methods had not yet been applied to massive star formation studies. And by then it was unknown which
types of molecules are best to disentangle the disk and envelope in massive star formation.

2. WEDBW

The goal of this program is to study how the massive protostars accrete material and grow. In particular, we
wanted to answer the question whether the accretion process to form massive stars are similar to the
formation of low-mass solar type stars, i.e., via rotationally supported accretion disks. In order to achieve
this goal, we need to identify such disks and study their kinematics and other physical properties. We also
need to study how common these disks are in massive star formation. We also need to study what molecules
can well trace the disks to allow us to efficiently identify and study such disks. The general goal is to
understand if the massive star formation and low-mass (e.g., solar type) star formation have a common
universal mechanism. Answering this question is important for better understanding not only formation of
stars of different masses, but also formation of planets and compact objects, as planets are formed in the
accretion disks along with the stars, and the compact objects are evolved from the massive stars.

3. WHEDTTIE

The program mostly utilized the millimeter and sub-millimeter data obtained from the Atacama Large
Millimeter/Submillimeter Array (ALMA). ALMA provided high spatial resolution which allowed us to
probe the innermost region (~100 astronomical units) from the forming massive star, and high sensitivities
which allowed us to detect relatively weak molecular lines and extended faint emissions. The observed
continuum emission provides information about the dust and ionized gas. The detected various molecular
line emission can provide kinematic information, as well as information about chemical composition, and
densities/temperature conditions. Using all these information, we analyze the detailed gas structures around
the forming massive stars and derive their motions and physical conditions, to test whether disks are formed
and how the accretion proceeds.

4. WFIEERS

(1) We have successfully identified several sources with rotationally supported disks around forming
massive stars. In 2019, we have published a paper on the massive protostellar source G339 in the
Astrophysical Journal, which we have reported direct observation of the transition from an infalling
envelope to a rotationally supported disk accompanied by change of chemical signatures. We found that the
SiO molecule traces the disk and inner envelope, the CH;OH and H>CO trace the infalling-rotating envelope
outside of the disk, and the SOz and H:S appear enhanced around the transition region between envelope
and disk. These results indicate that an ordered transition from an infalling-rotating envelope to a Keplerian



disk through a centrifugal barrier, accompanied by change of chemical composition, is a valid description
of this massive protostellar source. This is the first time that such transition has been identified with
chemical signatures in massive star formation, which provides important guide for our future search for
such sources.

In 2019, we also published a paper about another massive protostar G45 in the Astrophysical Journal Letters,
which we have identify the disk via observation of recombination lines of ionized gas, which provide
another approach to search for disks around massive protostars. The kinematics of the ionized gas is
dominated by rotation close to the disk plane, while accelerated to outflowing motion above the disk plane.
In this source, we also found hints of a possible jet embedded inside the wide-angle ionized outflow with
non-thermal emissions. The possible co-existence of a jet and a massive photoevaporation outflow suggests
that, in spite of the strong photoionization feedback, accretion is still on-going.

In 2020, we published a paper in the Astrophysical Journal Letters about another massive protostellar source
IRAS16547, in which we have identified clear chemical patterns with certain molecules exclusively trace
the rotationally supported disks, which may be used as reliable disk diagnostic tools in the future. We detect
salt, silicon compounds, and hot water lines as probes of the individual protostellar disks at a scale of 100
au, which are complementary to hot-core molecules tracing the circum-binary structures on a 1000-au scale.
We interpret that these molecules are the products of dust destruction, which only happens in the inner disks.
We also tentatively find that the twin disks are counter-rotating, which might give a hint of the origin of the
massive proto-binary system.

These observational results support a scenario that massive stars form in a similar way as low-mass stars,
despite their strong radiation and kinematic feedbacks.

(2) Based on these observations, combined recent observational studies of other sources, we have developed
a method that can be used to search for disks, including hot-disk molecules and recombination lines. We
found that the innermost regions of massive star formation can be traced by a group of characteristic
molecular lines, including metal and silicon compounds (e.g., NaCl, KCl, AlO, SiO, SiS), and vibrationally-
excited H2O lines. These lines show Keplerian rotation expected for disks, in contrast to the hot-core
molecular lines (e.g., SO2, CH3CN, and other complex organic molecules), which are not concentrated at
the protostars and show infalling-rotation kinematics consistent with envelopes. The refractory metal and
silicon compounds are released to the gas phase by the destruction of dust grains, caused by high
temperature, strong radiation field, and dynamic flow interactions in massive protostellar disks. The hot
conditions also excite H2O molecules to high energy levels. Therefore, we proposed the new concept of
hot-disk tracers for these lines and suggested that they are true tracers of massive protostellar disks. In
addition, as the massive protostars enter the Kelvin-Helmholtz contraction phase, their surface temperatures
increase, leading to higher ionizing fluxes, which ionize the inner disk and disk surface. Such regions are
traced by various Hydrogen recombination lines (HRLs). Therefore, we suggest that, to fully understand
the physical and chemical conditions of massive protostellar disks, one can use hot-disk lines to trace the
neutral part of the disk, HRLSs to trace the ionized part of the disk, and hot-core lines to trace the envelope.
The base of outflow is co-rotating with the disk, which can also be traced by hot-disk lines and/or HRLs.
This scenario is illustrated in Fig. 1. This summary of method will be used for future larger-scale studies of
massive star formation.

(3) Based on the results and developed methods, we have successfully applied new observations which will
extend the research. In 2019, we have applied following-up observations of the ALMA telescope to perform
more detailed observations for G339 and G45. Both projects are approved and assigned with top rank
priority. The observation and data analysis were originally planned in 2020. However, the observation is
delayed to 2021 due to the pandemic.

Figure 1: Schematic of a massive
proto-stellar disk and surrounding
structures, with typical tracers of each
component. Such a scenario is based
on our discovery and observations
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