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High-mass stars play crucial roles in the evolution of galaxies, and this thesis focuses on the formation
of these massive objects. In detail, this thesis investigates the properties of warm inner gas envelopes
surrounding high-mass (proto) stars in a sample (Top100) selected from the brightest cold dust
clouds in the Milky Way, covering a wide range of physical properties and evolutionary stages of
star formation. It examines the relationships between the evolution of envelopes and the process of
high-mass star formation. Probing these envelopes is possible with the observations of mid- and high-J
transitions of CO and its rare isotopologues such as 13CO and C'®0. The data cubes of the *CO (6-5)
line were used to investigate the distribution of warm gas and the gas kinematics of envelopes in
different evolutionary stages. Furthermore, the spectra of high-J CO (11-10) and CO (16-15) lines
were studied to characterise their broad wing emission. Finally, we performed radiative transfer
modelling of a combination of various mid- and high-J CO transitions.

In the first project, we took advantage of the fast mapping capability of the CHAMP™ receiver at the
APEX telescope to obtain 13O (6-5) data cubes for close to a hundred Top100 sources. Such a large
dataset enables us to systematically correlate the properties of the emission with those of the clumps.
The correlations and evolutionary trends of the B3CO (6-5) emission with the sources’ properties
suggest that the excitation of this molecular line, which probes the physical properties of the warm
envelopes, is related to the star formation process. Using the zeroth moment maps as a tool to probe
the gas morphology, we discovered a common type of simple gas distribution in many envelopes.
We found that power-law functions could characterise their radial intensity gradients. The steeper
gradient at the most evolved source group implies an increase in temperature and/or density at the
source centres. While the excitation of envelope gas is found to be dependent on star formation, it is
unclear whether the gas movement is regulated by star formation feedback. Our examination of the
first moment (M) maps of Bco (6-5) emission, in combination with the Bco (2-1) M| maps and
outflow information from CO (6-5) emission, shows that the '>CO (6-5) kinematics is highly complex
and could be driven by multiple physical processes such as outflow entrainment and envelope rotation.
Furthermore, our work discusses the potential heating mechanism for gas in the envelopes, including
mechanical and radiative processes.

The unique observing conditions of SOFIA, an airborne observatory, and its powerful GREAT
receiver provided us with an opportunity to obtain velocity-resolved spectra of CO (11-10) and
CO (16-15) emission. Applying a decomposition method, our line profile analysis identified and
isolated high velocity components, likely associated with outflows, for the two high-J CO lines. The
availability of the line ratio at each velocity channel provides a probe for the dependence of gas
temperature on the offset velocity if the emission is optically thin and thermalised. The excitation
analysis under both and non{LTE] conditions helps constrain the physical conditions of the
gas where the high-J CO emission arises from. Additionally, combining with the data of low- and
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intermediate-mass clumps in the literature, we show that the CO (16—15) emission is correlated with
the bolometric luminosity of the clumps over a large range of physical scales, hinting at a common
excitation process.

Finally, we extend our work to detailed emission modelling for ten mid- and high-J transitions of
CO, 13CO0, and C"*0 towards six Top100 clumps, which helps constrain the physical properties of
molecular gas in the warm envelopes. Additionally, we intend to test whether one gas component
can reproduce all the observed lines. However, we find that multiple gas components are required to
account for all the observed lines, aligning with previous suggestions that multiple mechanical and
radiative processes could be responsible for the excitation of warm gas in the envelopes.
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“Only in the darkness can you see the stars."

- Martin Luther King, Jr.
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CHAPTER 1

Introduction

Overview

The Sun that we see in the sky is one of many stars in the Milky Way. While stars may seem eternal, as
countless human generations have witnessed light from the same Sun, these celestial objects do have a
beginning and an end. Then where and how are stars formed? How do these objects come to exist?

It begins with materials in the space between stars, known as the [interstellar medium (ISM)| The
mainly consists of gas and a small amount of dust grains, which exist in the form of clouds or
more diffused material. The gravity of these particles pulls them together, gradually forming dense
molecular clouds. Fig. illustrates an example of a famous cloud named Pillars of Creation, where
many new stars are being formed, hence the cloud’s name. Various physical processes dominated by
gravity eventually transform molecular gas into stars. The regions where this transformation occurs
are called star-forming regions. To understand the star formation process, theorists develop theoretical
models based on fundamental physics, while observers study the physical and chemical conditions
of star-forming regions via observations; the two approaches often complement each other. This
thesis will contribute to observational efforts by characterising the warm gas envelopes around regions
where high-mass stars are formed. The formation of massive stars is our focus here because it is far
less understood than that of low-mass counterparts. This introductory section provides background
information necessary to understand the scientific context of this thesis. We will give an overview of
the current knowledge of star formation on both theoretical and observational fronts, encompassing
both low-mass and high-mass regimes. Additionally, we will introduce the star-forming regions
investigated in this work.

1.1 Star formation

Stars are among the most fundamental objects in the Universe, and understanding how they form is
a crucial aspect of modern astrophysics. The process of transforming gas into stars, along with the
impacts of feedback from star formation on the nearby shapes the structure and evolution of
galaxies. The formations of many elements we know are related to the life and death of stars. Those
lighter than Iron can be created through nuclear fusion within stars, while those heavier are made from
supernova explosions of massive stars. The formation of stars is also accompanied by the formation
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Figure 1.1: Picture of the Pillars of Creation taken by the JWST Near Infrared Camera (NIRCam) onboard the
James Webb Space Telescope (JWST). Figure credits: NASA, ESA, CSA, STScI; Joseph DePasquale (STScl),
Anton M. Koekemoer (STScl), Alyssa Pagan (STScl).

of planetary systems, in which biological life, such as ours on Earth, can develop. The study of star
formation revolves around several key questions, such as: Do stars of all masses form similarly? How
do different physical processes and features, such as gravitational collapse, turbulence, and magnetic
fields, interact with each other to form stars? How does gas dissipate its momentum before ending up
on a protostar?

In the current research community, star formation is roughly divided into two subfields: the
formation of stars heavier than approximately 8 M, (i.e. high-mass stars) and the formation of those
lighter than this threshold (i.e. low-mass stars). The division between low- and high-mass stars
can be viewed in different ways. From stellar physics, those heavier than 8 M, would end their
life with supernova explosions and form neutron stars or black holes. In contrast, low-mass stars
would eventually end up as planetary nebulae and white dwarfs. From the star formation perspective,
high-mass stars reach the [zero-age-main-sequence (ZAMS), which is when the hydrogen fusion at
the stars’ centre starts dominating the energy production of the stars, while still accreting gas from
their natal envelopes. The luminosity of low-mass protostars is, therefore, dominated by accretion,
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while that of the high-mass counterparts mostly comes from nuclear burning unless the accretion rate
is very high. This section provides a brief overview of the current understanding of star formation,
encompassing theories and observational evidence in the two mass regimes.

1.1.1 Low-mass star formation

The theoretical model of low-mass star formation from an isolated core was developed quite early by
Shu, Adams and Lizano (Fig.[1.2). This simple theoretical model begins with the formation of
slowly rotating single cores within molecular clouds under gravitational contraction. In subcritical
regions, ambipolar diffusion, the relative motion of plasma and neutral particles that helps straighten
distorted magnetic field lines and leads to a loss of magnetic flux, helps decay the magnetic and
turbulent support against gravity, allowing cores to form. As the cores reach instability, they begin to
collapse inside out. At this stage, a central protostar is accompanied by a protoplanetary disk, both of
which are embedded within an infalling envelope. The protostar gains mass by accreting material
from the disk and the envelope. When the deuterium fusion in the protostar begins, it produces
a large amount of energy that requires convection for energy transportation. The convection and
differential rotation of the protostar drive stellar winds, which would eventually break through the
weakest resistance from infalling material (i.e. the rotational poles) to form collimated jets and bipolar
outflows. As time proceeds, the opening angle of the escaping winds would widen towards the equator
and eventually stop the accretion completely. From this point, the central stellar object has entered the
pre-main-sequence phase, and the star has acquired all of its final mass. Contraction keeps happening
at the stellar object until the temperature and density conditions at the core are sufficient to ignite the
nuclear fusion that transforms Hydrogen atoms into Helium atoms. As for the protoplanetary disk, it
continues to evolve to form planets and/or stellar companions or is entirely dispersed by the stellar
winds.

While the steps of the theoretical model above seem straightforward, several underlying physical
processes can determine whether a star can be born and/or influence the final star’s properties. These
processes are, for example, gravitational collapse, rotation of cores, and resistance against collapse
by magnetic field and turbulence. The timescale for the collapse of the gravitationally bound cores
determines the timescale for star formation and the accretion luminosity (McKee and Ostriker, [2007).
Pressure from turbulence support is an opposing force against gravitational collapse, and its decay
in molecular clouds allows cores to collapse (Myers and Lazarian,[1998). As for the magnetic field,
the material in ISM is strongly magnetised, and the magnetic field exerts a force on gas and dust to
support against the gravitational collapse of cores. Star formation can only happen when the cores are
in the supercritical state, where the gravitational energy exceeds the magnetic energy.

From observations over the last decades, the research community has identified the following
sequence of low-mass star formation:

averaged density at a few 10*cm™, and temperatures around 10 K (Bergin and Tafalla,

They are typically found in dense molecular clumps (size: ~0.3 — 3 pc, density: 10° - 10*cm™)
embedded inside dark molecular clouds (size: 2 — 15 pc, density: 50 — 500 Cm_S). These objects
are often not associated with infrared sources (e.g. Ward-Thompson et al., , indicating a
lack of central heating sources. Ward-Thompson et al. showed that the luminosities of
these objects are consistent with the predicted luminosity for the isothermal phase of protostellar

* Pre-stellar cores: these are gravitationally bound cores, which have a typical size of ~0.1 pc,
‘007
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Figure 1.2: Illustration of four stages of the classical star formation model by Shu, Adams and Lizano (1987):
(a) the formation of cores within molecular clouds. (b) A core collapses inside out and forms a central protostar;
a disk is also formed. The protostar-disk system is embedded within an infalling envelope. (c) The escape of
stellar winds at rotational poles leads to the formation of jets and bipolar outflows. (d) The accretion onto the
protostar is halted due to stellar winds. Adapted from Shu, Adams and Lizano (1987).

collapse, where luminosity originates from work done by gravitational force rather than accretion.
For these reasons, the cores are considered the precursors of protostars. Pre-stellar cores were
found to have flat inner radial density profiles (Ward-Thompson et al.,[1994), which qualitatively
agree with models of magnetically-supported cores (Crutcher et al., contracting under the
effect of ambipolar diffusion.

* Class 0: objects of this class are in the early stage of protostars, where gravitational collapse has
formed hydrostatic cores, which then start to accrete matter. These protostellar objects, however,
have yet to accumulate the majority of the final stellar mass. Class O protostars appear bright at
[sub-mm wavelengths but faint at the optical and near-IR ranges as they are still deeply embedded
in the gas envelopes. To distinguish Class 0 protostars from the pre-stellar cores and the more
evolved stages of protostars, Andre, Ward-Thompson and Barsony summarised three
typical observational properties of Class O protostars: (i) there are indirect evidence for a central
stellar object (ii) continuum emission shows the presence of spheroidal circumstellar
dust envelopes (iii) high ratio of to bolometric luminosity (i.e. Lypmm/ Lo > 0.5%).
Additionally, Class 0 protostars are also known for their powerful and collimated outflows (e.g.

Bachiller, [1996)).

* Class I: these are evolved protostars that continue to accrete mass from the gas envelopes and
disks, and the current stellar mass, however, has surpassed the envelope mass. From this point
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onwards, the protostars become visible in the near{infrared (IR) wavelengths as their spectral
energy distributions are shifted towards higher bolometric temperatures (e.g. Myers and Ladd,
[1993). The division of protostars between this and the later stages can be based on the slope of
the [spectral energy distribution (SED)|between 2.2 um and 10-25 um: o = %. For
Class I protostars, oy 1s typically Iarger than 0. Compared to Class O protostars, the ratio of
[sub-mm to bolometric luminosity of Class I objects is less than 0.5%. The outflows also become

less powerful and less collimated.

* Class II/ Classical T Tauri: the [SEDs of these objects show ajg between —1.5 and 0, which
is a result of the contribution from the excess IR emission of the disks to the[SEDs. The gas
envelopes have disappeared, and most of their mass has been transferred to the disks and the
central stellar objects, which are now considered pre-main-sequence stars and are visible on the
Hertzsprung-Russell diagram.

 Class III: at this final stage, the stellar disks are mostly dispersed, leaving behind planets and
stellar companions. The bipolar outflows also cease to exist. The lack of excess IR contribution
from the disks to the results in ay less than —1.5.

To sum up, the distinction between Class 0, I, II, and III protostars based on their[[R]and [sub-mm|
emission can be described in Table [[.1]

Table 1.1: Classification of protostar stages based on properties of their IR and observations.

Class |SED| slope Bolometric temperature(*) Luminosity ratio

(aIR) (Tbol) (Lsubmm/Lbol)
0 - T, <70K > 0.5%
I apr >0 70K < Ty < 650K < 0.5%
II -15<aRr <0 650K < Ty, < 2880K —
111 aR < -1.5 T, > 2880K -

Note: *): The values are taken from Andre, Ward-Thompson and Barsony (2000) and references therein.

1.1.2 Envelopes of low-mass protostars

In the previous section, the gas envelopes have been shown to be a vital part of low-mass star formation,
as they provide mass for accretion onto the disks and stellar objects. Here we provide in-depth
information on the evolution of the envelopes, which were derived from observations of molecular
lines towards multiple Class 0, I, and II protostars (Arce and Sargent, [2006). At the early stage, the
mass of envelopes dominates the total mass, which has been observed to reduce over time, following:

log(M.,,/M,) = (0.87 £ 0.5) — (0.45 + 0.09)log(¢/yr), (1.1)

nv

which is equivalent to a mass-loss rate M,,, ~ —3t7 "% This rate, however, is not constant but

decreases from M, ~ 1074 MOyr_1 for sources as young as 10° yrto 2 X 1077 Moyr_1 for 10° yr

protostars. Both the infall on the star-disk system and the outflow entrainment are responsible for the
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Figure 1.3: Evolution of the outflow-envelope interaction from Class 0 to Class II protostars. Taken from Arce

and Sargent (2006).

mass loss of the envelopes. The former dominates the mass loss in Class O protostars, while the latter
becomes more significant in the Class I stage.

The evolution of the gas envelope’s kinematics and morphology is regulated by the outflow-envelope
interaction (Arce and Sargent,[2006) (see Fig.[[.3). At Class 0 protostars, the young, powerful, and
well-collimated outflows push through the envelopes and entrain the ambient gas in their direction,
resulting in an elongated morphology and linear velocity gradients along the outflow axes for the dense
gas within the envelopes. At the Class I stage, the opening angles of the outflows widen such that the
envelope gas is now distributed in structures outside the outflow cavity walls and perpendicular to
the outflow axes (see Fig.[L.3). The velocity structures of the envelopes can now be dominated by
either rotation or infall motion, which are demonstrated by linear velocity gradients perpendicular
to or parallel with the outflow axes, respectively. When protostars reach the Class II stage, much of
the dense circumstellar envelopes has been either swept away by outflows or fallen onto the star-disk
system.

1.1.3 High-mass star formation

While the research community has achieved a firm picture about the process that forms low-mass
stars, we have yet to reach a consensus about fhigh-mass star formation (HMSF)| The fundamental
issue that remains under debate is how high-mass stars accumulate all of their final mass despite the
strong feedback from star formation activities. For example, Kahn argued that the formation
of stars more massive than 40 M, would be limited by the radiation pressure on dust grains, which
halts the accretion. To overcome this intense radiation pressure, it would require peculiar dust
properties (Wolfire and Cassinelli, [I987) that have not been observed in high-mass star-forming
regions. Alternatively, the non-spherical accretion can also help overcome the pressure barrier by
letting thermal radiation, which is converted from stellar radiation by dust, near the dust sublimation
zone to escape (Nakano,[1989). Up until now, there have been several competing concepts of
such as collapsing of turbulent cores (McKee and Tan, [2003), competitive accretion in stellar clusters
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(Bonnell, Bate et al., Bonnell and Bate, [2006), [global hierarchical collapse] (Vdzquez-Semadeni
et al.,[2019), and converging inertial flows (Padoan et al.,[2020).

The turbulent core model by McKee and Tan (2003), also known as the monolithic collapse model,
is a scale-up version of the standard low-mass star formation model. High-mass stars are proposed
to form from massive pre-stellar cores that are supported mainly by turbulent motions, which allow
high accretion rates. The massive cores would undergo monolithic collapse. A few characteristics
of this model include a strongly peaked density distribution (n o« 1) of the initial cores, and the
final stellar mass is pre-assembled within the collapsing cores. While high degrees of turbulence have
been observed in high-mass star-forming regions (e.g. Plume et al., [1997), there are still standing
questions about this model, such as whether the massive pre-stellar cores actually exist and if the
corresponding initial turbulent levels there are actually high (Beuther, Kuiper and Tafalla, [2025).
For example, narrow velocity components (Av ~ 0.3 km s7'at0.2kms™! resolution) corresponding
to low turbulent levels were seen at the individual cores within a massive starless core candidate,
IRDC 18310-4, (Beuther, Henning et al., @). The Av ~ 1.7km s previously obtained for this
massive core by a lower spatial resolution observation (Sridharan, Beuther, Saito et al.,[2005) was
proposed to be a result of the overlap of narrower Av from the sub-cores within IRDC 18310-4.

The competitive accretion model (Bonnell, Bate et al.,[2001; Bonnell and Bate, suggests that
the gravitational potential in cluster environments is key to massive star formation. Stars of all masses
in a cluster are proposed to have similar initial masses. The stellar embryos gain mass from the local
gas through the Bondi-Hoyle accretion with the accretion rate:

o 2
M* = ﬂ'pvrelRacw

where p is the local density, v, is the relative gas-star velocity, and R, is the accretion radius. The
gas density is non-uniform throughout the cluster. It is regulated by the potential well such that
densities naturally grow in regions near the centre of the well, allowing protostars there to accrete mass
at high rates to form high-mass stars. At the same time, those in poor feeding zones proceed to form
lower mass stars. It is noteworthy to mention that the materials that build up the final high-mass stars
are initially widely distributed in the cluster (Bonnell, Vine and Bate,[2004). There is no connection
between the mass of the initial cores and the final stars. This is in contrast to the initial condition of the
turbulent core model, in which all the final mass is pre-assembled in the collapsing core. We note that
Bonnell, Bate et al. treated the accretion radius differently depending on whether gas or stars
dominate the gravitational potential. In the former scenario, the tidal radius, Ry;4,, which is analogous
to the Roche-lobe radius in accreting binary systems, is preferred. In the other case, the Bondi-Hoyle
radius, Rgy, is more suitable as the accretion radius. The two parameters can be estimated as:

M, 1/3
Rijga = 0.5 M Taes
enc
2GM,
Rgn = 5—-
Vel T Cs

where M, is the stellar mass, r, is the distance from the cluster centre to the stellar object, M. is the
mass enclosed within r,, G is the gravitational constant, and c is sound speed. The accretion process
could be terminated by stellar feedback or by fragmentation-induced starvation (Peters et al.,[2010).
In this phenomenon, gravitational instability in the dense accretion flows onto a massive protostar
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results in the formation of fragments that become secondary protostars, competing with the central
protostar for accreting material. In extremely dense cluster potentials, high-mass stars can also form
in a rare event of protostars merging (e.g. Bonnell and Bate, [2005). The competitive accretion model
predicts a spectrum of stellar masses in a cluster, thereby having the potential to account for the origin
of the[initial mass function (IMF)|as suggested by Bonnell (2005)).

In an attempt to illustrate the role of gravity in molecular clouds, Vazquez-Semadeni et al.
present the concept of |global hierarchical collapse (GHC)| They argue that the formation of stars
of all masses, including massive ones, is primarily driven by gravity. The authors adopt the idea
of collapses within collapses, in which structures at all scales (e.g. clouds, clumps, cores) collapse
and accrete material from their parent structures. The collapse of a structure increases the mean
density. It reduces Jeans mass, allowing the structure to fragment into substructures that have a mass
of the order of the instantaneous Jeans mass. The substructures then begin to contract while still
participating in the collapse of the larger structure. Gravitational collapse also results in filaments,
which play a crucial role in tunnelling gas from large-scale structures down to small-scale ones. The
model suggests that low-mass stars will first form several megayears after the onset of global
contractions, while high-mass stars will form a few megayears later. The global gravitation collapse
was suggested for molecular clouds by Goldreich and Kwan as early as the 1970s. Still, it did
not prevail as the corresponding star formation rate would be much higher than the observed value. In
the [GHC| model, collapses occur in a chronological order, such that large and diffuse regions collapse
first, while smaller and denser regions begin contracting at a later time but on shorter time scales.
This mechanism allows massive stars to form while the collapse of larger-scale structures is ongoing.
The stellar feedback would then disperse most of the cloud’s mass that has yet to accrete onto stars,
maintaining a low star formation efficiency. In general, the [GHC|scenario shows similarities with
the competitive accretion model, especially on small-scale levels. The main difference is that the
[GHC] considers the whole evolution of molecular clouds and giant molecular clouds from formation
to dispersal over a few tens of megayears, while the framework of competitive accretion is at local
star-forming clumps and on shorter timescales.

A recent extensive numerical simulation by Padoan et al. has introduced a new scenario for
the formation of massive stars, the inertial-inflow model. The authors argue that supersonic turbulence
in molecular clouds naturally forms filament structures at the intersections of post-shock sheets, and
these filaments subsequently develop dense hubs at their intersections. The inertial-inflow model
relies on the converging mass flows in these large-scale filaments to continuously feed material to the
hubs, allowing stellar seeds to form and grow to high masses. This is contrary to the model,
where gravitation collapse is the primary mass driver and turbulence only contributes partly by making
stellar seeds. In the inertial-inflow scenario, the star formation timescale, t45, is found to increase with
the final stellar mass, and is much longer than the free-fall time of pre-stellar cores, which contradicts
the core-collapse scenario. The simulation by Padoan et al. (2020) show that 45 tightly correlates
with the size scale of the inflow regions, which further supports the idea that massive stars are formed
by the continuous mass supply from the compressive motions occurring in supersonic turbulence. The
stellar accretion rate is controlled by the inertial inflow, and it does not increase with time, which is
opposite to the increasing accretion rate predicted by the competitive accretion model. The simulation
actually shows that the pc-scale regions around pre-stellar cores are gravitationally unbound, and
Padoan et al. argues that competitive accretion would be inefficient under that condition. Even
though the [GHC and inertial-inflow models assume different mass drivers, both scenarios agree that
most of the final stellar mass is not pre-assembled in pre-stellar cores but is transported to the star
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formation sites over time.

A comprehensive pathway for remains largely under debate, with competition between
different theoretical and simulation models. It is therefore necessary to conduct observations of
massive star-forming regions on various scales to validate the physical and observational properties
predicted by each model. This approach does not necessarily disapprove a model when discrepancies
are found, but can provide an opportunity for model improvement.

1.1.4 High-mass star formation from the observational perspective

Currently, there is yet a firmly established observational evolutionary sequence for The
main reasons could be attributed to observational challenges, such as the fact that many massive
star-forming sites in the Milky Way are very far away on the kpc scale (e.g. Konig et al.,[2017), and
the star-forming regions are deeply embedded in dense molecular clouds, especially those in the early
phases. However, new generations of ground-based and space-based observatories over the years
with advanced technologies have enabled many surveys that contain high-mass star-forming regions,
to name a few the Wood & Churchwell catalogue for Hir regions (Wood and Churchwell, @),
the Galactic Legacy Infrared Midplane Extraordinaire (GLIMPSE, Churchwell et al., surveys,
the Herschel infrared Galactic Plane Survey (Hi-GAL, Molinari, Swinyard, Bally, Barlow, Bernard,
Martin, T. Moore, Noriega-Crespo, Plume, Testi, Zavagno, Abergel, Ali, Anderson et al., , the
Herschel imaging survey of OB Young Stellar objects (HOBYS, Motte, Zavagno et al.,[2010), and
the APEX Telescope Large Area Survey of the Galaxy (ATLASGAL, Schuller, Menten et al.,[2009).
These surveys have allowed us to observe and categorise several high-mass star-forming phases, such
as starless[massive dense core (MDC)|phase, protostellar[MDC phase, [[R}-quiet high-mass protostar
phase, [[R}bright high-mass protostar phase, and Hir region phase (Motte, Bontemps and Louvet,
and references therein).

High-mass stars enter the ZAMS] while their formation process is yet to finish. Therefore, the
[young stellar objects (YSOs)|in late phases of are expected to be bright in[ultra-violet (UV)|
and [IR| wavelengths. The radiation from the forming massive stars becomes intense enough that it
starts to ionise the nearby hydrogen molecules to form Hir regions, which are detectable in radio
continuum emission. Given these reasons, the hunt for massive star-forming sites in the Milky
Way began with those in the developed phases. In the late 80s, Wood and Churchwell (1989)
compiled an Hu regions catalogue (1646 objects) by searching for luminous [IR sources, which
satisfy the 10g(Fgom/Fioum) > 1.3 and 10g(Fys,,m/ Fioum) > 0.57 colour-colour criteria, in a point
source catalogue by IRAS, an infrared space telescope. Based on the expansion of the ionised area,
an evolution sequence is proposed for Hir regions, starting from |hyper-compact Hin (HCHm) to
[ultra-compact Hu (UCH1), compact Hii, and finally developed Hir regions (see Churchwell,
Hoare et al.,[2007, and references therein). Of these classes, the early phase [HCH1 and [UCHu] which
are ~0.1 pc and < 0.05 pc in size and have densities of > 10*cm™ and > 10°cm ™, respectively, are
more relevant to the star formation study than the more expanded Hu regions (Hoare et al.,[2007).
It has been suggested that the development of regions could be delayed by a high accretion
rate and the gravitational field of the central stars (Walmsley, [1995} Keto,[2003). The accretion flows
are then not only not halted at the ionisation front of the trapped Hi regions, but also able to travel
through as ionised flows to feed the growing stars (Keto, 2003).

The [HMSF phase, preceding the emission of ionising radiation, has been assigned different names;
the two common ones are [hot molecular core (HMC)|(Garay and Lizano,[1999; Kurtz et al.,[2000)
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and [high-mass protostellar object (HMPO)] (Beuther, Schilke, Menten et al.,[2002). To look for these
objects, early works such as the surveys by Molinari, Brand et al. (2000) and Sridharan, Beuther,
Schilke et al. would look into sources in the Wood & Churchwell catalogue, which are associated
with high density tracers such as CS lines, with hot cores via emission of complex molecules, and/or
with masers. Most importantly, the candidates of have to show no or weak emission at
centimetre wavelengths, which is a sign of Hir regions. A common drawback of observational studies
towards [HMPOs]is that the sources are typically distributed over large ranges of distance, leading to a
significant variation of the spatial scale between 0.1 and 10 pc (Motte, Bontemps and Louvet, 2018,
and references therein). For instance, the distances of 69[HMPOs in Beuther, Schilke, Menten et al.
range from 300 pc up to 14 kpc, and the median[HMPO]has a size of ~1 pc. Objects of this size
are generally termed as clumps, and they could host several individual high-mass protostars.

Hunting for the precursor of [[R-bright protostars is different from searching for[HMPO and Hut
regions, mostly because they emit no or weak [[R]emission. For this reason, one cannot directly utilise
the already conducted [[R-bright surveys, such as those with the JRAS telescope. Instead, two other
methods are commonly used. The first approach is to map high-density tracers, such as
continuum emission, around massive [[R}bright regions to identify dense and massive gas structures
that are not detected at mid{[R]wavelengths (e.g. Beuther and Steinacker,[2007). In the second method,
one commonly sees dark areas on square degrees mid{IR|maps by the ISO, MSX, Spitzer, and Herschel
space observatories. These dark regions, which are called [infrared dark cloud (IRDC)] are likely
representations of cold (< 20 K, Carey et al.,[1998) cloud structures that have absorbed the background
mid{IR emission. The existence of these cloud structures is normally checked by the emission of
high-density tracers from them (e.g. Sakai et al., 2008). One can then search for the precursor
of [[R-bright protostars from compact sources within (e.g. Rathborne, Jackson and Simon,
[2006). Similar to[HMPOs| dense cores or fragments within [RDCs| have a large size variation (e.g.
between 0.1 and 1 pc, Peretto and Fuller, 2010); hence, they could host several individual protostars or
pre-stellar cores. Observational studies towards nearby cloud complexes such as Cygnux X (Motte,
Bontemps, Schilke et al.,[2007) and NGC 6334 (Tigé et al.,[2017) have identified large numbers of
0.1 pc structures known as|massive dense cores (MDCs), which can form high-mass stars. Many of
these are indeed hosting [[R}quiet protostars or even objects in earlier stages of[HMSF. One can
recogniseMDCs| with [R-quiet protostars from their weak mid{[R emission (F,,,,,, < 107y, Motte,
Bontemps, Schilke et al., 2007) and clear signs of outflows which are missing at starless
Interestingly, the [SEDs|of [[R-quiet[MDCs|can be relatively well described by modified blackbody
models (e.g. Gaczkowski et al., [2013). The of [[R-bright however, show excessive
emission at mid{[R] wavelengths (e.g. Tigé et al.,[2017).

The existence of high-mass analogues of low-mass pre-stellar cores remains a topic of debate,
and finding them is crucial for differentiating various theories. In detail, the turbulent core
model requires massive pre-stellar cores containing all the mass of the final stars. In contrast, the
competitive accretion, and inertial flows models suggest cores with similar initial conditions to
those that form low-mass stars. The current strategy to detect pre-stellar cores of[HMSF]is to observe
candidates of starless at high angular resolutions with interferometer observatories, aiming to
find compact sources that contain more than several M, within a region smaller than 0.1 pc. Attempts
to detect pre-stellar cores have shown that such objects are elusive. For example, only one candidate
(CygXN53-MM2 with 25 M, within ~0.025 pc, Duarte-Cabral et al.,[2013) has been found within the
entire Cygnus X region. Recently, the large ALMA-IMF survey towards a dozen nearby protoclusters
has provided a large sample of ~580 cores, from which only 30 have the potential to be pre-stellar
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Figure 1.4: Proposed schematic evolution diagram of [HMSF from observational constraints. Taken from Tigé

et al. (2017).

cores (Valeille-Manet et al.,[2025). The authors suggest that the lifetime of these cores can last from
~10 to 30 free-fall times, indicating the existence of non-thermal support (e.g. turbulence or magnetic
field) to slow down the core collapse.

From the combination of the observational constraints of massive star-forming regions and an
empirical scenario after the[GHC model, Tigé et al. and Motte, Bontemps and Louvet
proposed a schematic evolution diagram of (see Fig.[[.4). High-mass star-forming sites are
0.1 pc[MDCsl located at filaments and ridges/hubs of dense gas within molecular clouds. The global
collapse of cloud structures (e.g. ridges/hubs) generates inflowing gas streams, feeding mass to the
The 0.02 pc low-mass pre-stellar cores within the evolve to protostars and grow in
mass simultaneously with the growth of the[MDCs| These protostars become [[R-quite high-mass
protostars when the inflowing gas stream can reach and feed the protostars efficiently. Once the
building mass of the stellar objects surpasses 8 M., the luminosity spikes and the high-mass protostars
enter the [[R}bright stage. Soon, the regions are formed from the intense [UV]feedback, but the
mass accretion onto the stellar embryos continues. Finally, the accretion process is slowed down and
eventually stopped by the expansion of the Hi regions and other feedback processes such as outflows
and winds.
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Figure 1.5: CO towards the low-mass protostar HH 46. The black circles show the actual observations
obtained with the Herschel/PACS instrument. The dashed curves demonstrate the modelling of emission from
different physical components or processes: [UV}heated cavity walls along outflows (in green), small-scale
shocks in the cavity walls (in red), and a passively heated envelope (in blue). The black curve presents the total
of the three emission types. Taken from van Kempen, Kristensen et al. .

1.2 CO as a gas tracer in star-forming regions

Carbon monoxide (CO) is the second most abundant molecule in the[[SM] after the hydrogen molecule
(H,). While cold H, is practically invisible in emission in the [ISM due to its zero dipole moment, the
CO molecule has a weak permanent dipole moment and low excitation energy (E,/k;, = 5 K) of the
ground rotational transition. These properties allow many CO rotational transitions to be easily excited
even in cold molecular clouds. The high abundance and easy excitation conditions let CO become a
good tracer of molecular gas in the A convenient aspect is that the ground state transition of
CO at 115 GHz is accessible for many ground-based telescopes. At a few excellent sites, such as the
Atacama desert and the Mauna Kea summit, atmospheric windows allow the observations of CO from
the ground to mid-J transitions. As for higher-J transitions, they can be observed from airborne and
space-based observatories. Since the first detection of CO (1-0) line towards the Orion Nebula over
50 years ago by R. W. Wilson, Jefferts and Penzias (1970), CO emission has been the most commonly
used gas tracer in the Milky Way and extragalactic sources. In addition to the main CO isotopologue,
there are other rare isotopologues: Bco, c'®0, and 70, which are also easily excited but probe
denser gas than CO due to their lower abundances. For example, Jacob et al. determined that
the relative abundance ratio [IZC]/ [13C] in the Milky Way, which is an indication of the [CO]/ [13CO]
ratio, is around 60 at the solar neighbourhood and increases with the distance from the galactic centre.

While CO is very efficient in probing diffuse and cold gas, the molecule is also useful in tracing
dense and warm gas in molecular cores where star formation happens. The excitation energy of
rotational CO transitions varies broadly from several Kelvins to several thousands Kelvins. Therefore,
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the transitions in different J ranges can probe different physical conditions powered by different
mechanisms/processes. This is particularly useful for probing different gas components in active
star-forming regions, where multiple processes, such as outflow launching and gas accretion, can occur
simultaneously, dynamically changing the properties of the gas associated with them. This usage
of CO emission is illustrated clearly in a study by van Kempen, Kristensen et al. (2010) towards a
low-mass protostar. The authors proposed that CO emission originates from three sources: UV-heated
cavity walls along outflows, shocks in the cavity walls, and passively heated envelopes. Modelling
shows that each heat sources dominate different ranges of the CO (see Fig.[I.5). On the other
hand, CO isotopologues can also be used to probe different parts of a star-forming region. The
main CO isotopologue is typically used to characterise entrained gas in outflows, primarily through
the high-velocity/wing emission (e.g. Lefloch et al., Navarete et al., [2019), while the rare
isotopologues €80 and *CO are generally used to probe the gas envelopes (e.g. Arce and Sargent,
@, Yildiz, Kristensen, van Dishoeck, Hogerheijde et al., . Additionally, 3CO emission has
also been linked to UV-heated gas in low-mass protostars (e.g. Spaans et al., Yildiz, Kristensen,
van Dishoeck, Hogerheijde et al., 2015).

1.3 The ATLASGAL survey and the Top100 sample

Studying the evolution of high-mass star formation calls for comprehensive surveys of star-forming
regions in the Milky Way, which help derive statistically significant results about the characteristics of
each evolutionary phase. Among the surveys that have been carried out, many are biased against the
early phases or found a very small number of pre-stellar core candidates (see Section|[I.1.3). As a
result, the advanced stages that emit strong [[R]emission are well characterised, while little is known
about the phases before that. Therefore, the need for an unbiased and complete survey of galactic
high-mass star-forming sites emerged, and the APEX Telescope Large Area Survey of the Galaxy
(ATLASGAL, Schuller, Menten et al., was conducted to serve that goal. The ideal high column
density tracer chosen for this survey is dust continuum emission at 870 um (sub-mm wavelength), as it
is optically thin and can probe deeply embedded stellar objects. Additionally, the emission is sensitive
to both cold and warm dust, allowing it to probe an extensive range of evolution.

The ATLASGAI survey imaged in total 420 square degrees of the inner Galactic plane (see Fig.[1.6),
including two sections: the first one is between Galactic longitude —60° < [ < +60° and Galactic
latitude —1.5° < b < +1.5°, and the second one is between —80° < [ < —60° and —2.0° < b < +1.0°
(Csengeri, Urquhart et al.,[2014). The efficient mapping of such a huge survey was possible thanks
to an instrument at the APEX telescope: the Large APEX Bolometer Camera (LABOCA, Siringo
et al.,[2009), one of the most powerful bolometer cameras at the time. The LABOCA was explicitly
designed to operate at 870 um, and the beam measured at this wavelength had a full width at half
maximum of 19.2”". The instrument consisted of 295 individual bolometers, providing an effective
field of view of 11.4". The ATLASGAL survey observations were conducted in on-the-fly mode with
a scanning speed of 3’/s. Overall, the whole survey has an average noise of ~70 mJy/beam (Csengeri,
Urquhart et al., [2014).

Two source catalogues were compiled from the ATLASGAL maps using different source extraction
algorithms: Multi-resolution and Gaussclumps (MRE-GCL, Motte, Zavagno et al., and
SExtractor (Bertin and Arnouts, [[996). The first algorithm was used by Csengeri, Urquhart et al.
(2014) to produce the [GaussClump Source Catalogue (GCSC)| while Contreras et al. and
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Figure 1.6: Coverage of the ATLASGAL survey and distribution of the Top100 sample in the Milky Way. The
orange shaded area showcases the galactic regions observed in the ATLASGAL survey to a distance of 20 kpc.
Positions of the Top100 sources are marked by the filled coloured circles. The colours blue, green, red, and
yellow represent the evolutionary stages Hir region, [IR bright, IR weak, and 70 um weak, respectively. Taken

from Konig et al. (2017).

Urquhart, Csengeri et al. used the other one to compile the [Compact Source Catalogue (CSC)|
The two catalogues complement each other in the sense that their methods are sensitive to structures on
different angular scales. The MRE-GCL is suitable for identifying small and compact sources, while
SExtractor is efficient at finding larger condensations. In total, the[CSC]and [GCSC|contain ~10000
and ~11000 sources, respectively, with a significant source overlap between the two catalogues.

Following the catalogue compilations, several works have characterised the physical properties
and evolution of the sources as well as their associations with (Urquhart, T. J. T. Moore,
Schuller et al., Urquhart, Thompson et al., Urquhart, T. J. T. Moore, Csengeri et al.,
Urquhart, Konig, Giannetti et al., Urquhart, Wells et al., 2022). The majority of the
clumps demonstrate their capacity to form massive stars, as indicated by their mass-size relationship
and the empirical thresholds established by Kauffmann et al. (2010b). In the latest work, Urquhart,
Wells et al. used the complementary [[R]and radio emission to classify 5007 clumps into four
evolutionary stages of quiescent (1218), protostellar (1010), (1543), and Hu region
(1236). The similarity of the number of sources in each stage suggests that their statistical lifetimes
are comparable. It is noteworthy to mention that the clump mass is not correlated with the clump
evolution, which raises questions about whether star-forming clumps continuously gain mass from
larger-scale environments through global collapse or converging mass flows, as suggested by some
models (see Section [[.1.3). On the other hand, Urquhart, Wells et al. (2022) found clear
increasing trends of dust temperature, luminosity, and luminosity-to-mass ratio of the clumps with the
evolutionary stages.
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The Top100 sample

While the extensive coverage of the ATLASGAL survey provides an edge for statistical analyses, it is
costly and time-consuming to perform follow-up spectral line observations for the whole survey. The
information from spectral lines is essential for further investigations into the properties and evolution
of star-forming clumps, as each molecule can probe different gas conditions associated with various
star formation activities. Therefore, a subsample of ~100 bright ATLASGAL sources, named as the
Top100 sample (Giannetti, Wyrowski et al., Konig et al., [2017), was selected as targets for
follow-up spectral line studies.

The sources in the Top100 sample have varying physical parameters. Konig et al. analysed the
Top100 sources using dust continuum emission from 8 um to 870 um and found the dust temperatures
of 11K to 41 K. They also found clump mass, My, and bolometric luminosity, Ly, in the ranges

from 17 My, to 4.3 x 10* M, and from 57 L, to 3.7 x 10° L, respectively. The sources are located at
different distances in a large range between ~1 and 13 kpc, and the distribution of the sources in the
Galactic plane can be viewed in Fig. Konig et al. used a similar classification scheme (see
Fig. as the one by Urquhart, Wells et al. (2022) to classify the Top100 sources to four evolutionary
stages:

» Starless/pre-stellar stage (far{[R] 70 um weak or 70w, 14 clumps): these sources are likely in a
quiescent phase. They are not associated with any compact [[R|emission, indicating the lack of
protostellar objects.

* Protostellar (near/mid{[R] weak or IRw, 30 clumps): this group includes sources that are
associated with compact 21/24 um emission below the 2.6 Jy threshold and those that only
associate with the compact 70 um emission. The protostellar objects here are still in the early
phase, and their feedback has yet to warm up the gas in the majority parts of the clumps.

* High-mass protostellar (mid{[R]bright or IRb, 35 clumps): sources that emit strong compact
21 or 24 ym emission above 2.6 Jy, which corresponds to a mass of 4, 8, or 15M,, at 1, 4,
and 20 kpc, respectively (Heyer et al.,[2016). The protostellar objects at this phase are already
evolved, and the clumps are likely dominated by warm gas.

* Compact Hit region (HII, 20 clumps): clumps that are associated with radio continuum emission
at either 4 or 8 GHz are put into this most evolved group, where ionised gas from intense
radiative feedback started to emerge.

There are currently a dozen published works in the series "ATLASGAL-selected massive clumps
in the inner Galaxy", which is dedicated to the Top100 sample studies. Each study observes a
different kind of molecular/atomic emission, aiming to shed light on various characteristics of massive
star-forming regions and their evolutions. For example, the first work by Giannetti, Wyrowski et al.
(2014)) investigated CO depletion and found a significant degree of CO depletion in the early phases
of Csengeri, Leurini et al. (2016) used SiO emission to study shocked gas likely associated
with jets and outflows. Tang et al. attempted to determine the kinetic temperatures and volume
densities of the clumps using formaldehyde, H,CO, emission. Navarete et al. (2019) determined the
characteristics of mid-J CO emission, which shows strong and broad wing emission, suitable for
outflow investigations. Finally, Hoang, M.-Y. Lee et al. (2025) attempted to characterise the warm
inner envelopes of the clumps using maps of 3O (6-5) emission.
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Figure 1.7: Classification diagram for the Top100 sample. Taken from Konig et al. (2017).

1.4 Scientific goals and outline of this thesis

The previous sections of this chapter have shown that a detailed picture of the process of is still
incomplete. The exact mechanism that supplies mass for the accretion process and the mechanism
that helps mass go through feedback barriers are still largely debated from both theoretical and
observational aspects. Regardless of the mass transferring mechanism, it would be reasonable to
assume that a significant amount of gas is assembled in the envelopes of star-forming regions before
going down to the individual stars. The gas envelopes are also under the influence of feedback
and could serve as an indicator of this. Therefore, having a better understanding of the properties
and evolution of these envelopes would be essential to improve our knowledge about For this
reason, this thesis attempts to characterise the warm inner envelopes of the sources in the Top100
sample (see Section using mid- and higher-J transitions of CO and CO isotopologues. The
scientific contents are divided into three parts as follows:

Part I: Morphology and kinematics of the warm inner envelopes

* As mentioned in Section[I.1.2, the gas envelopes around individual low-mass protostars have
changing morphologies and gas kinematics in different protostar stages due to the stellar
feedback. The question is whether the envelopes of high-mass star-forming regions undergo
a similar evolution or behave differently. In Chapter 3] we address this question by mapping
Bco (6-5) emission towards the Top100 clumps and investigating the gas distribution and
kinematics using zeroth and first moment maps.
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Part II: Probing gas in massive star-forming regions with high-J CO lines

* Navarete et al. (2019) showed that CO (6-5) emission (E,/ky, ~116K) is suitable to study
outflows in the Top100 clumps due to its extensive high-velocity emission. However, the
information about the envelopes is missing in the CO (6-5) emission as the line is heavily
affected by self-absorption at low-velocity ranges. How about emission of high-J (J,, > 10)
CO lines which have E /k, beyond ~300K? In Chapter E, we obtained velocity-resolved
line profiles of CO (11-10), CO (13-12), and CO (16-15) towards a subsample of the Top100
sample and characterised these emission lines and their excitation conditions, especially the
broad wing components associated with outflows. We found that the low-velocity emission,
which is likely associated with the warm envelopes, is not affected by self-absorption in most
cases and is further investigated in the next part.

Part lll: Radiative transfer modelling with multiple CO lines

* Previous studies have suggested that several physical processes can take part in the excitation
of CO and its isotopologue emission in star-forming regions (e.g. van Kempen, van Dishoeck,
Giisten, Kristensen, Schilke, Hogerheijde, Boland, Nefs et al., Y1ldiz, Kristensen, van
Dishoeck, Belloche et al., Leurini, Wyrowski, Herpin et al.,[2013). In Hoang, M.-Y. Lee
et al. , the authors suggested a similar nature for the excitation of the €O (6-5) emission
from the warm envelopes of the Top100 clumps. Given an inventory of ten CO, B30, and €0
emission lines towards six Top100 clumps, we aim to test the suggestions above by performing
radiative transfer modelling with the RADEX code (F. F. S. van der Tak, Black et al.,[2007) and
constraining the models with the observations in Chapter[5, Additionally, constraining RADEX
models helps determine the physical conditions at our target envelopes.

In addition to the three scientific chapters mentioned above, we present an overview of the
observation and data analysis for radio and [sub-mm)|astronomy in Chapter[2] Finally, we summarise
the main findings of this thesis and discuss prospects of future projects in Chapter [6]
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CHAPTER 2

Observations and data analysis

2.1 Radio and mmjjsub-mm|astronomy

For thousands of years, humans have been awestruck by the night sky and its shining celestial objects.
We have recorded the movements of those celestial objects and attempted to explain them, which
constituted traditional astronomy. Little did we know that our vision limited our understanding of the
night sky. Light, as electromagnetic waves, can have different wavelengths, and human eyes are only
capable of seeing light in a small wavelength spectrum spanning from ~0.38 um to ~0.75 um. It was
only until 1800 that Sir Frederick William Herschel made a discovery that set one of the foundations
for modern astronomy and astrophysics. By that time, we already knew that sunlight could split into
different colours when it goes through a glass prism. Herschel discovered that sunlight has another
invisible component just beyond the red colour, which heated his thermometer better than any other
visible components. That invisible light is known today as [infrared (IR)|radiation. Later in 1931, at
a time when radio waves had already been discovered and used in telecommunication, Karl Guthe
Jansky detected an unknown periodic radio signal at 4 ~ 14.6 m from the sky while conducting an
experiment for the Bell Telephone Laboratories. That turned out to be the first measurement of the
radio signal from the centre of the Milky Way. Inspired by the work of Jansky, Grote Reber later
conducted a sky survey of radio emission with a radio telescope he built in his backyard (Reber, [1944).
The pioneering works of Jansky and Reber opened the door for radio astronomy to thrive, and this field
finally took off in the 60s with the advancement of radar technology during and post World War II.

Why is radio astronomy important? As we mentioned in Chapter [I] the contains mostly
dust and gas particles, hence it is best to study properties through radiation emitted/absorbed
by these particles. It happens that the thermal continuum emission of cosmic dust and emission of
numerous molecular/atomic transitions lie in the ranges of IR, and radio wavelengths
(e.g. Wolstencroft and Burton, [[988). Therefore, having access to these frequencies is crucial for
various sub-fields of astronomy, from studying the atmospheres of the planets in the solar system to
investigating star formation and galaxy evolution.

Not every light from space can reach the Earth’s surface. For example, the radio waves that have A
greater than ~30 m are reflected back into space by the charged particles in the Earth’s ionosphere. In
addition, [IR]light is heavily affected by the absorption by molecules such as O,, O, and H,O in the
Earth’s atmosphere. The combined spectrum of radio and [nmjfsub-mm wavelengths spans from ~10 m
to 0.1 mm (v = 30 MHz - 3 THz). Fig. shows that part of this wide range is observable with
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Figure 2.1: Dependence of atmospheric opacity on wavelengths of light from space. At each frequency regime,
the feasible observing method is presented. Figure credit: NASA.

ground-based telescopes. In contrast, observations of shorter-wavelength signals in the [mm
ranges are better carried out with space telescopes. Alternatively, observations in certain [mmjfsub-mm
ranges could be conducted with airborne observatories or telescopes at dry and high-altitude locations,
such as the Atacama Desert in Chile, where the atmospheric water content is low. However, observing
conditions there would be unstable or not reachable for the signal at THz frequencies.

2.2 Observation with single-dish telescopes

Single-dish telescopes are simple and common observing instruments used in radio astronomy. Most
telescopes comprise a primary parabolic mirror or antenna that reflects and converges incoming radio
waves towards a secondary reflector, where the waves are converged again towards a receiver that
records the signal (see Fig.[2.2). In another variation, the receiver can be placed directly at the position
of the sub-reflector. To serve different scientific purposes, each telescope is often equipped with
multiple receivers that allow observations over a wide range of wavelengths and support different
observing modes.

The measurement by a radio telescope is characterised by the power pattern, P(6, ¢), which
describes the response of the telescope to the incoming signal as a function of the angular distance
(i.e. 6 and ¢) from the pointing direction of the telescope (see Fig.[2.3). As a pointing instrument,
the majority of the power measured comes from a main lobe, while a small fraction of the power is
from side lobes. A good antenna is supposed to have a high concentration of power in the main lobe.
Otherwise, it would be difficult to determine the direction of the measured power.
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Figure 2.2: Schematic of the main components of a single-dish radio telescope.

The solid angle of an antenna is defined as:

9A=// P,(0, ¢)d<, 2.1
4r

where P, (6, ¢) is the normalisation of P(6, ¢) over its peak value. Q, is the integration of P, (6, ¢)
over the full sphere. When the integration is limited to the main lobe only, we obtain the main beam

solid angle:
Qyp = // - P,(0, $)dQ. (2.2)

The ratio of Qyp and Q,, known as the main beam efficiency n, = QQ—I‘?, indicates the fraction of
power concentrated in the main beam. In theory, a wide main beam would allow high r,. However, a
wide beam is undesirable, as it would be equivalent to low degrees of spatial resolution, which is the
telescope’s capability to distinguish two point sources. Assuming a Gaussian main beam, the spatial
resolution is typically characterised by the full width at half maximum, 6y,;,,,, which is related to the
size of the telescope dish, D, and the signal wavelength, A, as follows:

A
Otwbm & 7 (2.3)

Therefore, a common practice to achieve high spatial resolution is to build telescopes with large dishes.
Currently, the Five-hundred-meter Aperture Spherical Telescope (FAST) is the largest single-dish
telescope with a 500 m antenna.

2.3 Telescopes used in this thesis

In this section, we will provide a brief introduction about the observatories used to obtain the data for
this thesis. The observatories are either ground-based, airborne, or space-based, thereby providing
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Figure 2.3: Polar power pattern of an antenna. Taken from T. L. Wilson, Rohlfs and Huttemeister (2012).

us with unique observing conditions and access to many spectral windows in the GHz and THz
frequencies. Details of the obtained data sets and data reduction are presented in the corresponding

chapters.

2.3.1 The Atacama Pathfinder EXperiment (APEX) 12m telescope

!

Figure 2.4: APEX telescope
and me on the Chajnantor Plat-
eau in northern Chile.

APEX (Giisten, Nyman et al., 2006) is a ground-based single-dish
telescope developed in a collaboration between the Max Planck Institute
for Radio Astronomy (MPIfR), the European Southern Observatory
(ESO), and the Onsala Space Observatory. APEX is located at 5100 m
above sea level on a plateau close to the Chajnantor summit in the
Atacama desert in Chile. The combination of the dry desert atmosphere
and the high altitude makes the Atacama Desert an ideal place for
sub-millimetre telescopes. The precipitable water vapour (PWV) index
at the APEX location can often get below 1.0 mm. In addition to APEX,
this area of the Atacama Desert is also home to the Atacama Large
Millimetre Array (ALMA), which is an interferometer observatory
consisting of 66 antennas.

The APEX telescope is equipped with one Cassegrain and two
Nasmyth cabins, providing ample space to host several instruments.
The past and current receivers cover a wide range of frequencies between
~157 and ~850 GHz. Arrays such as CHAMP" (Kasemann et al.,
and LASMA (Giisten, Baryshev et al., have the ability to observe

with multiple beams simultaneously, allowing for fast mapping. Complementary, instruments with
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wide IF ranges, such as the PI230, are suitable for line surveys towards chemically rich [SM. The mid-J
CO maps studied in this thesis were obtained with the CHAMP™ receiver at the APEX telescope.

2.3.2 The Stratospheric Observatory for Infrared Astronomy (SOFIA) telescope

SOFIA (Young et al., 2012) was an airborne observatory, which
hosted a 2.7 m mirror onboard the modified Boeing 747SP aircraft.
The project was developed and operated by a collaboration between
the National Aeronautics and Space Administration (NASA) and the
German Aerospace Centre (DLR). SOFIA saw its first light in 2010
and had completed nearly 1000 scientific flights before the program
was shut down in 2022. During its operation, SOFIA typically flew into
the stratosphere at altitudes of 38000—45000 feet (11600—13700m),
putting it above 99% of the Earth’s infrared-blocking atmosphere.
Therefore, SOFIA provided an essential access to the IR wavelength
windows for astronomers.

SOFIA was equipped with multiple receivers such as High-resolution
Airborne Wideband Camera Plus (HAWC+, Harper et al.,|2018), Field . . .
Imaging FZ—InfraredCLine Spectro(metg (CFI,FI-Lé) Fischer@) Figure 2.5: Picture of me in

. . ’ ’ > front of SOFIA in Stuttgart in

and Faint Object InfraRed CAmera for the SOFIA Telescope (FORCAST, 5019 Credit: Arshia Maria
Herter et al.,[2018). The data presented in this thesis were collected with  Jacob.
the German REceiver for Astronomy at Terahertz Frequencies (GREAT,
Risacher, Gusten et al., [2016; Risacher, Giisten et al., 2018; Duran et al., [2021), which was a
high-resolution spectrometer with resolving powers beyond 10’. GREAT was developed in several
generations: early science, upGREAT, and 4GREAT. Altogether, it offered access to a wide frequency
window between 480 GHz and 2.7 THz and a small window around 4.7 THz.

2.3.3 The Herschel Space Observatory

Herschel (Pilbratt et al., was a space telescope developed and
run by the European Space Agency (ESA). The telescope operated in
the far-infrared and sub-millimetre wavelengths between 55—-671 yum.
Herschel was launched into space by the Ariane 5 ECA rocket on May
14, 2009, and operated until April 29, 2013. Instead of orbiting the
low Earth orbit like the Hubble space telescope, Herschel went a great
distance to orbit around the stable second Lagrangian point (L2) of the
Sun-Earth system, keeping it always at the far side of the Earth from
the Sun. At the time of the launch, the 3.5 m mirror of Herschel was
the largest mirror ever flown in space.

On board of Herschel were three scientific instruments: Heterodyne
Instrument for the Far Infrared (HIFI, de Graauw et al., [2010), Pho-
Figure 2.6: Prototype of the toconductor Array Camera and Spectrometer (PACS, Poglitsch et al.,
Herschel telescope at MPIfR. [2010), and Spectral and Photometric Imaging Receiver (SPIRE, Griffin
Credit: Anahat Cheema. et al.,[2010). The Herschel data sets used in this thesis are molecular

spectra obtained by HIFI and continuum maps captured by PACS.
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Figure 2.7: Example of an observed spectral line of the interstellar medium. The figure presents a spectrum of
CO molecules towards the Orion Nebula. Taken from R. W. Wilson, Jefferts and Penzias (1970).

2.4 Interpretation of molecular line observations

Observations from a single-dish telescope often reveal the source of the signal in the sky, its frequency,
and its brightness. This section provides a brief introduction to the data types that comprise that
information and the basics of radiative transfer.

2.4.1 Spectroscopy

Spectroscopy is the study of the decomposition/splitting of radiation into different frequencies.
Photons emitted or absorbed by molecules/atoms have characteristic frequencies that correspond
to specific transitions between upper and lower quantum states of electrons, the vibration and
rotation of molecules/atoms, and/or fine- and hyperfine-structure. As the physical conditions of
the local influence the population of molecules/atoms at each quantum level and, hence,
the amount of emitted/absorbed photons, the observed spectra can help determine the density,
temperature, and ionisation states of the regions where the emission originates. Assigning an observed
emission/absorption line to a transition of a species requires prior knowledge of its frequency. Therefore,
spectroscopists perform sophisticated laboratory measurements of hundreds of molecules/atoms which
could exist in the [SM]and compile them into accessible databases. The two most commonly used
ones are the Cologne Database for Molecular Spectroscopy (CDMS, Miiller, Schldder et al.,[2005)
and the Jet Propulsion Laboratory catalogue (JPL, Pickett et al.,[I998).

The Doppler effect adds an additional layer of information for spectroscopic studies. The frequencies
of photons are of stationary particles with respect to the observer along the line-of-sight (LOS). Shifts
in such frequencies occur at particles that either move away from or towards us. This frequency
shift results in observed line profiles (see an example in Fig. which contain valuable information
about the emitting/absorbing medium. Usually characterised by a Gaussian profile, the centroid of a
line profile provides the mean velocity of the medium. In contrast, the line width indicates velocity
dispersion, and the line peak indicates the line intensity. The width of the line, which is typically

24



2.4 Interpretation of molecular line observations

Data cube

Spectrum Map

Figure 2.8: Demonstration of the data cube structure.

characterised by the [full width at half maximum (FWHM), would be broadened by both thermal
motions associated with random motions of particles and/or non-thermal motions. The non-thermal
broadening is often linked with the turbulence associated with fluid dynamics in the observed region.
Other non-thermal effects that could widen the line width include large-scale motions such as rotation
and outflows.

2.4.2 Data cubes and moment maps

In the previous section, we showed that a spectrum provides information along the frequency axis at a
position in the sky. Combining the spectra from multiple positions within a region of the sky yields a
data cube, a three-dimensional data type comprising two spatial axes and a frequency axis. Fig.[2.§]
demonstrates that one can extract either a spectrum at a specific spatial position of a data cube or an
intensity map at a particular frequency.

The information along the frequency axis at a spatial position of a data cube can be integrated
to estimate moment values. The zeroth and first order moments (M, and M, respectively) are two
commonly used parameters in astrophysics and were used in this thesis. They can be estimated as
follows:

M, = / T, dv, 2.4)
M J Tividv (2.5)
1= /Y;dv > .

where T; and v; are the intensity and velocity of each cell along the frequency axis. The M, is a
representation of the integrated intensity at a spatial position, while M, is the intensity-weighted

25



Chapter 2 Observations and data analysis

——ds ——

IV ( S +dS)
0 S g
w(0) v 0

Figure 2.9: Presentation of the parameters in the concept of radiative transfer. Taken from T. L. Wilson, Rohlfs
and Huttemeister (2012).

velocity along the line-of-sight at the same position. M, is also commonly known as the velocity
centroid. A map of M, values thus showcases the distribution of the integrated intensity over the
probed region and can be used to study the morphology of the emission. A M; map, on the other
hand, displays the trends in velocity and helps study gas kinematics.

2.4.3 Radiative transfer

Radiative transfer refers to the process by which photons travel through space and interact with matter
along their paths. In principle, radiation would travel freely without losing energy in empty space.
In the event of interacting with matter, the energy of the incoming radiation can be modified via the
emission, absorption, and scattering of photons. Neglecting the effect of scattering, the change of the
specific intensity, /,,, of a radiation beam at frequency v along a path length, ds, can be described as

follows:
dr,
= o

ds =&y viys

(2.6)

which is known as the equation of radiative transfer. The sketch in Fig.[2.9|presents the ideas and
parameters used in radiative transfer.

The first part of Eq. (2.6) presents the emission of photons from material along the path, which is
characterised by the emissivity €,, (also known as the emission coefficient). The subtraction term
describes the absorption effect, where parts of the I, are attenuated by the absorption coefficient «,,.
Additionally, the term optical depth, 7,,, which is given by dr,, = —«, ds, is often used to described how
much light at a particular frequency can go through a medium (e.g. a molecular clump). If 7, > 1,
the medium is optically thick to the incoming radiation and not much light can go through. As one
is often interested in the emission of the medium itself, one needs to be cautious when interpreting
the incoming radiation in these high-opacity cases, as such emission likely originates from regions
close to the surface of the medium rather than the entire medium. In extreme cases, a large number
of photons emitted by particles at the back of a medium can be reabsorbed by materials in the front,
resulting in the phenomenon of self-absorption in spectroscopy. On the other hand, the medium is
said to be optically thin to the radiation if 7, <« 1.
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2.4 Interpretation of molecular line observations

Kirchhoff’s law, which is applicable regardless of the material in the medium, states that the ratio of
the emission and absorption coefficients of a body provides the source function:

™

v_g
K

2.7)

v

<

Assuming that the radiation goes through a uniform medium under the [local thermodynamic]
lequilibrium (LTE)| condition, in which small regions of the medium are in thermal equilibrium and
properties such as temperature, pressure, and density are uniform throughout these regions, §,, can be
further approximated by the blackbody radiation at a temperature that describes the distributions of

molecules/atoms among the possible energy levels, typically known as excitation temperature, 7, :

21
S,=B,(T,) = 2 i (2.8)
We note that under the condition, T, is equal to the local kinematic temperature.
From the definition of optical depth and Kirchhoff’s law, Eq. (2.6) can be rewritten as:
1d1, di,
-———=—=1,-B,(T,). 29
k, ds dr, 7 vTe) 29)
The solution of this equation is given as:
7,(s)
1,(s) =1,(0)e” ™) + / B, (T, (1))e "dr. (2.10)
0

In case the excitation temperature is constant across the medium, the solution in Eq. (2.10) becomes:
1,(s) = 1,000 ™) + B (T,)(1 —e ™). 2.11)

Practically, the radiation that enters the medium (i.e. ,,(0) is normally characterised by blackbody
radiation at a background temperature, 7y,,. Hence, Eq. @ can be re-written as:

L,(s) =B, (Thpe ™ + B (T,)(1 - ™). (2.12)

In the case of an optically thick medium (i.e. T > 0), 1,, approaches the value of B, (T, ), and the
observed emission can be solely characterised by the excitation temperature of the medium.

2.4.4 Non-LTE radiative transfer with RADEX

The analytical approach in the above section helps solve the radiative transfer equation, connecting
the fluxes from observations to the characteristics of the involved under the [LTE|assumption.
This condition, however, is not always held in various phases and regions of the especially in
low-density areas. Inferring the characteristics of a gas from observed molecular lines under non{LTE]
conditions is often done using radiative transfer modelling codes. This section provides a brief
introduction to RADEX, which is a commonly used one-dimensional statistical equilibrium radiative
transfer code developed by F. F. S. van der Tak, Black et al. (2007).

The emission/absorption of molecular/atomic lines occurs as the molecules/atoms transit between
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different quantum levels. Therefore, knowing the populations of molecules/atoms at various levels is
essential to solving the radiative transfer equation. Considering a system of two levels / and u# with
popular densities n; and n,, and collision dominates the de-excitation of molecules/atoms, the ratio of
the level population follows the Boltzmann distribution:

My _ &e_hv/kaex, (2.13)
ng 8

where g, and g; are statistical weights of the two levels. Under the conditions, T, can be
approximated by the local kinetic temperature, Ty;,, and it can characterise the relative population
across all levels in the system with three or more levels. The problem becomes more complex in the
non conditions as the use of Ty;, does not apply, and it would require a different 7., for each
pair of levels. Solving the radiative transfer equations under the non{LTE]conditions is a non-linear
problem, which requires a numerical treatment.

RADEX offers a simple approach for those whose main interests lie in the global properties of an
interstellar cloud. Instead of solving the complex radiative transfer equations, the programme uses a
geometrically averaged escape probability, 5, which estimates the chance for a photon to escape from
the medium where it was created, to approximate the line intensity as follows:

J, =S, (1-p), (2.14)

where 7vuz is the specific intensity integrated over all directions and over the line profile. The simplicity
of this method comes from the fact that S relies only on the opacity of the medium. Assuming different
geometries for the medium, several works have formulated three relations between 5 and 7, which
RADEX users can choose based on their needs. The first 8 expression is of an expanding spherical
shell, which is also known as a large velocity gradient (LVG) environment, developed by Mihalas

(1978)) and de Jong, Boland and Dalgarno (1980) as follows:

LT l—e "
,BLVG=;/ e Tdr = —2 (2.15)
0

T

In the case of a static, spherically symmetric, and homogenous medium, Osterbrock and Ferland
(2006) provided an expression for 8 as:

1.5

ﬁsphere = T

2 2 2

1——2+(—+—2)e_7]. (2.16)
T

T T

Finally, in the case of instance shocks, a plane-parallel slab geometry is normally assumed and 8 can

be estimated from the work of de Jong, Chu and Dalgarno (19735) as:

-3
1-e7

— 2.17)

ﬁslab =
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CHAPTER 3

Morphology and kinematics of warm inner
envelopes

This chapter summarises the content of the article titled “ATLASGAL-selected high-mass clumps
in the inner Galaxy: XI. Morphology and kinematics of warm inner envelopes” published in the
Astronomy and Astrophysics journal by the following authors:

Thanh Dat Hoang, Min-Young Lee, Friedrich Wyrowski, Agata Karska,
Felipe Navarete, and Karl M. Menten

The full version of the article can be found in Appendix [A]or from the following link:
lhttps://doi.org/10.1051/0004-6361/202452371.

3.1 Context

High-mass star formation occurs in the densest parts of molecular clouds, in which the envelopes of
dense gas cocoon massive stellar embryos. These envelopes are essential for the star formation process
as they provide mass for the accretion onto final stars (Shu, Adams and Lizano, Wyrowski
etal., Beltrdn and de Wit, Pillai et al.,[2023). Star formation activities, in return, launch
feedback such as outflows and radiation into the vicinity, thereby altering the properties of the gas
envelopes. For these reasons, the envelope evolution is likely associated with the star formation
sequence and can be used to track and investigate the star-forming process. For example, at low-mass
protostars, the distribution and kinematics of gas in the envelopes change systematically from early to
later stages (see Section[I.1.2). While the evolution of envelopes around low-mass protostars has been
extensively examined, a similar study for high-mass counterparts is lacking. Massive [YSOf often stay
in clusters, and those in the same star-forming clump may share from an envelope that provides mass
and receive feedback from all the [YSOk within.

Investigating the envelope evolution requires a statistically significant sample of high-mass star-
forming regions covering various evolutionary stages. Such a sample is provided by the Top100 sample
of the ATLASGAL survey (see Section [[.3). The sample comprises around 100 bright, massive
star-forming clumps that have been categorised into four evolutionary stages starting from the starless
phase (i.e. 70w), to the formation of protostars (i.e. IRw), the advanced stage of protostars (i.e. IRb),
and finally, the appearance of Hi regions as a result of intense stellar radiation (i.e. HII).
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3.2 Aims

The primary objectives of this thesis are to characterise the warm envelopes surrounding massive
star-forming regions and investigate their evolution in relation to the star formation process (see
Section[[.4). In this first project, we aim to investigate the morphology and kinematics of the warm
envelopes in different evolutionary stages. Our interest is whether the gas distribution within the
envelopes exhibits a high degree of complexity, whether the morphological properties change over
time, and, if so, how they are connected to star formation. We also aim to answer questions about the
gas motion within the envelopes, whether they exhibit any coherent trends, and the causes of those
trends. It is also in our interest to understand the excitation mechanisms of warm gas in the envelopes,
as they play a crucial role in helping us connect the properties of the envelopes to the star formation
process.

3.3 Methods

The mid-J (5 < J < 10) rotational transitions of isotopologues of CO can be used to probe the warm
(T 2 50K) inner parts of gas envelopes at massive star-forming regions. We used the CHAMP™
receiver equipped at the APEX telescope (see Section to map BCO (6-5) emission towards
99 clumps in the Top100 sample. Each map has an angular size of 80" x 80", which is equivalent
to physical sizes of 0.3 pc X 0.3 pc to 4.9 pc x 4.9 pc, given that the distances to the clumps from
the Earth range from ~1 to 13 kpc. The final data cubes were obtained using the XY_MAP gridding
routine in CLASS, and they have a final angular resolution of 10”". We extracted an averaged spectrum
towards the central position of each clump to examine the detection of the BCO (6-5) line and the
general line shape at each phase of high-mass star formation. The line luminosity was also derived
and compared with the bolometric luminosity and mass. Zeroth and first moment maps were then
generated from the data cubes.

The zeroth moment (M) maps display the integrated intensity at each map pixel and reveal the
morphology of the envelopes. By applying a few criteria to the M, maps (see Fig.[3.I), we categorised
our sample into four morphology groups, each representing a different degree of complexity. To better
understand the distribution of warm gas in the envelopes, we produced the radial intensity profiles for
sources with simple morphologies. We attempted to fit them with a power-law function similar to
the one used in Beuther, Schilke, Menten et al. @). Additionally, to compare the distribution of
warm gas with that of colder material, we compared the radial profiles of BCO (6-5) emission with
the radial profiles of Hi-GAL 160 um dust continuum emission (Molinari, Swinyard, Bally, Barlow,
Bernard, Martin, T. Moore, Noriega-Crespo, Plume, Testi, Zavagno, Abergel, Ali, André et al., .

The first moment (M) maps present the velocity centroid at each map pixel and reveal the movement
of gas within the envelopes. To quantify the velocity fields, we fitted the M, maps using the|[mean
[velocity gradient (MVG)| function introduced in (Goodman et al.,[1993). The fitting result would
indicate whether a M| map shows a trend of linear velocity gradient and what the strength and direction
of that gradient are. This information was then put into perspective with kinematics signatures from
other lines, such as CO (6-5), which is an outflow tracer, and Bco (2-1), which probes cooler gas
that likely retains the kinematics of the clumps hosting [YSOF, to investigate the origin of the gas
kinematics in the warm envelopes.
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3.4 Results and discussion

With a detection limit of three times the spectral noise, Bco (6-5) emission is detected towards 81
clumps, equivalent to 83% of our sample. The detection rate, however, varies among the source
groups, increasing from 31% for the youngest phase (i.e. 70w) to 81%, 100%, and 100% for the IRw,
IRb, and HII groups, respectively. At the same time, we found that the peak intensity of the line
increases from below 10 K up to tens of Kelvins as the envelopes evolve. Both trends in the detection
rate and peak intensity indicate temperature and/or density enhancements at the gas envelopes. The
BCo (6-5) line luminosity shows positive correlations with the bolometric luminosity and mass of the
clumps, implying that the mid-J 3CO transition is a decent tracer for the evolution of the clumps as
well as star formation happening within them. Examining the BCO (6-5) line profiles, we found that
the line width is generally wider at more evolved sources, suggesting stronger non-thermal motions
there. Interestingly, the representative line profiles of the IRw, IRb, and HII group exhibit minor line
wings at high velocities. This non-Gaussian feature possibly suggests that there are at least two heating
components responsible for the excitation of the €O (6-5) line.

Figure.m demonstrate the classification of the 81 *CO (6-5) M, maps into four morphology
types. While the maps of most 70w and IRw sources are the poorly-resolved type, the majority of the
IRb and HII maps are well-resolved, implying the more evolved sources generally appear larger in the
sky. When distances to the sources are accounted for, HII sources still show larger sizes compared to
the others, indicating the expansion of warm envelopes at the most evolved clumps.

Among 59 well-resolved sources, we found that the majority (52) have the simplest morphology
type, single-core, and attempted to fit their intensity radial profiles with a power-law function (see
Fig.[3.2). The fit parameters include the radius of a flux-flat region at the centre, r,, and the power-law
index of a curve beyond that radius, m. The constrained best-fit parameters are statistically significant
for 36 sources (one IRw, four IRw, 17 IRb, and 14 HII) and can be used to interpret the structures of
the warm envelopes. Firstly, the power-index m ranges from 0.5 to 2.7 across the sub-sample, which
is not too far from the power-index of density profiles (i.e. 1 to 2) predicted by theoretical studies
(Shu, Adams and Lizano, [I987; Osorio, Lizano and D’Alessio, [1999) and shown by observational
studies (Zhang and Li, Csengeri, Bontemps et al., for star-forming regions and molecular
structures. We discovered that the '>CO (6-5) radial profiles of HII sources are statistically steeper
than those of IRb ones, implying the changes in density and/or temperature distributions between the
two groups. Secondly, the break radius r, was found to vary between 0.02 pc and 0.44 pc, and tends to
increase with evolution similar to m. While the physical nature of the flux-flat region associated with
1, is unclear, a plausible scenario is fragmentation on small scales.

To compare the distribution of warm envelopes with that of colder materials, we performed power-
law fitting for the radial profiles of Hi-GAL 160 yum maps. At the radii where both the Bco (6-5)
and 160 ym continuum emissions were probed, we found that the power-law indices from the radial
profiles of both tracers correlate with each other, and the 160 um profiles are generally steeper. The
offsets between the power-law indices of the two tracers suggest that they probe different physical
conditions or processes. Alternatively, it could be that they have different dependencies on temperature
and density.

The M| maps of the warm envelopes reveal several forms of velocity gradient, such as linear, radial,
hour-glass, and outflow-like. This diversity of gradient types suggests that different processes could be
driving the warm gas in the envelopes. The warm gas kinematics at each envelope was quantified by
an[MVG]fit (see Fig.[3.3). We found that the velocity fields at 41 envelopes (one 70w, 5 IRw, 21 IRb,
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Figure 3.1: Classification diagram of our Bco (6-5) M, maps. Maps that have less than 16 pixels, which show
line detection in each, are considered ‘poorly resolved’. The combined area of 16 pixels, as defined by this
threshold, is equivalent to the coverage of four telescope beams. If there are more than 16 pixels on a map,
but they are scattered over the mapping area instead of clustering in a region, the map is also said to be poorly
resolved. Those that satisfy those two criteria are considered well resolved and are further classified. The
well-resolved sources that show only one bright condensation, but the regions of bright emission continue until
the edges of the maps, are categorised as ‘extended’. Otherwise, the maps are considered ‘single-core’. If there
is more than one bright condensation on a map, but the extra ones are likely from nearby clumps and could be
masked out, the map is also classified as single-core. If all the bright condensations appear to be part of a clump
and masking is not possible, the map is classified as ‘fragmented-cores’. Taken from Hoang, M.-Y. Lee et al.

(2025).
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Figure 3.2: Radial profile derived from the Bco (6-5) M, map of an example source G10.47+0.0. The radial
points of the profile are shown with the filled blue circles, while the empty circles mark large radii with
insufficient numbers of pixels. The red solid line is the best fit with a power-law function.

and 14 HII) have significant gradients, meaning that the fitted velocity gradient is less likely by chance.
The values of magnitudes, G, ranges from 1 km 7! pc_1 to 8kms™! pc_l. It is noteworthy that
the distribution of & is similar between the IRw, IRb, and HII groups, implying that the strength of the
velocity gradients is independent of the evolutionary stages of the envelopes.

The °CO (6-5) @ direction alone could not provide much information and was first put in
comparison with the directions of outflows launched from[YSOs from small scales. The outflows are
probed by high-velocity CO (6-5) emission (Navarete et al.,[2019). In principle, if the the velocity
gradient across the envelope is perpendicular to the outflow, one may conclude that the envelope is
rotating about the outflow axis. If the velocity gradient is parallel to the outflow, it is likely that the
gradient is driven by outflow entrainment. In total, we were able to compare the observed velocity
gradients with the outflows for 22 sources (one 70w, three IRw, twelve IRb, and six HII) where
Bco (6-5) is significant and CO (6-5)-traced outflows is simple and clear (Navarete et al., in
preparation). The angular offset, however, is tilted towards neither perpendicular nor parallel scenario
in all evolutionary stages.

In another attempt to investigate the warm envelope kinematics, we derived from *CO 2-1)
data obtained from the SEDIGISM survey (Schuller, Urquhart et al.,[2021). The low-J transition of
3O molecules probes gas which is cooler than the gas in the warm envelopes. These layers of cool
gas are likely less affected by stellar feedback, thereby possibly retaining the kinematics of the original
clumps. In a sub-sample of 23 clumps (two IRw, twelve IRb, and nine HII) that show significant
in both 1*CO (2-1) and Bco (6-5) maps, 13 clumps show comparabledirections (ie.
angular offset less than 45 degrees), while the remaining 10 clumps do not. This behaviour was
observed across the evolutionary groups. We found that the Bco 2-1) typically have lower
magnitudes than the Bco (6-5)IMVGs, which is likely due to the different beam sizes between the
two data sets. Finally, we closely examined 15 sources that possess kinematic information from all
three CO and ">CO transitions, and were able to determine the origins of the envelope kinematics
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Figure 3.3: M| map of an example source G351.58—0.3. The red and blue arrows indicate the direction of the
fittedMVG] and the dashed lines showcase the directional uncertainty from the fit. The black star marks the
location where the integrated intensity reaches its peak. The hatched circle at the bottom left shows the size of
the telescope beam.

for only seven clumps. Even in this small subset of seven cases, the origins show a high degree of
diversity. Four clumps show a decouple between the kinematics of the envelopes and the gas on clump
scales. Three of them show the signs of envelope entrainment, while one seems to have envelope
rotation about the outflow axis. Additionally, the gas in the envelopes and the gas on clump scales are
likely rotating together about the outflow axes for two sources. The kinematics of the envelope at the
last star-forming region is influenced only by the surrounding clump with no obvious indication of
outflow impact.

Understanding the excitation of the Bco (6-5) transition at warm envelopes around massive
is essential to connect star formation activities to the observed properties of the envelopes.
Several radiative and mechanical feedback processes have been discussed in the literature about
their ability to excite mid-J CO and BCO emission around low-mass protostars. This includes
passively heated envelopes, UV-heated cavity outflow walls, and outflows (van Kempen, van Dishoeck,
Giisten, Kristensen, Schilke, Hogerheijde, Boland, Menten et al., van Kempen, van Dishoeck,
Giisten, Kristensen, Schilke, Hogerheijde, Boland, Nefs et al., Yildiz, Kristensen, van Dishoeck,
Belloche et al.,[2012). To explore the efficiency of passive heating at the dense gas envelopes around
massive [YSOE, one needs to perform dedicated modelling of both gas and dust emission, similar to
those performed at the low-mass regime (e.g. Jorgensen, Schoier and van Dishoeck, Kristensen,
van Dishoeck, Bergin et al.,[2012; Yildiz, Kristensen, van Dishoeck, Belloche et al.,[2012). As for
UV-heated gas, PDRs have been observed towards several massive[YSOs and have been shown to be
able to excite mid-J CO and *CO lines (Leurini, Wyrowski, Herpin et al., . Finally, as for the
roles of outflows, while dedicated modelling to reproduce mid-J 3CO emission from shocked gas in
outflows is lacking, the observed line profiles of low- (A. Y. Yang, Thompson et al., and mid-J
Bco (this work) transitions show the signs of wing emission, suggesting that outflows could entrain
and excite *CO-traced dense gas at massive star-forming regions.
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3.5 Conclusions and summary

In summary, our work demonstrated that Bco (6-5) is ubiquitous in high-mass star-forming regions,
and the properties of the emission are correlated with the stages of the star-forming process, indicating
a link between the excitation of the line and star formation. The morphology of the warm gas envelopes
traced by Bco (6-5) emission is simple at the majority of our sources, and single power-law functions
can reasonably well describe the gas radial distributions. It is noteworthy that the power-law index
increases at the most evolved group (HII) compared to the less evolved one (IRb), which could be
because of the enhancement of temperature and/or density at the central parts of the envelopes. The
kinematics of the warm gas envelopes shows several forms, suggesting that different processes may
be responsible for driving the gas. The majority of the observed envelopes exhibit significant linear
velocity gradients; however, the origins of these gradients remain unclear for many sources. Further
investigations are needed to fully understand the excitation and kinematics of warm gas envelopes at
high-mass star-forming regions.

In the next chapter, we extend our research to characterising other tracers of the warm envelopes,
high-J CO lines. These lines often contain outflow information in their high-velocity emission, so
properties of outflows are also studied.
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CHAPTER 4

Velocity-resolved high-J CO emission from
massive star-forming clumps

This chapter summarises the content of the article titled ‘‘Velocity-resolved high-J CO emission
from massive star-forming clumps” published in the Astronomy and Astrophysics journal by the
following authors:

Thanh Dat Hoang, Agata Karska, Min-Young Lee, Friedrich Wyrowski,
Le Ngoc Tram, Aiyuan Yang, and Karl M. Menten
2023, A&A, 679, A121

The full version of the article can be found in Appendix [B]or from the following link:
lhttps://doi.org/10.1051/0004-6361/202347163.

4.1 Context

High-mass stars provide a substantial energy budget for galaxy evolution throughout their entire life
(e.g. Kennicutt, [2005). From the very beginning, star formation activities would start to release a
significant amount of energy and momentum to the surrounding environment through outflows, which
results in substantial gas cooling via far-infrared emission, especially CO rotational transitions (Pilbratt
et al.,[2010). Outflows also play an essential role in regulating star formation across multiple spatial
scales, in both low- and high-mass star-forming regions. For example, at core scales, the envelope
dissipation due to outflow entrainment and the mass loss through outflows reduce core-to-star formation
efficiency (Krumholz et al.,[2014). On clump scales, the momentum carried by outflows induces
turbulence, which provides support against gravitational collapse (Frank et al.,[2014). Therefore, it is
essential to understand the characteristics of emission from outflows and the physical conditions that
give rise to them.

Velocity-resolved line profiles of CO transitions are valuable tools for probing different processes
and components at massive star-forming regions, especially outflows due to the emission from
their high-velocity gas, which results in wing features on CO line profiles. In previous studies,
low-J CO (J,, <5) transitions have been used to probe outflows at many star-forming regions (A. Y.
Yang, Thompson et al., A.Y. Yang, Urquhart et al.,[2022). As high-J CO (J,, 2 10) transitions
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have higher upper energy levels, using their observations help probe denser and warmer gas regions
and the outflows that arise in them. This approach has been done towards many low-mass protostars by
San José-Garcia, Mottram, Kristensen et al.,[2013; Yildiz, Kristensen, van Dishoeck, San José-Garcia
et al., @ and a few high-mass objects such as W3 IRS5 (San José-Garcia, Mottram, Kristensen
etal., w, AFGL 2591 (Kazmierczak-Barthel et al., M, Orion KL, Orion S, Sgr B*, and W49N
(Indriolo et al.,[2017). However, it is necessary to extend the approach to a larger number of massive
so that we can examine the outflow evolution along the star formation sequence and assess the
outflow’s impacts on the surrounding environments.

4.2 Aims

High-J CO lines are one of the vital tracers for the warm envelopes studies in this thesis. Our aim in
this project is to characterise high-J CO emission towards a sample of high-mass star-forming regions
with high spectral resolution observations. From the velocity-resolved line profiles, we expect to be
able to isolate outflow emission from that of gas envelopes, which enables us to constrain the physical
conditions required to give rise to the observed lines. In particular, this project aims to constrain
conditions in outflow gas while conditions in the envelopes will be probed in Chapter [5] with the help
of other CO transitions.

4.3 Methods

Observing high-J CO lines with rest frequencies above 1000 GHz is challenging for ground obser-
vatories due to high degrees of interference from the absorption of the Earth’s atmosphere. Thanks
to the unique conditions provided by SOFIA and the GREAT/upGREAT receivers onboard (see
Section , we obtained the spectra of CO (11-10) and CO (16-15) lines towards a sample of
13 high-mass star-forming clumps in the Top100 sample. Additionally, CO (13-12) spectra were
collected for two clumps using the 4GREAT receiver. The angular resolutions of our data vary from
14" to 20" depending on the line frequencies, and these beam sizes correspond to spatial scales of
~0.1 to 0.8 pc for our sources.

In order to decompose the observed line profiles into different physical components, such as gas
envelopes and outflows, we employed the method by A. Y. Yang, Thompson et al. (2018). In this
method, the line profile of a rare CO isotopologue transition is considered as a proxy for the envelope
emission, and it is used to mimic the contribution of the envelope to the high-J CO emission. The
residual remaining after subtracting the envelope contribution from the high-J CO line profiles is
considered outflow emission if it has a peak intensity greater than three times the spectral noise. In
this work, the models of envelope emission were obtained from the c®o (9-8) line for eight sources,
the >CO (10-9) line for three sources, and the cB®o (6-5) and Bco (6-5) lines for one source each.
After the decomposition, the wing emission associated with outflows was examined to explore their
contribution to total emission. Furthermore, the ratio of the CO (16-15) wing to the CO (11-10)
wing emission, an indication of temperature under the assumption that line wing is optically thin and
thermalised, was examined at different velocity channels.

Since the [[SM regions where outflows propagate have relatively low densities, it is unclear whether
an assumption of could apply or not. Therefore, we investigated the excitation of high-J CO wing
emission under both assumptions: and non{LTE] In the first approach, the excitation temperatures
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were derived separately for the emission of the whole line profiles and the emission of the wings only,
using rotational diagrams. In the second approach, we used the radiative transfer model RADEX
(F. F. S. van der Tak, Black et al.,[2007) with varying kinetic temperatures and densities to find the
conditions that match the observed properties of wing emission in CO (6-5), (11-10), and (16-15).
In our models, the line widths of all lines were set at 19 kms ™", which is based on the widths of the
observed CO (6-5) lines (Navarete et al., towards clumps in the Top100 sample .

4.4 Results

The CO (11-10) line was detected above three times the spectral noise (o) levels towards all sources
in our sample. In contrast, the CO (16-15) line was detected towards twelve, two of which are only
above 20 levels. Detection of CO (13-12) emission was confirmed towards two observed sources.
The profiles of the detected transitions generally exhibit broad wings (see Fig. 4.1, hinting at the
contribution from outflows to high-J CO emission. The median of the full width at zero power
is 45kms™! for the CO (11-10) line and 33 km s~! for the CO (16-15) line. The luminosities of
the CO (11-10) and CO (16-15) lines show weak correlations with the clump masses (i.e. Pearson
correlation coefficients of 0.63 and 0.66, respectively). On the other hand, they show stronger
correlations with the bolometric luminosities (i.e. Pearson correlation coefficients of 0.85 and 0.95,
respectively). While the line luminosities show correlations with the clump properties, no evolutionary
trend was observed, suggesting that similar physical mechanisms are responsible for high-J CO
excitation across the different stages of high-mass star formation. It is noteworthy that the correlation
between the CO (16-15) line luminosity and the bolometric luminosity extends to the low-mass
protostars in literature, suggesting that similar processes may be responsible for the excitation of
high-J CO emission across a wide range of physical scales.

40:- CO 65 G351.77-0.5 1
30 CO 11-10 ]

20

m [

= 10}
0 T L
10F o 16_;\\\ ]
5¢ 3
Y E'—..Dr.’hrw.‘ R M A

-100 -50 0 50 100

Velocity (km/s)

Figure 4.1: Line profiles of CO (11-10) and CO (16-15) transitions towards a source in our sample, G351.77-0.5.
In addition, the CO (6-5) line profile is overlaid for a comparison. The source velocity is indicated as a black
vertical line. Taken from Hoang, Karska et al. (2023).

The decomposition of the line profiles revealed wing emission that is likely associated with outflows
from our sources. Specifically, we were able to extract wing emission in CO (11-10) towards twelve
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Figure 4.2: Comparison of CO excitation conditions from RADEX models with observations. The models are
at two different CO column densities, N(CO), of 10" (left panel) and 10" cm™2 (right panel). On each panel,
values from RADEX models are shown by empty circles, and their colours correspond to different hydrogen
volume densities, Ny, between 10° and 10’ cm™>. For each volume density level, five temperatures: 150, 250,
500, 1000, and 3000 K were sampled. The crossed symbols show values obtained from observations with
an assumed beam filling factor of 1. Observations assuming a tiny source of 2’ are shown with triangles,
corresponding to an extreme case of small beam filling factors. Taken from Hoang, Karska et al. (2023).

sources and in CO (16-15) towards eight sources. It is noteworthy to mention that Urquhart, Figura
et al. and Csengeri, Leurini et al. (2016) detected line wing in SiO (2—1) emission towards
around half of our sources. Those that show SiO non-detection actually exhibit high-J CO wings,
suggesting that the excitation of wing emission in SiO and high-J CO lines might be partly different.
The relative contribution from the wings to the total integrated intensities ranges from 28% to 76% for
both CO (11-10) and CO (16-15) line. No trend was found between the evolutionary groups in terms
of this wing fraction. However, it was predicted that the wing fraction may increase with the rotational
level of the CO lines, as indicated by a result from Karska, Herpin et al. (2014). We observed this
trend at four out of eight sources in our sample. The ratio CO (16-15)/CO (11-10) is an indicator for
the kinematic temperature for outflowing gas. With velocity-resolved line profiles, one can estimate
this line ratio at different velocity offsets from the source velocity. Our examination reveals an increase
in the line ratio with velocity at a few sources, suggesting a rise in temperature at the regions where
gas is escaping at high speeds.

Assuming thecondition, we produced rotational diagrams from CO (11-10) and CO (16-15)
emission to estimate the rotational temperature 7.,,. The CO (13-12) flux was also used for the
rotational diagrams of two sources that show detection of the line. In total, 7, ranges from 100K to
220K for both the total integrated emission and the wing emission. Logarithm of the total number
of emitting molecules, log;o /N, varies between 51.7 and 53.6, which is consistent with an average
value for high-mass protostars (i.e. 52.4(0.1)+0.5) measured by Karska, Herpin et al. @) using
Herschel/PACS data. We note that at the source G34.26+0.15, T, is ~150 K which is much lower
than the value obtained using CO lines with J,, from 14 to 30 (~ 365 K, Karska, Herpin et al., 2014).
The discrepancy between the two calculations may arise from the use of the CO (11-10) line in our
work, which traces cooler gas than the higher-J CO lines.

The [LTE]assumption may not hold in the low-density regions of outflows, so non{LTE|modelling
with RADEX is needed to constrain the physical conditions of outflowing gas giving rise to the
observed high-J CO wing emission. Our RADEX models sample the kinematic temperature Ty;, in
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the range of 150-3000 K, hydrogen volume density ny, in the range of 10°-10” cm ™, and CO column

density N(CO) of 10" and 10" cm ™ (see Fig. . For the comparison between the observations
and the RADEX models, the peak of the observed wing emission and the peak intensity from RADEX
were used. In Fig.[4.2] one can see that the area, where observations and models match each other,
can be described by two scenarios of temperature and density: (i) low density (i.e. 10°-10* cm_3)
and high temperature (i.e. above 1000 K) and (ii) high density (i.e. 10°-107 cm_3) and moderate
temperature between 150 K and 500 K. In closer inspections, the scenario (ii) matches the observations
better as it can reproduce the data points of all sources. In contrast, the scenario (i) would require
unreasonably high temperatures (above 3000 K).

4.5 Conclusions

In summary, the high spectral resolution data from SOFIA/GREAT provide an opportunity to
investigate the components of high-J CO lines and the excitation mechanisms behind them. Our study
showed the detection of the CO (11-10) and CO (16-15) lines towards several high-mass star-forming
clumps across different evolutionary stages. We found that the line profiles exhibit broad wing
features, which are typically associated with outflows. Using a decomposition method, we were able
to extract wing emission for the majority of our sample. Interestingly, we found no dependence of
the properties of the wing emission on evolution, suggesting that the mass accretion and ejection are
active throughout the entire lifetime of massive star-forming clumps. Under the [CTE assumption, the
excitation temperature for wing emission is determined to be in the range of ~100-220 K. This range
of temperature is in agreement with high-density and moderate-temperature solutions from non{LTE
RADEX modelling, which can reproduce all of our observations.

In the next chapter, we proceed to constrain physical conditions in the warm envelopes using
non{LTE] modelling with several CO transitions, including those studied in Chapter [3|and this chapter.
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CHAPTER 5

Non-LTE modelling of CO transitions with
RADEX

5.1 Introduction

High-mass stars are crucial to the evolution of galaxies as they are one of the main drivers of their
energy budget and chemical inventory. Understanding the formation of these objects thus becomes
relevant and is at the centre of many observational studies in the last decade. A major campaign was
the ATLASGAL survey, which mapped the entire inner part of the Milky Way to identify thousands of
potential high-mass star-forming regions (see Section[I.3]). Follow-up studies towards the Top100
sample that includes ~100 brightest ATLASGAL sources in four different evolutionary stages were
done to characterise different aspects of the massive[YSOs, such as dust continuum emission (Kénig
et al.,[2017), gas traced by neutral carbon ([C 1]) M. .-. Lee et al. 2022, temperature structure and
evolution (Giannetti, Leurini et al.,[2017), and warm inner envelopes (Hoang, M.-Y. Lee et al.,[2025).

Carbon Monoxide (CO) is a valuable tracer to probe different regions, especially massive
star-forming sites, thanks to its high abundance in the[[SM] only second to the Hydrogen molecule
(H,) (see Section . Combinations of multiple CO rotational transitions are often used to determine
excitation temperatures, T,,, under [LTE conditions. For example, Karska, Herczeg et al. (2013) and
Karska, Herpin et al. (2014) used a series of CO transitions from J, = 14 to J,, = 49 to determine
T, for 18 low-mass and 10 high-mass star-forming regions, respectively. When the [LTE|condition
may not hold and non{LTE]|radiative transfer modellings are needed, emission of multiple CO lines is
also often used to constrain physical parameters of the emitting gas. Peng, Wyrowski, L. A. Zapata
et al. used peak intensity of the CO (6-5) line and ratio of the Bco (8-7) and the c®o (6-5)
line peaks to constrain kinetic temperature, 7;,, and Hydrogen density, n(H,), for different regions in
the star-forming complex Orion Molecular Cloud 1 (OMC-1).

We aim to characterise the physical conditions of the warm envelopes around Top100 sources
and investigate the heating mechanisms in these envelopes. To perform non{LTE| modelling, we
used multiple CO line observations towards a small part of the Top100 sample, which are taken
from Navarete et al. (2019), Hoang, Karska et al. (2023) and Hoang, M.-Y. Lee et al. (2025).
This work is organised as follows: in Section we describe the six studied sources and their
observations. Section[5.3]and Section[5.4]present the procedure of our RADEX modelling and our
results, respectively, while Section [5.5]discusses the results. Finally, a summary and conclusions are
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given in Section[5.6]

5.2 Observations

5.2.1 Source sample

For this study, six high-mass star-forming clumps were selected from the Top100 sample. The sources
were chosen based on the availability of CO molecular line observations (see Section[5.2.2), which
facilitates our modelling. The sources have the bolometric luminosities spanning over two orders
of magnitude between 3.2 X 10° L, t04.6 X 10° L, and total masses ranging from 3.7 X 10 Mg to
2.3x%10° M. Most of the sources are located within ~1.3 kpc to ~2.9 kpc from the Earth, except
for G351.58-0.4, which is 8 kpc away. All of the clumps are in advanced stages of high-mass star
formation. Four are at the high-mass protostellar stage (i.e. IRb) in which active star-formation gives
rise to strong IR emission at 8 um and 24 yum. Two are at the most evolved stage (i.e. HII) where
intense radiation from YSOs ionises materials in the close vicinity to form Hi regions. The properties
of the target clumps are presented in detail in Table|5.1

Table 5.1: Summary of source properties

)

No. Source Visr D Lo M jump Dgc  Type
(kms™') (kpe)  (Lo) (Mg)  (kpe)
1 G12.81-02 34.6 26 25x10° 1.9x10° 62 HIT
2 G34.40-0.2 57.1 29 32x10° 79x10° 72 HII
3 G35.20-0.7 335 22 24x10* 46x10>° 68 IRb
4 G351.16+0.7 6.0 13 88x10° 12x10° 67 IRb
5 G351.25+0.7 2.8 13 49x10* 3.7x10>° 67 IRb
6  G351.58-04  -95.6 8.0 46x10° 23x10° 20 IRb

Note: *): Source classification from Konig et al. (2017)), which refers to the IR-bright (IRb) and Hir regions
(HII) class.

5.2.2 Molecular lines

For this study, a collection of emission lines of CO and its isotopologues is used. The data include
observations from previously published works and those conducted newly. A summary of the employed
molecular lines is presented in Table[5.2]

The observations of several low- and mid-J CO lines were conducted using the APEX telescope.
Navarete et al. (2019) obtained 80" x 80" maps of CO (6-5) emission towards most of the sources
in the Top100 sample using the CHAMP" receiver. Hoang, M.-Y. Lee et al. @) mapped of
0 (6-5), *CO (8-7), and C'*0 (6-5) emission in areas of 80" x 80" towards the same sources
with CHAMP" also. Additionally, we obtained 80" x 80" maps of C'*0 (3-2) emission towards six
sources in our sample using the LASMA receiver in the Summer of 2019. Similar to CHAMP™,
LASMA is an array of seven pixels arranged in a hexagonal shape, allowing fast mapping. The spectra
were obtained by subtracting a third-order baseline or less, converted to the main-beam temperature,
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T\ip scale, using a forward efficiency of 0.95 and a main-beam efficiency of 0.73. Afterwards, data
cubes were produced using the XY_MAP gridding routine in CLASS, a package to process spectral data.
The final C'%0 (3-2) data cubes have angular resolution of 20”. The data of the low- and mid-J CO
lines obtained with APEX have various angular resolutions between 7" and 18" (see Table[5.2). To
remove the influence of this variation in beam size, we smoothed all the cubes to a similar resolution
of 20”. Single spectra from the central positions of the maps are then extracted for our usage. The
peak main-beam brightness temperatures of those spectra are summarised in Table[5.3]

The spectra of higher-J CO lines were obtained by either the airborne observatory, SOFIA, or
the space telescope, Herschel. We used the CO (11-10), CO (13-12), and CO (16-15) data from
Hoang, Karska et al. @), in which CO (11-10) and CO (16-15) spectra are available for all the
sources in our sample. In contrast, CO (13-12) spectra are only available for two (see Table[5.3). The
observations of *CO (10-9) and c®o (9-8) emission lines were conducted with the HIFI receiver
onboard Herschel under the project ‘A Water survey of massive star-forming clumps in the inner
Galaxy’ (project ID OT2_fwyrowsk_3, PI: F. Wyrowski). The reduced spectra of the two transitions
are available for all sources in our sample and were collected from Hoang, Karska et al. (2023). The
CO data observed with the SOFIA and Herschel telescopes here are single-pointing spectra, with
beam sizes varying between 16" and 23"

In summary, we extracted a collection of single spectra of different mid- and high-J CO lines from
the central positions of our sources. The spectra have spectral resolutions ranging from 0.32 km s to
1.0km s~ and represents emission within different beams between 16” and 23" (see Table . The
small difference in beam sizes ensures that the extracted spectra mostly probe a similar area of the sky
and can therefore be used together to constrain the physical properties of sources in our sample.

Table 5.2: Parameters of the observational data

Line Frequency'®  E kg A g, Beam®  AV® Observatory
(GHz) (K)  (107”s™hH () (ms™h)

CO(6-5) 691473076  116.16 2.1 13 9 032  APEX/CHAMP"
CO(11-10) 1267.014486  364.97 13.4 23 23 1.00 SOFIA/GREAT
CO(13-12)  1496.922909  503.13 22.0 27 19 1.00 SOFIA/GREAT
CO(16-15) 1841.345506  751.72 40.5 33 16 1.00 SOFIA/GREAT

Bco6-5) 661.067277  111.05 1.9 13 9 035  APEX/CHAMP*
BCco@8-7) 881.272809  190.36 45 17 7 035  APEX/CHAMP*
BCo10-9) 1101.349597  290.79 8.8 21 19 0.35 Herschel/HIFI
c®o@3-2)  329.330553 31.61 0.2 7 18 0.35 APEX/LASMA
c®0(6-5) 658.553278  110.63 1.9 13 9 035  APEX/CHAMP*
c®0(-8) 987.560382  237.03 6.4 19 22 0.35 Herschel/HIFI

Note: (Y’ Molecular data adopted from the Leiden Atomic and Molecular Database (LAMDA; Schoier et al.

2005). E, is the energy of the upper level, kg is the Boltzmann constant, A, is the Einstein A coefficient, and
g, 1s the statistical weight of the upper level. (®)Beam is the original angular resolution (FWHM beam width)
and AV is the smoothed spectral resolution. (©)The observatory and receiver used to carry out the observations.
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Table 5.3: Summary of peak main-beam temperatures (in Kelvin) of the CO transitions towards our sample.

No. Source "co Fco c®o

) u J=6-5 11-10 13-12 16-15|J=6-5 87 109 |J=3-2 6-5 9-8

| G12.81-0.2 58.3 21.5 12.6 13.4 27.3 21.8 14.1 12.6 157 3.32
) ' (0.2) (0.1) (0.2) (0.2) (0.3) (0.8) (0.1) 0.1) (0.2) (0.05)

27.8 5.1 - 0.8 8.7 4.1 0.86 3.9 1.6 0.18

2 G344040.2 (0.2) 0.2) - (0.2) (0.2) (0.6) (0.08) 0.1) (0.1) (0.05)
38.0 12.3 - 3.8 14.0 5.5 2.57 4.5 2.9 0.39

3 G35.20-07 (0.1) (0.2) - (0.2) (0.3) (0.8) (0.08) 0.1) (0.2) (0.04)
58.5 493 - 2.41 30.4 17 5.51 10.9 9.5 1.63

4 G35L16+0.7 0.2) (0.05) - (0.08) (0.4) (1) (0.07) 0.1) (0.2) (0.06)
80.1 34.1 14.4 15.4 42.9 28 12.73 18.5 183 2.79

> G351.25+0.6 (0.2) 0.1) (0.1) (0.2) (0.4) (1) (0.08) 0.1) (0.2) (0.06)
20.8 5.6 - 1.7 13.5 6 2.81 10.2 7.1 1.16

6 G351.58-03 (0.3) (0.2) - (0.2) 0.4) (1) (0.07) 0.1 0.2  (0.05)

Note: The numbers in the round brackets represent peak main-beam temperature uncertainties, derived from the baseline noise.
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5.3 RADEX modelling

Table 5.4: Line width for our RADEX models

FWHM
(kms™)
G12.81-0.2 5.6
G34.40+0.2 3.7
G35.20-0.7 5.6
G351.16+0.7 4.5
G351.25+0.6 3.9
G351.58-0.3 6.1
median 5.1

No. Source

AN N R W=

5.3 RADEX modelling

The physical conditions of molecular gas, such as 7};,, n(H,), and molecular column density, have
a profound influence on the intensities of emission lines. In an attempt to constrain the physical
conditions of the warm envelopes around massive YSOs, we performed non{LTE| modelling with
RADEX (F. F. S. van der Tak, Black et al.,|[2007). For the modelling, we uniformly sampled Tj;, in
logarithm space from 10" K to 10°* K in 50 steps. Similarly, 50 values of n(H,), B0 column density,
N (13CO), C"80 column density, N (CISO), each were sampled between 10% and 10°cm ™2, 10'® and
10" cm™, and 10" and 10'® cm™2, respectively. While the observations of high-J transitions from
the main CO isotopologue are available for RADEX modelling, we took a conservative approach to
exclude them, as it is uncertain whether the contribution from cooler gas envelopes to high-J CO
emission is significant. However, observations of high-J CO lines may still be compared to predictions
from the best-fit models to explore the excitation of the high-J CO lines. To run the RADEX models,
we assumed all CO lines towards a clump share the same intrinsic line width. We adopted the value
from Hoang, Karska et al. (2023), who measure the width from an envelope model obtained with an
optically thin emission line, which is c®o (9-8) in the cases of sources in our sample. A summary of
the line widths used is presented in Table[5.4]

To look for the models that have physical conditions close to those of our envelopes, we compared
the ratios of the observed line peaks, R, with the line ratios from RADEX models, R,,4.;- The line
peaks were used instead of the integrated intensities to avoid the contributions from wing emission
to mid- and high-J CO emission, which have been discovered by Hoang, Karska et al. (2023) and
Navarete et al. (2019). The RADEX models produce line peaks as emitted from the gas (i.e. in Ty
scale) while the observed line peaks are in Ty;g = Tg f (6, Opeam) = Tr7 Scale, where 6, and 6, .,
are the source size and the beam size, respectively, and 7 is beam filling factor. Assuming that the
CO lines trace the same envelopes, we can directly compare ratios of the observed line peaks with
the line ratios from RADEX as 7 of different lines would cancel each other out. To constrain the
physical properties of the CO-emitting envelopes, we applied the minimum XZ method that selects
”good” models which have X2 less than or equal to sznin +A )(2, where )(rznin is the lowest )(2 from all
models. The values of A )(2 vary depending on the number of parameters in our models and the level
of significance. For the estimation of A )(2, we used the chi2.ppf() function from the scipy.stats
package in Python. With a significant level of 1 o~ and four model parameters (i.e. Ty;,, n(H,), and
column densities of '>CO and C'®0 molecules), the value of A )(2 is 4.7. We note that from the
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Chapter 5 Non{LTE modelling of CO transitions with RADEX

selected models, one can calculate n from each transition by dividing the observation by the RADEX
prediction. This parameter can be further used to estimate 6, as following:

n

T (5.1)

6)s = Qbeam

Initially, we attempted to constrain our RADEX models with five mid- and high-J transitions of
rare CO isotopologues: Bco (6-5), Bco (8-7), Bco (10-9), c®o (6-5), and c®o (9-8) (hereafter
referred to as the model I setup). In the model I setup, we took a conservative approach not to include
the low-J C'80 (3-2) transition, as this line has a low excitation energy level (see Table , and it
could be excited by gas not probed by the other mid- and high-J transitions. With five molecular lines,
the model I setup gives four independent line ratios, which is equal to the number of the constraining
parameters. Therefore, it is inevitable that our collection of constrained models will exhibit degeneracy
between the parameters. For this reason, we proceeded to constrain our RADEX models by including
the C'%0 (3-2) line (hereafter referred to as the model II setup), as it could potentially mitigate the
effects of parameter degeneracy. As a precautionary step, we assessed whether the c®o (3-2) line
probes similar envelope gas as the other constraining lines by comparing its line profiles with that of
the C'®0 (6-5) transition (see Section . At four sources, the line shapes are similar within the
low- and mid-J CO lines. At the two other sources, G12.81-0.2 and G351.58-0.3, similarities were
observed only in some velocity ranges of the line profiles, while discrepancies appeared in other parts

(see Fig.[5.3).

5.4 Results

In this section, we present the results of the model constraining in the two model setups.
lenergy distributions (SLEDs)| were constructed to examine how well the RADEX models resemble
our observations (see Fig.[5.1). For this purpose, at each source, we constructed representative model
which use Ty;,, n(H,), N (13CO), and N (C180) from the medians of the constrained physical
parameter distributions, derived from the selected models from each setup. Each modelled [SLED] was
scaled to the observation by 7 estimated from the ratio between an observed line peak and its RADEX
prediction. As our RADEX models produce several emission lines which would result in multiple 7,
the median value was used for the [SLED scaling.

Solutions from the model I setup showcase an ability to reproduce our observations relatively well
for most sources (see in Fig.[5.1]and Section[5.7.2). Fig.[5.2]presents the selected models on
the Ty;, — n(H,) and N("°CO) — N(C °O) parameter planes, along with the constrained parameter
distributions. The parameters are relatively well constrained for G12.81-0.2, G351.16+0.7, and
G351.25+0.6, whereas three other sources show lower constraining degrees as their selected models
spread over large areas on the parameter planes. As described in Section[5.3] results from the model I
setup are expected to suffer from degeneracies due to the limited number of input line ratios, e.g., the
degenerate Ty;, — n(H,) curves for G34.40+0.2 and G351.58—0.3. For each source, we derived the
parameters and their respective variations as the medians and the 68% confidence intervals of the
distributions, respectively. The results are presented in Table The values of 7y;, vary between
around 100K to a few hundreds K while the values of n(H,) are around 10° cm™ or lower. The
variations of N (13CO) and N (CISO) are around one order of magnitude around 10" and 10" cm™
and around 10'® and 10" cm™2, respectively.
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Figure 5.1: The observed and RADEX of *CO and C'®0 emission for an example source G34.40+0.2.
The RADEX models have the physical properties from the medians of the constrained parameter distributions,
and their [SLEDs| were scaled to the Ty;g unit by the beam filling factor, 7, shown on each plot. The scaled
RADEX are presented by the blue circles, while those from the observations are shown with the red
diamonds.

The model II setup uses an additional line ratio and constrains the physical properties more tightly
than the model I setup. Fig. illustrates a good match between the observations and the predictions
from the RADEX models, including the new transition used for the model constraint, c®o (3-2).
Similar to the model I setup, we present the parameter distributions and the parameter planes in Fig.
The improvement in constraining the physical properties can be seen clearly in all sources. For
G34.40+0.2 and G35.20—0.7, while the model parameters converge to smaller areas of the parameter
spaces, we can still see the effect of degeneracy. The medians of the parameter distributions from the
model II setup are within the same ranges as those from the model I setup. The variations, on the
other hand, are reduced for most sources, which is likely the result of adding an additional line ratio to
the model constraint.

In a previous work by Tang et al. (2018), the authors attempted to measure 7;, and n(H,) in similar
regions of our sources using RADEX modelling of formaldehyde (H,CO), a reliable thermometer
and densitometer. Their averaged 7,;, and n(H,) for the HII group are 110K and 1.8 x 10°cm™3,
respectively, while the same quantities for the IRb group are 81 K and 1.2 X 10 cm™>. Comparing
these numbers with our results from the model II setup in Table we found our 7y;, are significantly
higher at three sources, in a similar range at two, and slightly lower at one. As for the constrained
n(H,), our densities are from one to two orders of magnitude lower than the results from Tang et al.
(2018). This comparison suggests that our CO lines are likely more sensitive to a warmer but less
dense gas than the gas probed by the H,CO emission.

The estimated beam filling factors are less than 1 in most cases (see Table[5.5]and Section[5.7.3),
which is reasonable and further assures the plausibility of our models. Among the sources, the variation
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Figure 5.2: The presentation of RADEX models (in blue crosses), selected from the minimum /\/2 method, on
the Ty, — n(H,) and N( 3co) - N(C'®0o) parameter planes. The grey shades in the side panels of each plot
present the respective parameter distributions. The median of each distribution is marked with a black circle.
The source names are displayed directly on the plots. The results are obtained from the model I setup.

of 7 is also not significant between the lines. Given a representative beam of 20", a sample-median
n of 0.32 from the model II setup, a representative envelope would have a size of ~13.7”, which is
equivalent to ~0.16 pc at a median distance of 2.4 kpc. This envelope is on a similar scale to the
observed pre-stellar core candidates or the theoretical envelope feeding material to the stellar objects
(Padoan et al., and references therein).

In summary, our RADEX modelling has shown that a single temperature component is capable of
producing emission of rare CO isotopologues from warm inner envelopes around massive YSOs. The
model II setup, which uses an additional line ratio than the model I setup, shows better constrained
results and reduces degeneracy for a few sources.
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Figure 5.3: The presentation of RADEX models (in blue circle), selected from the minimum X2 method, on
the Ty;, — n(H,) and N (13CO) -N (CISO) parameter planes. The grey shades in the side panels of each plot
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present the respective parameter distributions. The median of each distribution is marked with a black circle.
The source names are displayed directly on the plots. The results are obtained from the model II setup.
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Table 5.5: Constrained parameters from the RADEX modelling.

Source TE logioln(H)]™@ log,o[N(PCO)N@  log,o[N(CO)@  5{@P) s | Xam  Count'®
(K) (cm™) (cm™) (cm™) (pc)
Model I setup
G12.81-02 | 87*], 4.6798 18.8%93 17.6"97 0.397%16 0.20"%08 | 4.38 40
G34.40+0.2 | 115*% 4.7°% 17.349% 16.2197, 0.25%92L  0.16°%1% | 0.1 4297
G35.20-0.7 | 324*L% 34794 18.1°92 17.1°92 0277912 013904 | 36 1185
G351.16+0.7 | 202+ 3.679% 18.240% 17.4%%% 0.4870%¢  0.12"9%2 | 0.5 89
G351.25+0.6 | 115, 4.0794 185407 17.6*%7, 0.56"%%  0.1479% | 6.5 16
G351.58-0.3 | 87*1% 4,575 18.4%93 17.5%93 021790 040709 | 57 489
Model II setup
G12.81-02 | 87%9 517910 18.1%%] 17.1499 0.4179% 021799 | 397.8 7
G34.40+0.2 | 184784 4.0, 17.5%%2 16.5%07 0227997 015403 | 15 338
G35.20-0.7 | 1683 42757 18.0793 16.97% 0.1779%¢  0.10%9L | 7.5 308
G351.16+0.7 | 1392 4.57) 17.5%%] 16.8%% 0.5270%¢  0.13*9%2 | 4.0 18
G351.25+40.6 | 79*) 5.0799 17.8*99 16.8*%9 0.74%%%2 0.21790, | 117.1 2
G351.58-0.3 | 8775 4.6 18.3792 17.479 0217092 0407992 | 6.4 80

Note: (“)The medians of the parameter distributions from the selected models are presented, along with the amounts to the 16th and 84th percentiles of the
distributions. *)The beam filling factor distributions include values obtained from all the constraining lines. (©)The corresponding physical sizes of the
envelopes, estimated from a beam of 20", 1, and the distances from Tablem (4) The number of models selected from a collection of 10" models using the
minimum /\(2 method.
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Figure 5.4:[SLEDs of main CO isotopologue emission in 7y scale. The red diamonds represent the observations,
while the blue circles indicate the data points from the RADEX models. The RADEX models are obtained with
the parameter constraints in the model II setup.

5.5 Discussion

Our RADEX modelling of multiple rare CO isotopologue lines has allowed us to constrain the physical
parameters of the warm inner envelopes. Here, we further discuss RADEX predictions for the emission
of the main CO isotopologue, as well as a comparison of our results with those of another high-mass
star-forming region.

5.5.1 Predictions for CO lines

While we did not include any observed main CO isotopologue lines in our RADEX modelling process,
we can produce RADEX predictions for them and compare with the observations, providing insights
into the excitation of the main CO isotopologue transitions. The CO predictions were generated in
RADEX with the medians of the constrained physical parameter distributions from the model 1I setup.
As for the column density of the main CO isotopologue, we assumed that [CO]/ [CISO] ~ 500.
for the observed and predicted CO emission were generated in a similar manner as in Section [5.4]
Figure[5.4]shows the comparison of the predicted CO [SLEDs| with the observations of the CO (6-5),
CO(11-10), CO(13-12), and CO (16-15) line. We found CO (6-5) being underestimated at four
sources, suggesting a contribution of additional temperature components to this line, which are
not accounted by our models. At two sources, G34.40+0.2 and G351.16+0.7, the models slightly
overestimate the CO (6-5) emission. The clear overestimation also happens to the CO (11-10) line of
G34.40+0.2, G35.20—-0.7, G351.16+0.7, and G351.58—0.3 and the CO (13-12) line of G12.81-0.2
and G351.25+0.6. The overestimation of the CO (6-5) line can be explained by the fact that their
observations are heavily affected by self-absorption (Navarete et al.,[2019). Signs of self-absorption
were also seen at the CO (11-10) line of a few Top100 sources (Hoang, Karska et al.,[2023), although
they are not as severe as in the case of the CO (6-5) emission. For this reason, the overestimation
at the high-J CO lines could also be due to the high opacity effect. This suggestion is supported
by the fact that the opacities of the CO (11-10) and the CO (13-12) line in a RADEX model, which
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has parameters from the medians between the sources, are as high as 73 and 26, respectively. Our
finding here, where the observations of a main isotopologue are lower than the predictions derived
from the observations of other rare isotopologues, is similar to another case in Gong et al. (2018).
The authors found a clear detection of H'*CO* (1-0) while the main isotopologue HCO" (1-0) is not
detected. Similar to our suggestion here, Gong et al. claims high opacity as the cause for the
missing HCO™ (1-0) emission. At G12.81-0.2 and G351.25+0.6, the observations of the CO (16-15)
line are much higher than their RADEX predictions. This result suggests that additional temperature
components are needed to account for the total emission of this high-J CO line.

In summary, our one-component RADEX models seem to be too simple to reproduce all the
observed main and isotopologue lines of the CO molecule. This is, however, understandable, as
Hoang, M.-Y. Lee et al. has already suggested that the heating of the warm envelopes around
massive YSOs may result from multiple complex physical processes. Our results indicate that the
emission of the high-J CO lines from the envelopes around massive star-forming regions may still be
optically thick.

5.5.2 Comparisons with another massive star-forming region

Determining physical conditions at massive star-forming regions is essential to understanding the
star-formation processes and the emission generated by them. Our RADEX modelling, from the model
II setup, was able to constrain 7}, in a range between ~50 and ~200 K, n(H,) between ~10* and
~10° cm™3, N(13CO) between ~10'7 and ~10'® cm™2, and N(ClSO) between ~10'® and ~10'7 cm™>
for the warm envelopes of six massive star-forming regions. In a previous simpler RADEX modelling,
Peng, Wyrowski, L. A. Zapata et al. @) used CO (6-5) emission and the ratio of Bco (8-7)
and C'30 (6-5) to constrain temperature and density in various regions of the OMC-1 cloud, a
prominent star-forming region. At a fixed 12CO column density of 5 X 10'® cm™2, which translates to
N(Clgo) ~10%cm™2 (assuming [CO]/[ClSO] ~ 500), close to the N(CISO) from our modelling,
many of their observations are in agreements with gas that has temperature between 150 and 250 K
and H, density between 10* and 10° cm ™. These numbers are close to the temperature and H, density
from our work. Peng, Wyrowski, L. A. Zapata et al. (2012) also found matches of Tj;, ~ 450K for
their observations. The column density of these high-temperature models is, however, lower than the
column densities constrained by our work. We note that a one-to-one comparison here cannot provide
strong implications, as the sources may be in different phases of star formation and thus have different
physical conditions. Additionally, the spatial resolution difference, due to the much closer distance
from the OMC-1 to us, could also be a source of the discrepancy in our results, as the gas content
within the beams could be different. This effect was suggested by Indriolo et al. (2017) when they
compared their galactic observations with the extragalactic ones.

5.6 Summary and conclusions

In this work, we performed non{LTE radiative transfer modelling for several transitions of rare CO
isotopologues, attempting to determine physical conditions of the warm envelopes around six massive
YSOs selected from the Top100 sample. The number of lines allowed us to constrained multiple
parameters such as T;,, n(H,), N (13 CO) and N (ClSO) at the same time. In an attempt to use four
line ratios for the model constraining, we observed degeneracies between pairs of parameters, and this
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effect was reduced after another line ratio had been added. While our models can reproduce the lines
used for the model constraint well, they show limitations in predicting emissions from the main CO
isotopologue lines. To account for emissions from all these CO lines, we suggest that future works
employ more sophisticated models that include several heating components from different physical
processes, such as UV heating and shocks, as suggested in Hoang, M.-Y. Lee et al. (2025).

5.7 Appendices

5.7.1 Line profiles of c'®0 lines

In Fig. we show the overlay between line profiles of the c®o (3-2) and c®o (6-5) transitions at
each source. The C'%0 (6-5) line is scaled at two sources, G34.40+0.2 and G35.20-0.7, for better
visualisations.

G34.40+0.2 .

Tue (K)

18 fy
4} €.06-2) 635.20-0.7 |

Tus (K)
Tue (K)

20 40 60

Tus (K)

-20 -10 0
Velocity (km/s) Velocity (km/s)

Figure 5.5: Line profiles of the c’®o (3-2) (in blue) and c’®o (6-5) (in black) emission at our sources.

5.7.2 Spectral line energy distributions

We present in Fig. and Fig. all the 1*CO and C'®O[SLEDS| obtained with the model I and the
model II setup.
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Figure 5.6: of '*CO emission in the Tyg scale for our sources. The values from the observations and
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RADEX [SLEDs|from the Model I setup are shown on the left column, while those from the Model II setup are
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presented directly on each plot.
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5.7.3 Beam filling factors

In Figs.[5.8 and[5.9] we present the distributions of the beam filling factors estimated from the selected

models in both the model I and model II setups.

58



5.7 Appendices

G12.81-0.2
5x10-1 T T T T T T
<4x107! @ ==}
1 1 1 1 1 W
5 AN ) D 5 )
© & o > © o
NG MINYS A\ C@o\ C@o\ C@o\
Line
G35.20-0.7
T TT T T LT T T T T
2x107!
< ]
1071 4
1 1 1 1 L
5\ AN ) D 5 )
© & o > © o
B 5N @(,00 C@o\ C@o\ c}%o\
Line
G351.25+0.6
T HELE L A BV S
&) -
7% 1071
<
6x1071f . . ! L *
) AN ) D 5) )
© & o > © o
RRSINTSe @(,00 aao\ a‘ao\ C@o\

Line

4x107!
3x10°!

<2x107!

107!

7x1071

6x 107!

5x 1071

4x1071

2x1071

107!

G34.40+0.2
T T T T T T
[ ]
1 1 1 1 1
52\ N O N 52 A\
\© \& N \> \© \Q
2 »cP 3000 (}%O (}%O (}%O
Line
G351.16+0.7
T LA SR AL LN BELENLLEL B
[
1 1 1 1 1
52\ N ) N 52 A\
N\ \& a0 \> N\ \O
wOY 5@ > C,O\ C}% O C}% O (}% o)
Line
G351.58-0.3
LBNLANL AL BN BELENL L AL B BELNLENLLI B
[ ]
1 1 1 1 1
52\ N ) N 52 A\
N\ \& a0 \> \O \
w5 > CO\ C}% O C}% o) C}% o)
Line
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model II setup. The black circles mark the distribution medians.
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CHAPTER O

Concluding remarks

6.1 Summary

This PhD thesis contributes to the high-mass star formation|field with studies of the properties of warm
gas envelopes around high-mass (proto) stars. From an observational perspective, we study the warm
gas envelopes of sources in the Top100, a well-studied sample of around 100 massive star-forming
regions, which are at four different evolutionary stages: starless (70 um weak, 70w), protostellar
(near/mid weak, IRw), high-mass protostellar (midbright, IRb), and compact Hm region (HII).
Using the results from a large sample, this thesis establishes a systematic change in the emission of the
envelopes, which follows the process of star formation. The thesis also explores the mechanisms that
may be responsible for heating the gas in the envelopes. At the same time, the thesis demonstrates the
use of mid- and high-J lines of CO, which are observable with sub{mm]telescopes, as tracers of warm
gas in the envelopes.

In the following, we summarise the results of each scientific chapter and revisit the questions
introduced in Chapter [I]to review their status. Additionally, ideas for further work are also presented.

Part I: Morphology and kinematics of the warm inner envelopes

e In Chapter we show that the *CO (6-5) emission is ubiquitous in massive star-forming
clumps, with detections confirmed in 81 out of 98 sources (i.e. 83% detection rate). The
detection rate across evolutionary groups, however, shows a large variation, ranging from 31%
at the youngest source group to 100% at the most evolved. This variation is likely related to
the change in temperature and/or density of the envelopes, as warmer and denser gas means
more °CO gas is excited to mid-J levels, and warmer environments allow more frozen Bco
molecules to sublimate. Other properties of the Bco (6-5) line, such as the line width and peak
brightness temperature increase in more evolved sources, and the line luminosity correlates
positively with L, and the mass of the clumps. All evidence points to a conclusion that the
physical conditions in the warm gas envelopes show higher temperatures and/or densities as the
clumps evolve from early stages of The non-thermal motions also appear to become
stronger with evolution. The likely scenario is that star formation activities and feedback alter
the properties of the warm gas envelopes, which is manifested as the changes in Bco (6-5)
emission. Hence, this emission line is a reliable tracer of the progress of
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* In Chapter[I] we summarise a systematic transformation in both the shapes and kinematics of
the envelopes around low-mass protostars, driven by the interaction between outflows and the
envelopes. From there, we launch an investigation in Chapter [3]to determine if our massive
warm envelopes undergo a similar transformation to that seen in low-mass envelopes. In terms
of morphology, we find that the Bco (6-5) intensity maps of 59 clumps are large enough to
study the shape of the envelopes. It shows that the majority of these clumps (i.e. 52/59) share
the same morphology type, which is characterised by a nearly circular shape with a single
central intensity peak. The envelopes at the current angular resolution appear not to undergo a
significant morphological transformation, as seen in low-mass counterparts. A trend we observe
is the enlargement of the envelopes in the last phase (i.e. HII). In the 52 clumps that share
the same simple morphology, we are able to characterise their radial intensity profiles using
power-law functions and indeed find a change between the profiles of sources in different groups.
While the power-law indexes, m, of all sources vary between 0.5 and 2.7, IRb sources generally
have lower values of m than HII sources; the mean values of m in the two groups are 1.1 and 1.5,
respectively. The higher m in HII sources indicates a substantial enhancement of temperature
and/or density at the centre of the envelopes compared to the outer parts at large radii, which
could relate to how efficiently the influence of feedback propagates through the envelopes. Our
power-law function fit to the radial profiles suggests the existence of intensity plateaus at the
centres of the envelopes, which can have a radius as large as 0.5 pc. We suggest that these
intensity-flat regions are a manifestation of the small-scale fragmentation at the centres of the
envelopes, rather than an opacity effect, as we find the 3CO (6-5) emission there to be generally
optically thin.

* We characterise the kinematics in the envelopes of the 52 clumps described above by fitting
their >CO (6-5) first moment maps using the jmean velocity gradient (MVG)|method. Most of
the clumps (i.e. 41) show a significant 1inearwith the gradient strength, G, generally
varying between 1 km 57! pc_1 and 8km s~ pc™ . Interestingly, the distribution of G shows no
evolutionary trend. Our investigation into the origins of the velocity gradients shows that the
angular offsets between the orientations of the Bco (6-5) and the CO (6-5) outflows
vary widely in all the evolutionary groups except for 70w, supporting neither outflow entrainment
nor the envelope-disc co-rotation scenarios, which are systematically seen in Class 0 and Class I
low-mass protostars, respectively. We further investigate the influence of large-scale kinematics
on the °CO (6-5) by comparing the directions of Bco 2-1) derived from the
maps that are ~1.5 times larger than our Bco (6-5) maps with the directions of the Bco (6-5)
Interestingly, half of the sources exhibit an alignment between the two velocity gradients,
while the other half display varying angular offsets. These statistical results show that the
origins of the Bco (6-5) velocity gradients are unclear. In a different approach, our detailed
investigations of a few individual sources, in conjunction with information from the literature,
suggest several drivers of the B0 (6-5) kinematics, including outflow entrainment, envelope
rotation, shell expansion, and gas flows along filaments. Overall, we find no clear systematic
origin for the Bco (6-5) velocity gradients, and conclude that the envelope kinematics traced
by the Bco (6-5) emission is highly complex.

Part Il: Probing gas in massive star-forming regions with high-J CO lines

* Our work towards a small sample of 13 Top100 sources in Chapter 4] confirms that the high-J
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CO(11-10), CO (13-12), and CO (16-15) lines exhibit broad wing emission, which is generally
associated with high-velocity gas in outflows. Emission from the envelopes, contained in
low-velocity channels of the line profiles, is generally not attenuated by the self-absorption,
which heavily affects lower-J lines such as CO (6-5). Our decomposition method successfully
extracts the wing component from the CO (11-10) line for 12 out of 13 sources and from the
CO (16-15) line for 8 out of 10 sources. In addition, wing components are also extracted
from the CO (13-12) line for the two sources that were observed. Our results show that the
relative contributions of the wings to the total emission vary widely between ~30% to over
70%. However, the variation of this fraction shows no clear correlation with the evolution of the
sources. In several sources, we notice an increase in the wing contribution with rotational J
level. In eight sources, where the wing component is available for both the CO (11-10) and
CO (16-15) line, we can examine the variation of the wing ratio at different velocity channels.
It reveals that the wing ratio increases at high-velocity channels for a few sources, indicating
an increase in temperature of high-velocity gas, assuming the emission is optically thin and
thermalised.

* We find that the luminosities of the CO (11-10) and CO (16-15) lines correlate weakly with
the mass of the clumps and show stronger correlations with Ly ;. Interestingly, the data from
previous studies help us confirm that the correlation of the CO (16-15) line with L, also holds
for low- and intermediate-mass clumps. This result suggests the excitation mechanism of this
line could be similar for objects spanning a wide range of physical scales and masses.

* The rotational diagram analysis for emission from the full line profiles and from only the wing
components reveal T, in the ranges 110-200 K and 120-220 K, respectively. These ranges are
consistent with 7., obtained with high-J CO lines in other high-mass star-forming regions in the

Milky Way, such as W49N, Orion S, Orion KL, and Sgr B2(M). We note that the T, ; we derive
for the source G34.26+0.15 is significantly lower than the value estimated by Karska, Herpin
et al. (2014), who used CO lines with J,, ranging from 14 to 30. This result demonstrates that
including different CO lines, which are sensitive to different temperatures, in the rotational
diagram analysis can lead to different results. In a different approach, our non{LTE modelling
with RADEX to constrain the physical conditions of the gas that emits wing emission results
in two solutions. One is at low densities with ny, ~ 10° = 10* cm™ and high temperatures of
several thousands Kelvin. Such high temperatures are unrealistic even for outflows of high-mass
stars. Therefore, this scenario is not considered further. The second solution is at moderate
temperatures between 150 K and 500 K and high densities between 10°cm™ and 10" em ™.

The CO column densities of all solutions are of order 10'” — 10'® cm™2.

Part lll: Radiative transfer modelling with multiple CO lines

* In Chapter 5] our RADEX models are used to constrain the physical conditions in the inner
warm envelopes of six Top100 clumps. For most sources, the models successfully reproduce
emission of six *CO and C'®0 transitions. Kinematic temperatures are found from several
dozens to several hundreds of Kelvin, and the constrained densities are from ~10*cm ™ to
~10° cm ™. The *CO and C'®0O column densities are determined to be around 10'® cm™ and
107 em™, respectively. Our models, however, fail to predict the emission of several mid- and

high-J CO lines. The models underestimate the CO (6-5) and CO (16-15) transitions of several
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sources, suggesting the existence of additional heating mechanisms affecting the CO lines. This
suggestion aligns with our discussion and suggestion in Chapter [3]regarding the participation
of multiple heating mechanisms in the excitation of gas in the warm envelopes. Interestingly,
the CO (11-10) and CO (13-12) intensities are overestimated by our RADEX models in some
cases, which may be due to the effect of high opacity.

* As a part of our results, we find that constraining four physical parameters (i.e. temperature,
density, and two column densities) using line ratios from at least six transitions would greatly
reduce the degeneracies between the parameters, which helps us constrain better the physical
conditions of the targeted regions.

6.2 Outlook

This thesis examines the properties of warm envelopes on scales resolvable by single-dish telescopes.
One of the main results we find is the dominance of the single-core morphology type among the
investigated clumps, while the kinematics of warm gas in the envelopes seems to be complex. Naturally,
one would question whether this result is partly because of the limited angular resolution of the
data. To answer this question, we suggest probing the morphology of the envelopes on smaller scales
using interferometers such as the Atacama Large Millimetre/sub-millimetre Array (ALMA) or the
Northern Extended Millimetre Array (NOEMA). While NOEMA will be restricted to studying low-J
CO transitions, ALMA is more suitable for this task as the array is located near the APEX telescope;
hence, the weather conditions should allow observations at the frequency of the Bco (6-5) lines
(i.e. ~661 GHz), which is covered by the Band 9 receiver of ALMA. In addition to the Bco (6-5)
transition, one can also use ALMA to map CO (6-5) emission (v ~ 691 GHz) to probe outflow gas.
With the most compact 12-m array (i.e. 160 m), ALMA observations at the 661 GHz frequency would
yield an angular resolution around 0.7”, which is equivalent to 0.003 pc and 0.04 pc at the distances of
the closest and furthest Top100 sources, respectively. These high-resolution observations will provide
an opportunity to investigate the warm gas surrounding individual high-mass protostars and potentially
probe the direct interaction between star formation feedback (e.g. outflows) and the ambient gas.

In Chapter 3] we discuss the potential sources of the energy that heat the gas in the envelopes. These
include energetic UV photons from [photon-dominated regions (PDRs)| shocks in outflows, and heat
transferred from warm dust. Future work with sophisticated modelling of each process is needed to
assess their relative contributions to the emission from warm gas. For instance, one could model the
self-consistent temperature structure of the envelopes with the 1-dimensional spherically symmetric
dust radiative transfer code DUSTY (Ivezic and Elitzur, , which is then used as the input for the
non-LTE excitation line radiative transfer code RATRAN (Hogerheijde and F. F. S. van der Tak,
to produce the 3CO (6-5) emission. As for shock modelling, current shock models in the literature
focus mainly on reproducing the emission of the main CO isotopologue. New studies, which assess
the amount of '*CO and C'®0 emission excited by shocks in outflows, are therefore needed.

The RADEX modelling in Chapter [5| has reinforced the suggestion of multiple heating sources
of gas in the warm envelopes. The underestimation of the RADEX models for the CO (16-15) line
implies that at least one of the heating mechanisms is efficient in exciting high-J CO transitions.
Therefore, one would need data points of more high-J CO lines to characterise this heating component.
In fact, we carried out this idea by attempting to observe the CO (22-21) line towards two Top100
sources using the SOFIA/GREAT instrument in 2019. Unfortunately, the issue with instrumental
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standing waves prevented us from making any assessment about the line detection. The opportunity to
observe such high-J CO line is currently not possible after the decommissioning of SOFIA. Therefore,
we look forward to new generations of proposed infrared space telescopes such as PRIMA, ORIGIN,
and SALTUS, which will provide us again access to THz wavelength windows that contain many
essential transitions for star formation studies, such as high-J CO and water lines.

One of the questions in the [[SM study is whether environmental factors such as metallicity, density,
and location influence the formation and evolution of molecular clouds and star formation within
them. This question is essential to the study of galaxy evolution, as different galaxy types can have
different environmental conditions. Conveniently, conditions in regions of the Milky Way, from the
galactic centre to the inner disc and outer Galaxy, happen to resemble conditions in starburst, spiral,
and dwarf galaxies, respectively (Urquhart, Konig, Colombo et al., 2024, and references therein).
Therefore, observational studies are generally conducted in different regions of the Milky Way to
investigate the environment question. For example, the large survey SEDIGISM was designed to probe
gas in the inner parts of the Milky Way. At the same time, the Outer Galaxy High Resolution Survey
(OGHReS, Koenig et al., in preparation) specifically targets gas in the outer Galaxy, where the density
and metallicity are low. The studies of warm envelopes in this thesis can be extended further in this
direction, as the current studied envelopes are located in inner galactic regions. Therefore, we suggest
new observations of mid-J CO lines with the APEX telescopes towards envelopes of star-forming
clumps found within OGHReS. The information on the morphology and kinematics of gas envelopes
surrounding massive star-forming clumps in the outer Galaxy, compared to those in the inner regions,
may shed new light on the influence of environmental factors on the star formation process.
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Mid-J >CO emission from the Top100 sample
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ABSTRACT

Context. High-mass stellar embryos are embedded in warm envelopes that provide mass reservoirs for the accretion process onto final
stars. Feedback from star formation activities in return impacts the properties of the envelopes, offering us a unique opportunity to
investigate star formation processes.

Aims. Our goals are to characterise the properties of warm envelopes of proto- or young stellar objects at different evolutionary stages
based on the morphology and kinematics of submillimetre emission from the '*CO (6-5) line and to examine their relations with star
formation processes.

Methods. Using the Atacama Pathfinder EXperiment (APEX) telescope, we obtained maps of '*CO (6-5) emission with an angular
size of 80" x 80" (ranging from 0.3 pc X 0.3 pc to 4.9 pc X 4.9 pc in physical size) of 99 massive clumps from the ATLASGAL survey
of submillimetre dust continuum emission. Our maps are classified based on morphological complexities, and the radial structure of
13CO (6-5) emission is characterised for simple single-core sources. In addition, the velocity centroids of '*CO (6-5) emission are
compared to small- and large-scale gas kinematics (traced by '>CO (6-5) and '*CO (2-1) emission, respectively), aiming to shed light
on the origin of envelope kinematics.

Results. 3CO (6-5) emission is detected towards sources in all stages of high-mass star formation, with a detection rate of 83%
for the whole sample. The detection rate, line width, and peak brightness temperature increase with evolutionary stage, and the line
luminosity is strongly correlated with the bolometric luminosity and the clump mass. These results indicate that the excitation of
13CO (6-5) emission is closely related to star formation processes. In addition, the radial distributions of '3CO (6-5) emission for
single-core sources can be well fitted by power-law functions, suggesting a relatively simple envelope structure for the majority of our
sources (52 out of 99). The slopes of the radial distributions are systematically steeper for the most evolved group of sources (that host
H11 regions), which likely results from enhancements in density and/or temperature at the central parts of the warm envelopes. As for
the '3CO (6-5) kinematics, linear velocity gradients are common among the single-core sources (44 out of 52), and the measured mean
velocity gradients are on average 3kms™' pc™'. Our comparison of the '*CO (6-5), >CO (6-5), and '*CO (2-1) kinematics suggests
that the origin of the linear velocity gradients in the warm envelopes is complex and unclear for many sources.

Conclusions. '*CO (6-5) emission is ubiquitous in a wide variety of massive clumps, ranging from young sources where protostars
have not yet been formed to evolved sources with fully developed HiI regions. The excitation of '3CO (6-5) emission in warm envelopes
is likely impacted by different processes at different epochs of high-mass star formation, while the origin of the '*CO (6-5) kinematics
remains elusive and needs further investigation.

Key words. stars: formation — stars: massive — stars: protostars — ISM: kinematics and dynamics — [ISM: molecules — ISM: structure

1. Introduction

High-mass stars (M > 8 M) play an essential role in the evolu-
tion of galaxies (e.g. Kennicutt 2005). They provide a substantial
amount of radiative and mechanical feedback to the surround-
ing interstellar medium (ISM) through ultraviolet (UV) radiation
fields, stellar outflows, stellar winds, and supernova explosions,
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for Astronomy and Astrophysics at the Universities of Bonn and
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** Corresponding author; tdhoang@mpifr-bonn.mpg.de

regulating star formation in galaxies (Hopkins et al. 2014). In
addition, they produce and release heavy elements through-
out their lifetime, driving the chemical enrichment of galaxies
(Matteucci 2021).

Despite their importance for the evolution of galaxies,
how high-mass stars form and interact with their surroundings
remains poorly understood (e.g. Zinnecker & Yorke 2007; Motte
et al. 2018). Current competing theoretical concepts of high-mass
star formation include collapsing turbulent cores (McKee &
Tan 2003), competitive accretion in stellar clusters (Bonnell
et al. 2001; Bonnell & Bate 2006), global hierarchical collapse
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(Véazquez-Semadeni et al. 2019), and converging inertial flows
(Padoan et al. 2020). Evaluating these different theories rig-
orously requires a statistically significant sample of high-mass
star-forming regions, covering a wide range of evolutionary
stages. Such a sample has been provided by the APEX Telescope
Large Area Survey of the Galaxy (ATLASGAL; Schuller et al.
2009). ATLASGAL is a survey of 870 um emission in the inner
Galaxy (covering |/| < 60° at |b| < 1.5° and 280° < [ < 300° at
—2° < b < 1°) conducted with the Atacama Pathfinder EXperi-
ment (APEX!; Giisten et al. 2006) 12 m submillimetre telescope
in Chile. With an excellent sensitivity of 50—70 mJy beam™' and
a large coverage of ~420 deg?, ATLASGAL provides a compre-
hensive census of high-mass star-forming regions in the inner
Galaxy.

Within high-mass star-forming regions, dense envelopes are
of particular interest as they provide mass reservoirs that feed the
mass build-up of newly formed protostellar objects at their cen-
tres through accretion (Shu et al. 1987; Wyrowski et al. 2016;
Beltran & de Wit 2016; Pillai et al. 2023). Once young stel-
lar objects (YSOs) have formed, stellar feedback significantly
changes the properties of the surrounding envelopes, so much
so that they can be entirely dispersed at the end of the evolu-
tion, stopping the accretion process (e.g. Arce & Sargent 2000,
for low-mass star-forming regions). Among other tracers, mid-J
(5 < J < 10) rotational transitions of isotopologues of carbon
monoxide (CO) are especially suitable for probing the warm
(T 2z 50K) inner parts of the envelopes. Previous studies have
suggested that the warm envelopes surrounding low- and high-
mass YSOs can be heated by various physical processes that are
related to star formation activities. For example, passive heating
and UV radiation from outflow cavity walls have been proposed
to explain '*CO (6-5) emission in low-mass star-forming regions
(van Kempen et al. 2009b; Yildiz et al. 2012). Similarly, UV pho-
tons from photodissociation regions (PDRs) have been shown to
play an important role in the excitation of '*CO (6-5) emission
in several high-mass star-forming clumps with strong HII regions
(Graf et al. 1993; Koester et al. 1994; Leurini et al. 2013).

While there have certainly been a number of dedicated
studies of the warm envelopes, mid-J transitions of CO iso-
topologues still remain difficult to access observationally due
to the required dry atmospheric conditions. In particular, there
is a lack of studies that cross a wide range of high-mass star-
forming regions (including those in the early stages before the
development of HII regions). In this paper, we examine the prop-
erties of 1*CO (6-5)-traced warm envelopes for a sample of 99
ATLASGAL-selected high-mass star-forming regions based on
APEX observations with high spatial and spectral resolutions.
In particular, we focus on probing the morphology and kine-
matics of 3CO (6-5) emission and how they change throughout
different evolutionary stages, with the aim of providing an
insight into how high-mass stars form and their impact on their
environments.

This paper is organised as follows. In Sect. 2, we describe our
sample, the APEX 13CO (6-5) observations, and the derivation
of moment maps. In Sect. 3, we present '*CO (6-5) line proper-
ties and our classification of the sources based on the integrated
intensity maps. Subsequently, we investigate the morphology
and kinematics of the warm envelopes traced by '*CO (6-5)
emission (Sect.4) and discuss our results in the context of

' This publication is based on data acquired with the Atacama
Pathfinder Experiment (APEX). APEX is a collaboration between
the Max-Planck-Institut fur Radioastronomie, the European Southern
Observatory, and the Onsala Space Observatory.
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previous studies (Sect.5). Finally, we finish this paper by pre-
senting a summary of our main results (Sect. 6).

2. Observations and data reduction
2.1. Top100 sample

The ATLASGAL survey has identified a collection of ~10* can-
didates for high-mass star-forming regions in the inner part of
the Milky Way (Schuller et al. 2009; Urquhart et al. 2022).
Among these sources, a sample of the ~110 brightest objects
(Top100 sample hereafter) was selected by Giannetti et al. (2014)
for follow-up studies using various dust and gas tracers, namely
dust continuum emission: Konig et al. 2017; shocked gas traced
by SiO Csengeri et al. 2016; outflows traced by mid-J CO
lines Navarete et al. 2019; neutral carbon ([C 1])-traced gas Lee
et al. 2022. The 99 sources selected for this study are part of
the Top100 sample and can be categorised into four evolution-
ary groups based on their infrared (IR) and radio continuum
emission (Konig et al. 2017):

— 14 in the starless (far-IR 70 um weak group, 70w): these
comprise sources in the earliest phase, in which collapse
might have already started, but no protostellar object has yet
been formed, according to the lack of compact 70 um far-
IR emission detected in the Hi-GAL survey (Molinari et al.
2010).

— 30 in the protostellar (near/mid IR weak group, IRw): these
objects are identified by compact 70 pm emission. However,
they are not yet associated with a strong and compact mid-IR
emission source, implying that they are dominated by cool
gas.

— 35 in the high-mass protostellar (mid IR bright group, IRb):
the gas around protostellar objects becomes hotter as the
sources appear luminous at 8 um and 24 pm.

— 20 in the compact HII region group (HII): these can be
considered to be in the most evolved phase, in which stel-
lar objects start to disperse their natal envelopes. Intense
stellar radiation ionises hydrogen atoms and forms ultra-
and, later, compact HIT regions which are associated with
compact radio continuum emission.

The physical properties of our 99 objects were determined by fit-
ting dust spectral energy distributions from mid-IR to sub-mm
wavelengths (Konig et al. 2017). The results show that the dust
temperature (7q,) varies from 11 to 41 K from the coldest to the
warmest objects. In addition, the range of bolometric luminosity,
Ly, spans five orders of magnitude from 57 L to 3.7 X 106 Lo,
and the clump mass, M jump, ranges from 17 to 4.3 X 10* M.
Most of our sources can form at least one massive star (Konig
et al. 2017) according to the mass-size limit proposed by
Kauffmann et al. (2010), indicating that they constitute a statisti-
cally significant sample of massive star-forming regions. Finally,
we note that the distance distribution (~1-13 kpc) is comparable
amongst the different evolutionary groups (Konig et al. 2017),
implying that there is no distance-related bias in our comparison
of the groups (Sects. 3 and 4).

2.2. CHAMP* observations and data reduction

The observations of '3CO (6-5) emission towards our sam-
ple were carried out using the Carbon Heterodyne Array of
the MPIfR (CHAMP*; Kasemann et al. 2006; Giisten et al.
2008) on the APEX telescope in 2013 and 2014. The data
were obtained under the project ‘Probing the warm and dense
envelopes through the evolution of massive protostars’ (project
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Table 1. Parameters of the CHAMP™* observations.

Molecule Transition® Frequency @  E,/kg®@ A @ g Beam®  AV®
Ju— (GHz) (XK) (1075 s7h ) (kms™h
Bco 6-5 661.067277 111.05 1.9 13 9 0.33

Notes. @Molecular data adopted from the Cologne Database for Molecular Spectroscopy (https://cdms.astro.uni-koeln.de) (CDMS,
Miiller et al. 2001, 2005). The frequency has been determined by (Klapper et al. 2000). E, is the energy of the upper level, kg is the Boltzmann
constant, A, is the Einstein A coefficient, and g, is the statistical weight of the upper level. ®Original angular resolution (FWHM beam width) and

spectral resolution.

1%
20 X -
%
1X
fied L
% x|
.g D¢ X}
0 _)z t‘:' X xi
1% :.;’ .‘ L
4 K Xk
L 5 & I
XX XS
-20 4 XXXx% ¥
XK
1 x%X%x%
3RRK
X X X X

Fig. 1. Example of pointing positions for a single source in our OTF
observations. The image is centred on the source and is in the units of
arcsecond.

IDs: M0035-91 from June to August 2013, M0010-92 in October
2013, and M0027-93 in May 2014).

CHAMP" is a 2 x 7 element dual-colour heterodyne receiver
array that can simultaneously observe tunings in the frequency
ranges of 620-720 GHz in the low (LFA) and 780-950 GHz in
the high frequency array (HFA). The Array Fast Fourier Trans-
form Spectrometer (A-FFTS) (Giisten et al. 2008) serves as the
backend for CHAMP?*, and the CHAMP*/A-FFTS IF system
is set up to process 2.8 GHz of instantaneous bandwidth over
16.4k channels that are 212 kHz each (Giisten et al. 2008). The
LFA was tuned to cover both the '*CO (6-5) and C'80 (6-53)
transitions, while the HFA was tuned to cover the '3CO (8-7)
line. The excellent weather with low precipitable water vapour
content (0.24—-1.07 mm) allowed us to observe these high fre-
quency lines. The sources were scanned in the on-the-fly (OTF)
mode, resulting in data cubes with spatial dimensions of 80" X
80" with an original angular resolution of 9” at 661 GHz. The
7-pixel hexagonal array enables fast mapping and improves the
signal-to-noise ratio towards the map centre where the pixels’
coverages overlap (Fig. 1). The parameters of our observations
are presented in Table 1.

For the present study, we focused on the '*CO (6-5) obser-
vations and analysed the '3CO (6-5) data using the CLASS
package of the GILDAS? software. Specifically, the obtained
spectra were converted into the main-beam temperature, Ty,
scale via Tyig = (Feft/Best)/Tx, where Fs is the forward effi-
ciency of 0.95, Beg is the main-beam efficiency of 0.43° obtained
from a Mars observation, and T} is the corrected antenna
temperature. The spectra were smoothed to a velocity resolution

2 https://www.iram.fr/IRAMFR/GILDAS/
3 https://www.mpifr-bonn.mpg.de/4480868/efficiencies

of 0.35 km s~!. Data cubes were then created by the CLASS
gridding routine XY_Map with a pixel size of 4.8”, where a Gaus-
sian profile of one-third of the beam size is convolved with the
gridded data to yield a final angular resolution of 10”.

The '*CO (6-5) spectra of five sources exhibit narrow nega-
tive features in velocity channels close to the peaks at sources’
velocities, which indicates the presence of emission in the refer-
ence positions. To correct for this contamination, we estimated
average spectra within 20”of outer parts of the maps where
only those negative features were observed and added their
reversed profiles to the original spectra. This approach of util-
ising the average spectrum, as opposed to a single spectrum,
minimises the noise one would add to the data during the cor-
rection process. The five sources affected by the contaminated
reference positions are as follows: G305.21+0.2, G320.88-0.4,
G337.17-0.0, G338.78+0.4, and G351.13+0.7.

2.3. Moment maps

We produced zeroth and first moment maps from the '3CO (6-5)
data cubes, which show the distributions of the integrated inten-
sity and velocity centroid on the sky. These maps are valuable
tools for examining the morphology and kinematics of warm gas
in the inner envelopes. For each pixel, zeroth and first moment
values were calculated as follows:

Mo = f T, do. M

_ f Tl'l),' dv

M, = —— 2

! fT, dv ’ ( )
where T; and v; are the main-beam brightness temperature and
velocity at each channel, respectively. To determine the veloc-
ity range for the integration of M, and M, an average spectrum
was estimated from the whole data cube for each source using
CLASS (individual spectra were weighted by observing times),
and the range of velocity channels over which emission is clearly
detected above 30 (o is the spectral noise) was determined based
on visual inspection. During the integration for My and M,
velocity channels below 30~ were not included. Similarly, pixels
whose peak-to-noise ratios are lower than three were considered
as non-detections and were masked in our final maps.

3. Results
3.1. Detection statistics

In this section, we analyse the detection of 13CO (6-5) emission
in our sources. For our analysis, we derived an average spectrum
over the central region with a size of 20" (close to one ATLAS-
GAL beam and noise level is improved (Fig. 1)) for each source
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Fig. 2. Detection statistics of '>CO (6-5) emission for the evolution-
ary groups. The exact number of the detected sources for the observed
clumps is presented at the top of each bar, and the corresponding detec-
tion rates are shown in percentage terms.
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Fig. 3. Distributions of the peak brightness temperatures. These tem-
peratures were obtained from the average spectra within the 20”-size
central regions. For each evolutionary group, the minimum and maxi-
mum are shown as bars, while the median values are indicated as filled
circles. For the 70w group that has only a few entries, the values for the
individual sources are presented as crosses.

and considered a line to be detected if the peak main-beam
brightness temperature was higher than 30

We found that '>CO (6-5) emission is detected towards 81
clumps with varying detection rates among the evolutionary
groups (Fig. 2). Specifically, the detection rate increases from
31%*" for the youngest group (70w) to 70~100% for more evolved
groups (IRw, IRb, and HII) and is 83% for the whole sam-
ple. Similarly, the peak main-beam brightness temperature tends
to increase towards the evolved source groups (Fig. 3). This
increase in the detection rate and peak main-beam brightness
temperature could indicate increasing density and/or temperature
along the evolutionary sequence of high-mass star formation,
considering that the enhancement in density and/or tempera-
ture is conducive to more easily exciting '*CO molecules to
mid-J rotational levels. At the same time, the warmer environ-
ment could allow more frozen *CO on dust grains to sublimate,
enhancing the abundance of '*CO molecules in the gas and the
chance to detect mid-J '*CO emission. Indeed, Giannetti et al.
(2017) noted a difference between the IRw and IRb groups,

4 (G353.42-0.0 (70w) shows '3CO (6-5) emission at —17.2 kms™,
which is different from the source velocity of —54.4 kms~', and was
excluded from our analyses.
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finding CO to be mainly locked on dust grains in the former
stage, while in the latter it exists mostly in the gas phase.

3.2. Line profiles

In this section, we examine the general shape of '3CO (6-5)
line profiles based on the representative spectra of the differ-
ent evolutionary groups. To produce these representative spec-
tra, we shifted the average spectra of the central 20” regions
to Okms~! according to C"0 (3-2)-based source velocities
(Giannetti et al. 2014) and calculated the average of all sources in
each evolutionary group. Four clumps without C'70 (3-2) data
(two IRw, one IRb, and one HII) and one 70w source whose
12CO (6-5) spectra heavily affected by a contaminated reference
position were excluded from our calculation. For comparison,
we also produced representative '2CO (6-5) spectra in the same
manner by using APEX '2CO (6-5) observations from Navarete
et al. (2019).

Figure 4 shows that the 3CO (6-5) and '*CO (6-5) spectra
have systematically different shapes. In general, the '3CO (6-5)
spectra are much narrower and are not severely affected by self-
absorption, indicating that 3CO (6-5) and '>CO (6-5) emission
likely traces different regions of (or different conditions within)
the envelopes. For 81 sources with '3CO (6-5) detection in our
sample, Navarete et al. (2019) indeed estimated that only 15
sources are not affected by self-absorption in their '>CO (6-5)
spectra. We fitted a single Gaussian function to each of the
13CO (6-5) representative spectra (Fig.4) to quantify the line
width and found full width at half maximum (FWHM) values of
2.4,4.4,5.8, and 8.3 kms~! for the 70w, IRw, IRb, and HII spec-
tra, respectively. The increase in the FWHM is less likely to be
affected by the opacity broadening effect as '*CO (6-5) emission
is mostly optically thin (Appendix B). Instead, it is closely linked
to the increase in the source size (Sect.4.1; Larson’s size—line
width relation) and suggests that non-thermal motions become
stronger in evolved sources.

While a single Gaussian represents the overall shape of
the '3CO (6-5) spectra reasonably well, residuals are visible at
velocities of ~5-10kms™' for the IRw, IRb, and HII groups,
hinting at the existence of a secondary component. In the
case of low-mass YSOs, '3CO (6-5) emission is considered to
trace quiescent envelopes with an additional contribution from
outflow cavity walls that are heated by UV photons, and/or
from bow shocks or accretion discs (e.g. Spaans et al. 1995;
van Kempen et al. 2009a,b). Our finding is consistent with the
low-mass YSO results in that it indicates a complex origin of
13CO (6-5) emission; we will further discuss possible heating
mechanisms for *CO (6-5) emission in Sect. 5.1.

3.3. Line luminosities

To investigate further how the properties of '*CO (6-5) emis-
sion change with the evolution of high-mass star formation, we
computed the line luminosity, Lco, and examined correlations
between Lco and some of the key clump characteristics such
as Lyor and M jump. The line luminosity was calculated from the
average spectra of the central 20” regions based on the following
equation:

Lco = 4nD?F), 3

where D is the distance to each source and F, is the integrated
intensity in W m~=2. The conversion from K km s~ to W m~2 for
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Fig. 4. Representative '>CO (6-5) (black) and '3CO (6-5) (blue) spectra of the four evolutionary groups. The '3CO (6-5) spectra are scaled up by
a factor of two for an easier comparison, and the fitted Gaussian functions are overlaid as red curves. In the bottom panels, the residuals from

Gaussian fitting are shown with +30 noise levels (dashed lines).
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Fig. 5. Cumulative distributions of the '*CO (6-5) line luminosities.
These luminosities were derived from the spectra averaged over the cen-
tral 20” regions. The median values of the four evolutionary groups are
shown as dashed lines in different colours.

F, was done following Eq. (2) in Indriolo et al. (2017):

Q

Fa oagx 1018 (—)(

(Wm~2)

=) ()
GHz/ \Kkms=!/’

“)

ST

where v is the line frequency and Q = 76?/4In(2) is the solid
angle occupied by a Gaussian beam with a size § = 20”. For
the sources with detections, M, values were calculated over the
same velocity ranges used in Sect. 2.3. On the other hand, for the
sources without detections, upper limits on Lco were estimated
based on the 30 values and the median velocity range for the
sources with detections (27 kms™).

Figure 5 presents the cumulative distributions of L¢g for the
detected sources. From these distributions, we found that the
median Lco increases from the youngest to the most evolved
group: 2.3x 102 W, 1.2x 105 W, 2.1 x 10 W, and 9.3 x 105 W
for the 70w, IRw, IRb, and HII group, respectively. When
k-sample Anderson-Darling tests were performed on each pair of
the groups with sufficient numbers of sources (i.e. IRw, IRb, and
HIT) with a significance level of 0.05, all combinations except
for the IRw-IRb pair were found to be drawn from different
populations. These results suggest that the '3CO (6-5) luminosi-
ties are closely related to the evolutionary state of a source. As
such, Lo is also correlated with two of the other evolutionary
sequence indicators, Ly and Mump (KOnig et al. 2017) (Fig. 6)

with Spearman’s rank correlation coefficients of 0.93 and 0.86,
respectively.

In addition, we found that our '3CO (6-5) luminosities
are strongly correlated with the '>CO (6-5) luminosities from
Navarete et al. (2019) (Fig. 7; Spearman’s rank correlation coeffi-
cient of 0.90). The correlation spans several orders of magnitude
and remain continuous out to the high luminosity regime, which
is surprising as one may expect it to flatten once the '>CO (6-5)
emission becomes saturated due to its high opacity’ while
the 13CO (6-5) emission is still optically thin (Appendix B).
One plausible explanation for the continuous increase in the
12CO (6-5) luminosity could be a non-trivial contribution of
optically thin high-velocity emission arising from outflows to
the total emission. If this were the case, the strong correlation
between the '3CO (6-5) and 'CO (6-5) luminosities would sug-
gest that similar mechanisms would partly power the emission in
both transitions (Sect. 5.1).

In summary, we found that '3CO (6-5) emission is ubiquitous
in massive clumps, including in the youngest sources that do not
yet harbour protostars. The increases in the detection rate, peak
brightness temperature, and line width determined for evolved
sources indicate systematic changes in physical conditions, such
as density, temperature, CO column density, and non-thermal
motions, along the sequence of high-mass star formation.
Furthermore, the tight correlation of the 13CO (6-5) luminos-
ity with the '2CO (6-5) luminosity, bolometric luminosity, and
clump mass implies that the origin of '*CO (6-5) emission is
likely linked to star formation processes.

3.4. Classification of our sources

Before probing the distribution and kinematics of warm molec-
ular gas in detail (Sect. 4), we classified our sources based on
their morphologies in the '*CO (6-5) integrated intensity maps.
The block diagram for our classification is shown in Fig. 8, and
examples of the such classified sources are presented in Fig. 9.
In essence, our classification is based on the extent and mor-
phology of '3CO (6-5) emission. First, we considered sources
with fewer than 16 detected pixels (corresponding to four tele-
scope beams) as ‘poorly resolved’ and the rest as ‘well resolved’.
An exception is G351.5140.7, which is categorised as a poorly
resolved clump in spite of its significant number of detected
pixels as the pixels are scattered across the map. Among the

5 The '2CO (6-5) profiles often suffer from self-absorption (Fig. 4).
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Fig. 7. Relation between the '3CO (6-5) and '>CO (6-5) line lumi-
nosities. The sources without '*CO (6-5) detections are indicated as
leftward arrows whose locations represent 3o~ values. The colours and
markers are the same as in Fig. 6.

well-resolved sources, we classified those with a single bright
core in the map centre as ‘single-core’ or ‘extended’. Single-
core clumps have bright emission well confined in the map
centre, while extended clumps show emission extending from
the centre to the edge of the maps, implying that our maps
capture only a part of larger structures. ATLASGAL 870 um
maps of these regions indeed reveal large complexes of dust con-
densations, whose structures are generally consistent with the
observed '3CO (6-5) distributions (Appendix C). In addition to
the simple single-core case described above, we also considered
sources that have central cores along with additional peaks at
the map outskirts as single-core, as the peripheral spots arise
from neighbouring objects and can be masked out (Appendix D).
Finally, we classified sources that have multiple central cores
without extended emission as ‘fragmented-cores’.

Table 2 presents the number of sources in each category
and evolutionary stage. In total, 59 sources are considered as
well-resolved. The majority of them (52) are single-core sources,
while the rest (7) show extended emission or signs of fragmenta-
tion. Interestingly, 50 out of the 59 well-resolved clumps (85%)
have evolved to IRb and HII phases, while 17 out of the 22 poorly
resolved clumps (77%) are in younger stages (70w and IRw).
This result suggests that the four evolutionary groups are dis-
tinctive in terms of the spatial distribution of their '3CO (6-5)
emission, as well as their peak brightness temperature.
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Fig. 8. Block diagram for our classification of sources based on our
3CO (6-5) integrated intensity maps.

Table 2. Number of sources in each category determined by the
13CO (6-5) integrated intensity maps.

Category 70w IRw IRb HII
Poorly resolved 3 14 5 0

Single-core 1 8 26 17
Well resolved  Fragmented-cores 0 0 2 2
Extended 0 0 2 1

4. Analyses

In this section, we investigate the distribution and kinematics
of 13CO (6-5) emission in the envelopes of massive clumps
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Fig. 9. Examples of the different morphological types in our sample. Top row: The first two panels show two single-core sources: the left one is
an isolated source, while the right one has a neighbouring clump whose pixels outlined in red were masked to exclude them from further analyses.
The most-right panel presents an extended source. Second row: The first panel showcases fragmented cores. The two remaining panels illustrate
two poorly resolved clumps characterised by compact emission in neighbouring pixels (left) and distributed pixels (right). The hatched circle at the

bottom left corner of each panel indicates the FWHM of telescope beam.

by considering 52 single-core sources (Sect. 2.3). While the
simplest morphology of these sources makes our analyses
straightforward, we note that we are biased in favour of evolved
envelopes as the majority of the single-core sources are in the
IRb or HII group. As such, we do not put too much emphasis on
the information on evolutionary trends derived here.

4.1. Size and aspect ratio

We started our analyses by measuring the size of each source
based on the total number of detected pixels. Specifically, we
calculated the effective size, S.g, as the square root of the total
emitting area and considered it as a representative size. The
resultant cumulative distribution functions (Fig. 10) suggest that
the 3CO emission regions associated with HII sources are gen-
erally larger than those found for IRw and IRb sources. For
example, the median sizes of the three groups (IRw, IRb, and
HII) are 0.59, 0.63, and 0.99 pc, respectively, while the S .¢ of the
only 70w source is 0.37 pc. When a k-sample Anderson-Darling
test was performed on the IRb and HII groups for which we have
sufficient numbers of sources, the sizes of the HII envelopes
were indeed found to be systematically larger at a significance
level of 0.05.

In addition, we estimated the aspect ratio (APR) of each
source by fitting a two-dimensional Gaussian function to the
detected pixels in the integrated intensity image and found a
range of 1.0-2.6 with a median of 1.3 and a standard devia-
tion of 0.4. Considering that APRs vary with inclination angles
and the members of our statistically significant sample of single-
core sources likely have a wide range of inclination angles, the
measured small range of the APR implies that the envelopes are
less likely to be filamentary structures whose minimum APR is
defined as three (Mattern et al. 2018).
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Fig. 10. Cumulative distribution functions of the effective size. The 70w
group is not presented here, since it comprises only a single source.

4.2. Radial intensity profiles

Next, we examined the spatial distribution of '*CO (6-5) emis-
sion by constructing the radial intensity profiles of our single-
core sources. To do so, we divided each M, map into 5”-wide
individual annuli centred on the peak location of '*CO (6-5)
emission and calculated median and standard deviation values.
Example radial profiles are presented in Fig. 11.

The constructed radial profiles were analysed with power-law
functions following Beuther et al. (2002):

™ if r>n
F 5
(r) oc {rg’” if r<n, ©)

where F(r) is the integrated intensity at a given radius r, m is
the power-law index, and ry is the break radius within which
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Fig. 12. Distributions of the power-law index, m, for the different evo-
lutionary groups: 70w, IRw, IRb, and HII in magenta, blue, red, and
green, respectively. The colours and symbol schemes are the same as in
Fig.3.

the integrated intensity becomes constant (introduced to pre-
vent F(r) from going to infinity as r approaches zero). This
power-law function was devised based on the theoretical expec-
tations for the structures of collapsing cores (e.g. Shu et al. 1987;
McLaughlin & Pudritz 1996; Motte & André 2001) and was
convolved with a 10”-size Gaussian beam (comparable to our
13CO (6-5) angular resolution) to be fitted to our radial profiles.

To constrain the power-law index and break radius, we
performed non-linear least squares fitting using the Python func-
tion scipy.optimize.curve_£fit on the model and observed
radial profiles. We excluded data points at large radii for which
the number of detected pixels is less than 5% of the total pix-
els (e.g. open blue circles in Fig. 11) from fitting, as they are
less likely to be statistically representative. The best-fit curves
were found to reproduce the observed radial profiles reasonably
well within 1o uncertainties (hence obviating the need for a sec-
ond power-law function), and their parameters are presented in
Appendix A.

We examined the constrained power-law indices and break
radii in detail by focusing on 36 sources (one 70w, four IRw,
17 IRb, and 14 HII sources) whose the best-fit parameters are
statistically significant (i.e. higher than their 1o uncertainties).
The distributions of the power-law index for these sources are
presented in Fig. 12. We find that the power-law index ranges
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from 0.5 to 2.7 across the entire sample and varies by less than
a factor of three within each group, indicating relatively compa-
rable slopes between the sources in the same evolutionary stage.
Interestingly, there is a slight tendency for the power-law index
to increase towards more evolved sources: median m values are
0.8, 1.1, and 1.5 for the IRw, IRb, and HII group, respectively. A
k-sample Anderson-Darling test on the IRb and HII groups
indeed suggests that the HII sources have distinctly steeper
slopes than the IRb sources. These steeper slopes could result
from a significant increase in the brightness of *CO (6-5) emis-
sion in the central parts of the most evolved sources (e.g. Fig. 3),
which is in turn most likely due to the strong enhancement in
density and/or temperature.

In addition, we probed the constrained break radii and found
that r, changes from 0.02 pc to 0.44 pc across the entire sample
(Fig. 13). The variations in r, (e.g. a factor of 22 for the whole
sample and a factor of 13 for the IRb sources) are much more
significant than those in m, which partly reflects the sources’
wide range of distances. As in the case of m, ry, tends to increase
towards the most evolved sources (e.g. median ry, of 0.05, 0.05,
and 0.14 pc for the IRw, IRb, and HII group, respectively), and
a k-sample Anderson-Darling test on the IRb and HII groups
confirms this tendency.

While the break radius was introduced for a mathematical
reason, it could manifest underlying physical conditions in the
central parts of our sources, such as fragmentation on small
scales and high opacity of the '3CO (6-5) emission. As for
the fragmentation scenario, interferometric observations of mas-
sive star-forming clumps, including several of our sources, have
indeed identified fragmented cores with sizes smaller than or
comparable to our spatial resolution (0.1 pc) (Cesaroni et al.
2017; Beltran et al. 2021). The convolution of these fragmented
cores with our single-dish beam would smooth out small-scale
structures and result in the uniform distribution of '3CO (6-5)
emission in the source centres. Interestingly, Beuther et al.
(2002) argued that more massive clumps tend to produce larger
fragmented cores or clusters, which implies larger r, for more
massive clumps. We indeed found such a positive correlation
between r, and Mump (Fig. 13, bottom), supporting the frag-
mentation scenario for the break radius. However, we also note
that Mump is related to D as Meymp < D? (Konig et al. 2017),
which could partially contribute to the correlation between ry
and Mcjymp-
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Fig. 13. Top: Distributions of the break radius, ry, for the different
evolutionary groups. The colours and symbol schemes are the same as
in Fig. 3. Bottom: Scatter plot between the clump mass and the break
radius. The Spearman’s rank correlation coefficient is presented on the
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Another possible explanation for the break radius is high
opacity of '*CO (6-5) emission. When the '3CO (6-5) emission
is optically thick, its brightness temperature approaches the gas
kinetic temperature, resulting in the saturation of the integrated
intensity. Our preliminary analysis based on local thermody-
namic equilibrium (LTE) suggests that most of our sources likely
have optically thin '3CO (6-5) emission (Appendix B). Besides,
only a weak correlation exists between Ti3cg and r, (Spearman’s
rank correlation coefficient of 0.32). These results imply that
the break radius is less likely to be determined by the effect of
opacity.

In conclusion, we found that the radial intensity profiles of
single-core clumps can be reasonably well described as power-
law functions, indicating relatively simple structures of the
envelopes of massive star-forming regions. The observed radial
profiles retain comparable slopes within the same evolutionary
group, while the most evolved sources tend to have steeper slopes
that are likely related to star formation processes (higher densi-
ties and/or temperatures). In addition, fragmentation could begin
in the early stage of high-mass star formation (70w) and be
responsible for the uniform intensity distribution in the central
parts of our sources.

4.3. Comparison between dust and warm molecular gas
distributions

In this section, we examine how the distribution of warm molec-
ular gas in high-mass star-forming regions compares to that
of the colder medium by comparing *CO (6-5) and 160 um

radial intensity profiles. For our examination, we employed Hi-
GAL 160 pum maps as their angular resolution (11”x 13”) is
comparable to that of the 13CO (6-5) data (Molinari et al. 2010).

To derive radial profiles, Hi-GAL 160 pm maps with a size
of 5’ x 5" were first converted to the equatorial coordinate sys-
tem to match the '>CO (6-5) data. Once the pixels with emission
from nearby objects were masked (Appendix D), 160 um radial
profiles were constructed in the same manner as the '*CO (6-5)
radial profiles (Sect.4.2) and were cut off at 100" to meet the
angular extent of the '3CO (6-5) radial profiles. In total, we pro-
duced the 160 um radial profiles for a sample of 36 sources for
which we found reliable fitting parameters for the '*CO (6-5)
radial profiles (Sect. 4.2).

Visual inspections of the derived radial profiles indicated the
need for more than one power law for some sources (e.g. Fig. 14,
right), prompting us to fit both single (Eq. (5)) and two power-
law functions to the radial profiles. The two power-law model
can be written as follows:

s
ro, . ifr<m,

F(ryocqr™ if 1y <r<r, ©6)
r= if  r>n,,

where m; and m, are the indices for the inner and outer power-
law functions, ry, is the break radius within which the central
intensity distribution becomes constant, and ry, is the transition
radius from the inner to the outer power-law function. Both the
single and two power-law models were convolved with a 12-
size Gaussian beam (average of the major and minor axes of the
160 pm beam) to be fitted to our radial profiles.

We performed the same non-linear least squares fitting as in
Sect.4.2 and found that the two power-law model significantly
improves fitting results for 27 sources by lowering the reduced
¥? by more than a factor of two compared to the single power-
law model. The radial profiles of the remaining nine sources
were better described with the single power-law model, consid-
ering that the reduced y? was improved by less than a factor of
two or the width of the inner power-law distribution was smaller
than the 160 pm beam; in other words, the inner power-law dis-
tribution is not well constrained. The fitting results for all 36
sources were deemed reliable (i.e. fitting parameters above their
1o uncertainties) and are summarised in Appendix A.

For 26 out of the 27 sources for which the two power-
law model is favoured, we found m; > m,, which suggests that
central compact cores are surrounded by extended diffuse struc-
tures. Interestingly, Beuther et al. (2002) found the opposite
result (shallower inner gradients) from their analysis of 1.2 mm
dust continuum emission in a number of massive star-forming
regions. It is difficult to make a one-to-one comparison with our
result, however, since the sources in Beuther et al. (2002) suf-
fer from distance ambiguities and we cannot make sure if the
1.2 mm and 160 um profiles probe comparable spatial extents.

The inner power-law distributions of the 160 um radial pro-
files have on average similar extents as the '*CO (6-5) radial
profiles (~40”), indicating that they probe comparable physical
scales. Considering this, we directly compared the properties of
the inner power-law distributions of the 160 pm radial profiles
(power-law index and break radius) to those of the '3CO (6-5)
radial profiles. To increase the sample size, we also consid-
ered the nine sources whose 160 um radial profiles were fitted
with the single power-law function. Figure 15 shows a positive
correlation between the power-law indices of the 160 um and
13CO (6-5) radial profiles. On closer inspection, the 160 wm pro-
files generally have steeper slopes, implying that 160 um and
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Fig. 15. Comparison of the 160 um and '3CO (6-5) radial profiles in
terms of the power-law index (top) and break radius (bottom). The 27
sources whose 160 um radial profiles were fitted with the two power-
law model are shown as circles, and their inner power-law distributions
are used for the comparison. The remaining nine sources with the single
power-law distributions in 160 pm emission are indicated as triangles.
Both circles and triangles are colour coded based on evolutionary stage:
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13CO (6-5) emission could trace different physical conditions or
processes (e.g. 160 um emission likely traces colder structures
than '3CO (6-5) emission). Alternatively, the discrepancy in the
power-law indices could result from the different dependencies
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of the two tracers on the gas temperature and density. Inter-
estingly, the 160 pm radial profiles tend to be steeper towards
more evolved sources, which is in line with what we found from
the 3CO (6-5) radial profiles (Sect. 4.2). On the other hand, the
break radii of the 160 um and '*CO (6-5) radial profiles seem to
be consistent in most cases, suggesting that the same mechanism
(i.e. fragmentation) is likely responsible for the uniform distri-
bution of 160 pum and '*CO (6-5) emission in the central parts of
our sources.

In conclusion, we found that the 160 pm emission from our
sources typically shows two distinct structures: compact cores
and their surrounding diffuse halos. Compared to 160 pm emis-
sion, 3CO (6-5) emission from warm gas is more compact and
probes mostly the core structures with its radial distribution
decreasing less steeply. The emission from both tracers shows
uniform intensity distributions in the centre of our sources,
which likely originates from fragmentation on small scales.

4.4. Mean velocity gradients

In addition to the spatial distribution, we examined the kine-
matics of warm molecular gas for the sources of our sample of
high-mass star-forming regions by analysing the '3CO (6-5) first
moment maps of our 52 single-core sources. Visual inspections
of the '3CO (6-5) M; maps reveal a variety of velocity fields,
including linear gradients or more complex trends such as radial,
hourglass-like, and outflow-like gradients (Fig. 16). Among these
various velocity fields, the linear gradients are the most common
(44 sources), while the other types occur much less often (eight
sources).

To quantify the observed '*CO (6-5) velocity fields, we
estimated the mean velocity gradients (MVGs) by fitting the fol-
lowing equation from Goodman et al. (1993) to our M; maps
using the Python function scipy.optimize.curve_fit:

ULSR = Vo + aAa + bAB, @)

where vp gr is the velocity at a given pixel, vy is the velocity at a
reference position, Aa and AB are the right ascension (RA) and
declination (Dec) offsets from the reference position measured in
radians, and a and b are the projections of the velocity gradient
per radian onto the RA and Dec axes. For this fitting, we fixed the
reference position at the centre of each source, since the MVGs
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is shown by a hatched circle.

measure the general direction of gas motions and hence the fitted
a and b do not depend on the reference position.

Once a and b were constrained, the magnitude of the MVG,
G (kms~! pc!), was computed as follows:

Va? + b?
G=—75— ®)
where D is the distance to the source. In addition, the position
angle (PA) of the MVG, 6g (degree), was measured coun-
terclockwise from the north to the red-shifted gradient (i.e.
red arrows in Fig.18). Specifically, 3 was calculated from

a= |tan‘1 (a/b)| as follows:

@ if a>0 and H>0
g _ J180°—a if a>0 and b<0 )
Y7 )1180°+a if a<0 and b<O

360° -~ if a<0 and b>0.

We examined the constrained G for 41 sources (one 70w,
5 IRw, 21 IRb, and 14 HII sources) that have statistically sig-
nificant gradients G > 30 g (Goodman et al. 1993) and found
that G generally ranges from 1kms™'pc™' to 8kms™' pc~!
independent of the evolutionary group (Fig.17). An outlier
is G351.77-0.5, whose large gradient of 20kms~! pc™! likely
originates from the strong outflow of the source. Interestingly,

20.0F T( 3

2‘5 ] ’ I ]

00E_ ., 4 L1 |
70w IRw

TRb Al

Fig. 17. Distributions of the MVG magnitude, G, for the different evo-
lutionary groups. The colours and symbol schemes are the same as in
Fig. 3.

our median G (~3kms~' pc™!) is comparable to that estimated
by Tobin et al. (2011) for a sample of low-mass protostar
envelopes (2kms~!pc™!). A one-to-one comparison of these
results, however, is not straightforward, considering that the
angular resolution of the study by Tobin et al. (2011) is three
times larger than that of our data. On the other hand, the sources
in that study are, at distances of 125-460 pc, much closer than
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Table 3. Possible interpretations of the observed gas kinematics.

Criteria Interpretations )

APA| < 45° & APA; < 45° The outflows affect the envelopes, as well as the clumps. 5)
APA| < 45° & APA; > 45° The envelopes are impacted by the outflows and are decoupled from the clumps.  (2)
45° < APA| < 135° & APA; <45° The envelopes and clumps rotate along the outflow axes. 4)
45° < APA| < 135° & APA; > 45° The envelopes rotate along the outflow axes and are decoupled from the clumps. (3)
APA| > 135° & APA, < 45° The envelopes are dominated by the clump kinematics. )
APA| > 135° & APA, > 45° The outflows, envelopes, and clumps have different kinematics. (1)

Notes. “Numbers in brackets present quantities of clumps in each category.

the sources in our sample. As we demonstrate in Appendix E, the
measurement of the MVGs depends on the physical resolution.

4.5. Comparison of gas kinematics on different spatial scales

Section 4.4 shows that '3CO (6-5) emission in our single-core
sources frequently shows linear velocity gradients. To provide
insights into the origin of these velocity gradients, we com-
pared gas kinematics on three different spatial scales, includ-
ing outflows from small-scale YSO cores that are traced by
high velocity '>CO (6-5) emission, intermediate-scale envelopes
traced by '*CO (6-5) emission, and large-scale clumps traced
by '3CO (2-1) emission. For sources in the early stage of star
formation, we can expect that the intermediate-scale envelopes
retain the kinematics of their parental clumps, inducing an align-
ment between the envelope and clump kinematics (e.g. Smith
et al. 2011). As star formation progresses, strong outflows may
be launched and entrain dense gas from the envelopes, resulting
in an alignment between the outflow and envelope kinematics,
similar to envelopes of Class 0 low-mass protostars (Arce &
Sargent 2006). Once the outflows significantly erode into the
envelopes, the remaining envelope material could be concen-
trated near the protostellar discs and be rotating together, leading
to a perpendicular alignment between the outflow and envelope
kinematics, similar to what is found in envelopes of low-mass
Class I protostars by Arce & Sargent (2006). These possible sce-
narios demonstrate that the comparison of gas kinematics on
different spatial scales can be valuable for understanding the
processes of high-mass star formation.

We started our comparison of gas kinematics by evaluating
how velocity fields of the outflows and the envelopes are linked
to each other. To do so, we utilised '>CO (6-5) outflow data from
Navarete et al. (in preparation) and examined the absolute angu-
lar difference APA; = | PA of the '*CO (6-5) MVGs — PA of the
12CO (6-5) outflows | (Fig. 18 and Appendix F). Navarete et al.
identified outflow sources in the Topl00 sample by integrating
12C0O (6-5) emission in high-velocity wings and divided them
into several categories, such as single, multiple, unresolved, and
resolved (defined as clearly separated blue and red lobes) out-
flows. For our examination, we computed APA; for 22 sources
(one 70w, three IRw, twelve IRb, and six HII sources) that
have single resolved outflows along with significant '*CO (6-5)
MVGs and compared the resultant distributions for the different
evolutionary groups. Figure 19 shows that the APA distributions
support neither the envelope entrainment (APA; ~ 0°) nor the
envelope-disc co-rotation (APA; ~ 90°) and are not significantly
different between the evolutionary groups.

In addition, we probed a relation between the envelope and
clump kinematics by comparing the '3CO (6-5) and '3CO (2-1)
MVGs. To derive 3CO (2-1) MVGs for our single-core sources,
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we used data from the SEDIGISM survey (Schuller et al. 2021)
and produced 2’ X 2’ sized My and M| maps (Fig. 20). The 2’ x 2’
maps, which are ~1.5 times larger than our 3COo (6-5) maps,
were chosen as they include a majority of the regions in which
the '*CO (2-1) line’s intensity is higher than 40% of the peak
value. With the resultant My and M; maps, we then estimated
MVGs by applying Eqgs. (8) and (9) and found that 23 sources
(two IRw, twelve IRb, and nine HII sources) have statistically
significant MVGs in both 3CO (2—-1) and '3CO (6-5) emission.
The estimated '*CO (2—-1) MVGs are presented in Appendix A.

In Fig.21, we compared the magnitudes of the '*CO (6-5)
and '3CO(2-1) MVGs and found that G is generally higher
in 13CO (6-5) emission. For example, the median magnitudes
of the '*CO(6-5) and '3CO (2-1) MVGs are 2.8kms~!' pc~!
and 0.7 kms~! pc™!, respectively. The smaller G for *CO (2-1)
could partially result from the coarser angular resolution
of the SEDIGISM data compared to our '*CO (6-5) beam
(30” versus 10”; see Appendix E for further discussion). In addi-
tion, we examined the absolute angular difference APA; = |PA of
the 13CO (6-5) MVGs — PA of the '*CO (2-1) MVGs| (Fig. 22)
and found that 13 sources have relatively comparable PAs in
both transitions (APA, < 45°), while the remaining 10 sources
show a wide range of the angular difference. Interestingly, both
the magnitude and PA comparisons show no dependence on the
evolutionary groups.

Finally, we examined the relationship between the outflow,
envelope, and clump kinematics more comprehensively by com-
paring the '2CO (6-5), '*CO(6-5), and '3CO (2-1) velocity
information for a smaller sample of 15 sources. For our compari-
son, we considered six possibilities based on the measured APA;
and APA; (Table 3) and examined them along with the M| maps.
This detailed view on the individual sources revealed that the
origin of the *CO (6-5) kinematics is relatively clear for seven
sources only. For example, the '3CO (6-5) kinematics is likely
decoupled from the surrounding clumps for four sources. Three
of them (G330.95-0.1, G332.09-0.3, and G337.92—-0.4; two IRb
and one HII sources) show a hint of the envelope entrainment,
while G305.214+0.2 (IRb) has co-rotating envelope and disc. In
addition, two sources (G335.79+0.1 and G345.00-0.2; that is,
one IRw and one HII source) show coherent rotations of the
envelopes and clumps along the outflow axes. The '*CO (6-5)
kinematics of the remaining source G337.41-0.4 (HII) seems to
be dominated by the surrounding clump with no obvious impact
from outflows.

In summary, we found that our single-core sources have sig-
nificant linear velocity gradients in '*CO (6-5) emission. The
origin of these velocity gradients is currently unclear, although it
is less likely to be systematically linked to internal star formation
processes (that is, G does not vary much between the differ-
ent evolutionary groups). The envelope kinematics traced by
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Fig. 18. Comparison of '3CO (6-5), '2CO (6-5), and '3CO (2-1) gas kinematics for four example sources. Left column: M, maps of '3CO (6-5)
emission. For each source, the blue and red lobes of 2CO (6-5) outflows are overlaid as contours with decreasing levels ranging from 95% of
the peak integrated intensities down to the first level above 30, in steps of 20% peak values. For G309.38—0.1 and G343.76—0.1 (Appendix F), a
threshold of 20~ was used instead. The velocity ranges over which the blue and red lobes were integrated are presented at the bottom left, while the
absolute angular difference between the PAs of the *CO (6-5) and '2CO (6-5) MVGs (A PA,) is shown at the top left. Middle column: Same M,
maps as in the left panel, but with the '*CO (6-5) integrated intensities as contours (20% to 80% of the peak values in steps of 20%). The centre
of each source with the maximum integrated intensity is indicated as a black star, while the direction of the '*CO (6-5) MVG is shown as blue and
red arrows. The absolute angular difference between the PAs of the '3CO (6-5) and '3CO (2-1) MVGs (A PA,) is summarised at the bottom left.
Right column: M; maps of *CO (2-1) emission. The '*CO (2-1) integrated intensities are shown as contours with levels ranging from 40% to 90%
of the peak values in steps of 10%, while the directions of the '*CO (2-1) MVGs are indicated as blue and red arrows. The centres of the sources
with the peak integrated intensities are marked as white stars. Finally, for each plot, the FWHM of corresponding telescope beam is displayed by a
hatched circle.
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Fig. 19. Distributions of the absolute angular difference APA, for the
different evolutionary groups. The colours and symbol schemes are the
same as in Fig. 3.

13CO (6-5) emission appears to be highly complex, and probing
its origin would benefit from higher sensitivity, higher resolu-
tion observations of a bigger sample of high-mass star-forming
regions.

5. Discussion

Our observations of 3CO (6-3) emission towards a statistically
significant sample of massive star-forming regions have allowed
us to characterise the warm envelopes surrounding high-mass
YSOs. In this section, we discuss potential origins of the emis-
sion and examine '*CO (6-5) kinematics in detail for several of
our sources.

5.1. Excitation of *CO (6-5) emission in massive star-forming
regions

Key characteristics of the Top100 sources, such as gas tempera-
ture and column density, have been examined by various authors
based on multi-transition observations of molecular species.
For example, Giannetti et al. (2017) derived temperature by
analysing emission from CH3CN, CH3CCH, and CH3;OH and
found a progressive warm-up of the molecular gas with evolution
that likely results from stellar feedback. In addition, Giannetti
et al. (2014) showed that the abundance of CO molecules in
the gas phase increases with evolution, as warmer dust grains
enable frozen CO molecules to sublimate efficiently. A combi-
nation of the increased temperature and CO column density in
the Top100 sources would excite more CO molecules to mid-
J levels, resulting in the observed increase in the '*CO (6-5)
brightness temperature (Sect. 3.1) and line luminosity (Sect. 3.3).
This suggests that '*CO (6-5) emission can be used efficiently to
probe the processes of high-mass star formation.

The warm molecular gas traced by mid-J '3CO emission
can be heated by a range of radiative and mechanical feedback
processes. For nearby low-mass star-forming regions, these pro-
cesses can be probed in detail and observational and theoretical
studies have suggested that mid-J '*CO emission originates from
passively heated envelopes, UV-heated outflow cavity walls,
and outflows themselves (van Kempen et al. 2009a,b; Yildiz
et al. 2012). Considering that envelopes and outflows are also
prevalent in regions of high-mass star formation, the observed
13CO (6-5) emission in the Top100 sources could have similar
origins.

In the scenario of passively heated envelopes, dust grains
are warmed up by absorbing radiation from central protostars
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and subsequently heat up the surrounding molecular gas via gas-
dust collisions (Jgrgensen et al. 2002; Kristensen et al. 2012).
This mechanism has been shown to be responsible for part of
the observed '3CO (6-5) emission in a large sample of low-
mass YSOs (Yildiz et al. 2015). While the same mechanism
could certainly work for high-mass star-forming regions, dedi-
cated modelling of gas and dust in massive envelopes is required
to assess the exact role of passive heating on the excitation of
13CO (6-5) emission in such complex systems.

In addition to the passively heated envelopes, '*CO (6-5)
emission could partly arise from UV-heated outflow cavity
walls. For low-mass YSOs, UV photons can be created from
disc-protostar accretion boundary layers or shocked spots along
outflows. These UV photons escape through outflow cavities and
are scattered by dust grains on their way, producing PDRs along
the cavity walls (Spaans et al. 1995; Yildiz et al. 2015). While
the efficacy of the same mechanism for high-mass star-forming
regions has not been confirmed, PDRs have been observed
towards many massive YSOs, in particular evolved ones whose
intense UV radiation can ionise hydrogen atoms in significant
volumes around them. For example, Leurini et al. (2013) anal-
ysed a number of mid-J CO maps for G327.3—0.6 and found that
the emission lines, including '*CO (6-5), are dominated by the
PDR around a local HII region. In addition, multiple PDR layers
have been proposed to reproduce the '*CO (6-5) observations
of several high-mass star-forming regions, such as Cepheus A,
DR21, and W49 (Graf et al. 1993; Koester et al. 1994). Interest-
ingly, our HII sources have '3CO (6-5) brightness temperatures
that are comparable to those measured by Graf et al. (1993),
implying a non-negligible impact of UV photons on the exci-
tation of '>CO (6-5) emission in our most evolved sources.

Finally, mechanical processes such as outflows could con-
tribute to the excitation of '>CO (6-5) emission. For example,
Yildiz et al. (2012) showed that '3CO (6-5) spectra towards
the low-mass protostar NGC 1333 IRAS 4A and 4B have both
narrow and broad components with FWHMs of ~2kms™' and
~10kms~!. The same type of broad component has been found
in low-J (Yang et al. 2018) and mid-J '3CO transitions (Sect. 3.2)
for ATLASGAL sources, implying that outflows are capable of
entraining and heating the '*CO-traced dense gas in massive
star-forming regions. Currently, there is a lack of shock mod-
elling effort to study the excitation of mid-J '*CO emission in
outflows, and future studies are needed. In addition to outflows,
other mechanical processes during high-mass star formation,
such as accretion flows onto clumps and gravitational col-
lapse of clumps (Heitsch et al. 2009; Vazquez-Semadeni et al.
2019), could also inject a significant amount of energy into
the surrounding medium and excite 13CO (6-5) emission. This
mechanism could be vital in particular for early-type clumps
without central heating sources where gravitational collapse has
just started (Pillai et al. 2023).

All in all, our study demonstrates that '*CO (6-5) emission is
ubiquitous in a variety of massive clumps, ranging from young
sources where protostars have not been yet formed to evolved
sources with strong HII regions. This suggests that '*CO (6-5)
emission could be excited by different processes at different
epochs of high-mass star formation.

5.2. 3CO (6-5) kinematics in individual clumps

Our velocity analyses for a statistically significant sample sug-
gest the complex nature of '*CO (6-5) kinematics in high-mass
star-forming regions (Sects. 4.4 and 4.5). In an attempt to shed
more light on the processes that drive '3CO (6-5) kinematics, we
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present here a detailed examination of several individual sources
based on complementary information from literature. Our source
selection was based on the availability of kinematics information
from other tracers, especially those with high spatial resolutions.

G43.17+0.0 (HII)

This HII region source is a part of the well-studied Galactic
mini-starburst complex W49A, whose enhanced star formation
efficiency has been attributed to various processes, including
gravitational collapse (Welch et al. 1987), a cloud-cloud colli-
sion (Serabyn et al. 1993), expanding shells (Peng et al. 2010),
and re-collapsing shells (Rugel et al. 2019). In our observa-
tions, '3CO (6-5) emission appears across a region of S.g ~
4.4 pc, which is embedded within a surrounding structure that
is at least 10 pc in diameter. The measured velocity centroids
show a radial velocity gradient (Fig. 16) that could result from
local collapse considering that the convergence of the gradient
points towards the centre of our map. Another possibility is that
13CO (6-5) emission traces expanding shells. For example, the
observed *CO (6-5) spectra show double peaks in many places,
whose velocities are consistent with those of the shells identi-
fied in C'80(2-1) emission (Peng et al. 2010). However, in this
case, it is not entirely clear how the expanding shells result in the
radial velocity gradient.

G31.41+0.3 (HII)

This HII region source harbours a hot molecular core that has
been extensively studied with multiple molecular species. For
example, Cesaroni et al. (2017) performed CH3CN observations
and found a rotating and infalling toroid on ~0.1 pc scales. In
addition, Beltran et al. (2022) identified at least six outflows with
lobe sizes of ~0.02—0.2 pc in SiO (5—4) observations. Compared
to these small-scale observations, our '*CO (6-5) data probe a
factor of ~10 larger region and show a linear gradient in velocity
centroids (Fig. 23). Interestingly, the direction of the linear veloc-
ity gradient is perpendicular to that of the strongest SiO (5—4)
outflow, implying a rotating '3CO (6-5) envelope. However, the
rotation axis of the envelope is not aligned with that of the small-
scale toroid, hampering us from pinpointing the exact origin of
13CO (6-5) kinematics.

G35.20-0.7 (IRb)

As a well-known star-forming region, G35.20—-0.7 hosts an elon-
gated dust structure that is embedded within a butterfly-shaped
reflection nebula (Sdnchez-Monge et al. 2013). Compared to the
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size of the observed '3CO (6-5) envelope, the elongated struc-
ture is roughly one third in length, while the reflection nebula
is on a similar scale. Sdanchez-Monge et al. (2014) argued that
the elongated structure is a filament, rather than an edge-on
rotating disc, based on C!’0 (3—2) and H'3CO* (4-3) observa-
tions and further suggested that G35.20-0.7 is a convergence
centre of multiple filaments. Interestingly, the velocity range of
31-37km s~ along the elongated structure is comparable to the
13CO (6-5) velocity gradient, implying that '3CO (6-5) kinemat-
ics could trace the gas flow within the supposed converging
filaments.

G351.77-0.5 (IRDb)

The '3CO (6-5) first moment map of G351.77-0.5 clearly shows
blue-shifted and red-shifted lobes (Fig.23), suggesting an out-
flow origin of '*CO (6-5) kinematics. Other studies have identi-
fied outflows in this region as well. For example, Navarete et al.
(in preparation) found an outflow traced by '>CO (6-5) emission
(blue and red contours in Fig. 23), whose PA is slightly different
from that of our *CO (6-5) outflow. In addition, Leurini et al.
(2009, 2011) detected three outflows in high-resolution (5.45"” x
2.08") 12CO (2—1) observations. Among the three outflows, two
are relatively well-aligned with the '>CO (6-5) outflow on a sim-
ilar scale. The angular offset between the '3CO (6-5) and '>CO
outflows suggests that different transitions and isotopologues
of CO molecules probe different parts of the complex outflow
system in G351.77-0.5.

In summary, our detailed examination of the four individual
clumps supports the previous conclusion that '3CO (6-5) kine-
matics has a complex nature. Both small-scale (e.g. outflows)
and large-scale (e.g. expanding shells and gas flows along fila-
ments) processes impact on the kinematics of warm envelopes,
and understanding their impact would be essential to elucidate
how !3CO (6-5) emission is excited in massive star-forming
regions.

6. Conclusions

In this paper, we characterised 'CO (6-5) emission towards
~100 massive star-forming clumps at different evolutionary
stages. Our APEX observations with high angular and spectral
resolutions allowed us to examine the morphology and kinemat-
ics of warm envelopes for a statistically significant sample. We

summarise our main results and conclusions as follows:
— The 3CO (6-5) emission line is detected towards sources at
all stages of high-mass star formation. Key characteristics of
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the emission line, including the detection rate, line width,
and peak brightness temperature, increase with evolutionary
stages. In addition, the line luminosity is tightly correlated
with the bolometric luminosity and the clump mass. These
results suggest that the '*CO (6-5) emission line is related to
star formation processes;

— The 3CO (6-5) integrated intensity images show that a
majority of the warm envelopes have a simple single-core
morphology and the most evolved clumps (HII) have larger
envelopes. The radial intensity profiles of the single-core
clumps can be reasonably well described as single power-law
functions. Interestingly, the slopes of the most evolved group
(HII), tend to be steeper, possibly due to enhancements in
density and/or temperature at the central parts of the warm
envelopes;

— The kinematics of the warm envelopes presents various
forms and is likely not driven by a single physical process.
While most of the single-core envelopes show significant lin-
ear velocity gradients, the origin of these gradients is unclear
in many cases. A detailed examination of individual sources
suggests that the gas motions in the warm envelopes could
be driven by stellar feedback such as outflows and/or by
inheriting the kinematics of large-scale parental clouds.

Data availability

Appendices of this paper are available on Zenodo at
https://doi.org/10.5281/zenodo.14748231.
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ABSTRACT

Context. Massive star formation is associated with energetic processes, which result in significant gas cooling via far-infrared (IR)
lines. Velocity-resolved observations can constrain the kinematics of the gas, allowing the identification of the physical mechanisms
responsible for gas heating.

Aims. Our aim is to quantify far-IR CO line emission towards high-mass star-forming regions, identify the high-velocity gas component
associated with outflows, and estimate the physical conditions required for the excitation of the observed lines.

Methods. Velocity-resolved SOFIA/GREAT spectra of 13 high-mass star-forming clumps of various luminosities and evolutionary
stages are studied in highly excited rotational lines of CO. For most targets, the spectra are from frequency intervals covering the
CO 11-10 and 16-15 lines towards two sources, also the CO 13—12 line was observed with SOFIA/4GREAT. Angular resolutions at
the line frequencies range from 14” to 20", corresponding to spatial scales of ~0.1-0.8 pc. Radiative transfer models were used to
determine the physical conditions giving rise to the emission in the line wings.

Results. All targets in our sample show strong high-J CO emission in the far-IR, characterised by broad line wings associated with
outflows, thereby significantly increasing the sample of high-mass objects with velocity-resolved high-J CO spectra. Twelve sources
show emission in the line wings of the CO 11-10 line (E,/kg=365 K), and eight sources in the CO 16-15 line (E,/kg=752 K). The
contribution of the emission in the line wings to the total emission ranges from ~28% to 76%, and does not correlate with the envelope
mass or evolutionary stage. Gas excitation temperatures cover a narrow range of 120-220 K for the line wings, and 110-200 K for
the velocity-integrated line emission, assuming local thermodynamics equilibrium (LTE). For the two additional sources with the
CO 13-12 line (E,/kg=503 K) data, wing emission rotational temperatures of ~130K and 165 K were obtained using Boltzmann
diagrams. The corresponding non-LTE radiative transfer models indicate gas densities of 10°~107 cm™ and CO column densities
of 10'7-10"® cm™2 in the line wings, similar to physical conditions in deeply embedded low- and high-mass protostars. The velocity-
integrated CO line fluxes correlate with the bolometric luminosity over 7 orders of magnitude, including data on the low-mass protostars
from the literature. This suggests that similar processes are responsible for the high-J CO excitation over a significant range of physical
scales.

Conclusions. Velocity-resolved line profiles allow the detection of outflows towards massive star-forming clumps spanning a broad
range of evolutionary stages. The lack of clear evolutionary trends suggest that mass accretion and ejection prevail during the entire
lifetime of star-forming clumps.

Key words. stars: formation — stars: protostars — ISM: molecules — ISM: kinematics and dynamics — line: profiles —
ISM: jets and outflows

1. Introduction

High-mass stars have a significant impact on their environments
and on galaxy evolution globally through their ionising radi-
ation, stellar winds, and their deaths in supernova explosions
(Zinnecker & Yorke 2007). Already during the earliest stages
of their formation, massive protostars might inject significant
amounts of energy and momentum into the interstellar medium

(ISM) in the form of outflows, capable of disrupting clumps and
cores (Beuther et al. 2002; Bally 2016).

Outflows, a ubiquitous phenomenon in both low- and high-
mass star-forming regions, play an essential role in transporting
angular momentum and regulating the star-forming process
across multiple spatial scales (Bally & Lada 1983; Evans 1999).
Both the dissipation of the envelope material and mass loss
via the outflows lower the core-to-star formation efficiency
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(Krumbholz et al. 2014; Offner & Chaban 2017). At cluster and
clump scales, outflows drive turbulence that provides additional
support against gravitational collapse (Frank et al. 2014).

Outflows are typically detected using low-J (J < 5) velocity-
resolved rotational lines of carbon monoxide (CO), which is the
second most abundant molecule in the ISM (CO/H, = 1.2 x
1074, Frerking et al. 1982). The low-lying rotational levels of
CO are easily collisionally excited even at low densities and
can be observed readily at millimetre wavelengths. These lines
constitute a useful diagnostic of the gas kinetic temperature of
outflows (Bally & Lada 1983; Yildiz et al. 2015). An exten-
sive search for outflows traced by such low-J CO lines towards
a total of 2052 massive star-forming clumps that were identi-
fied in the APEX Telescope Large Area Survey of the Galaxy
(ATLASGAL, Schuller et al. 2009), provided an overall outflow
detection rate of 58% (Yang et al. 2018a, 2022).

Observations of high-J CO (J > 10) lines provide an oppor-
tunity to study denser and warmer parts of star-forming clumps
and the outflows that arise in them. Recent surveys with the
Herschel Space Observatory (Pilbratt et al. 2010) found that CO
lines account for the bulk far-infrared (IR) gas cooling in both
low- and high-mass star-forming regions (Karska et al. 2013,
2014, 2018; van Dishoeck et al. 2021). The velocity-resolved
profiles of high-J CO towards low-mass protostars revealed a sig-
nificant contribution of high-velocity (v ~ 20-30kms™!) gas to
the total far-IR line emission (San José-Garcia et al. 2013; Yildiz
et al. 2013), and a similarity to the H,O emission likely arising
from the same gas (San José-Garcia et al. 2016; Kristensen et al.
2017). Single-pointing observations towards high-mass sources
have also revealed broad, outflow wings in high-J CO line pro-
files, but they have been limited to just a few sources: W3 IRS5
(San José-Garcia et al. 2013), AFGL 2591 (KaZmierczak-Barthel
et al. 2014), Orion KL, Orion S, Sgr B*, and W49N (Indriolo
et al. 2017). Complementary observations have been obtained
with the German REceiver for Astronomy at Terahertz frequen-
cies! (GREAT, Risacher et al. 2018) on board the Stratospheric
Observatory For Infrared Astronomy (SOFIA, Young et al.
2012). High-resolution spectroscopy of far-IR CO lines from
an intermediate-mass protostar Cep E revealed an extremely
high-velocity (EHV) gas (v up to ~140kms™"), tracing shocks
associated with the jet and intermediate-to-high velocity gas (v
from 50 to 100kms™") associated with outflow cavities and a
bow shock (Gémez-Ruiz et al. 2012; Lefloch et al. 2015; Gusdorf
et al. 2017). The line profiles of CO 1615 towards two high-
mass sources, however, lacked the EHV component and revealed
broad line wings extending up to v ~ 50kms™' (Leurini et al.
2015; Gusdorf et al. 2016). Other surveys, conducted with the
PACS and SPIRE instruments aboard the Herschel Space Tele-
scope (Pilbratt et al. 2010), lacked the high spectral resolution
necessary to disentangle the envelope and outflow emission in
the spectra (Karska et al. 2014; Goicoechea et al. 2013, 2015).

For this study, we used SOFIA/GREAT to quantify high-J
CO emission towards 13 high-mass star-forming clumps with the
aim to isolate the contribution from the outflows and estimate
excitation conditions associated with the line wing emission. We
also examined how the high-J CO emission varies as a function
of clump properties and evolutionary stages.

The paper is organised as follows: Sect. 2 describes the
source sample, observations with SOFIA, and the complemen-
tary CO observations with the APEX telescope and Herschel.

! GREAT is a development by the MPI fiir Radioastronomie and
the KOSMA/Universitidt zu Koln, in cooperation with the MPI fiir
Sonnensystemforschung and the DLR Institut fiir Planetenforschung.
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In Sect. 3, we present line profiles of high-J CO transitions
(Sect. 3.1) and decompose the emission that belongs to the
line wings (Sect. 3.2). In addition, we study the correlations of
velocity-integrated emission with source properties, and those
of the fraction of wing emission with source evolutionary stages
(Sect. 3.3). Subsequently, we analyse the excitation of high-J CO
lines using LTE and non-LTE approaches (Sects. 3.4 and 3.5).
Section 4 consists of the discussion of our results in the con-
text of previous studies and Sect. 5 presents a summary and our
conclusions.

2. Observations
2.1. Sample

All sources have been selected from the ATLASGAL survey
covering 420 deg? of the inner Galactic plane in the 870 um
dust continuum (Urquhart et al. 2014; Konig et al. 2017). The lat-
est version of the ATLASGAL source catalogue contains 5007
clumps spanning a wide range of masses (Mcump) and lumi-
nosities (Lpo1), and it is divided into four evolutionary stages
— quiescent, protostellar, young stellar objects (YSOs), and
HII regions (HII). For more details, readers can refer to
Urquhart et al. (2022).

For this work, we originally selected a representative sam-
ple of 20 sources grouped within four star-forming regions in the
Galactic plane. Among them, 13 sources within three regions
were successfully observed with SOFIA. Table 1 shows the
final list of sources with the overview of their properties and
evolutionary stages. The sample consists of three protostellar
(24d), seven YSOs (IRb), and three H II regions (HII), with Ly
from 1.6 X 10° to 4.6 x 10° L and Mcjymp from 1.6 x 10? to
2.3 x 10° M, (Konig et al. 2017; Urquhart et al. 2019, 2022).

2.2. SOFIA observations and data reduction

Observations of the CO 11-10 and 1615 lines were collected
using the SOFIA/GREAT (Heyminck et al. 2012; Risacher et al.
2016) and upGREAT receivers (Risacher et al. 2018). Our pro-
gramme ‘Probing high-J CO through the evolution of high-mass
star-forming clumps’ (project IDs 02_0102 and 03_0103; PI:
F. Wyrowski) ran during Cycle 2 (2014 May) and Cycle 3
(2016 May).

GREAT was a high-resolution, dual-colour spectrometer
(R > 107) initially designed for single-beam observations. In
2014, we used its L1 and L2 channels to obtain simultaneous
coverage of bands in the 1.25-1.52 THz and 1.80-1.90 THz
windows, respectively. In 2016, we combined GREAT’s L1 chan-
nel with the upGREAT Low Frequency Array (LFA), which
covered the 1.83-2.07 THz window in two polarisations. The 7-
pixel hexagonal setup of the LFA provided spatial information
about the line emission, whereas each pixel had a full-width at
half-maximum (FWHM) beam size of 14.8 on the sky®. The
corresponding beam size in the L1 channel was 19.9” in 2014
and 19.1” in 2016. The higher frequency L2 channel provided
a Field of View (FoV) of 14.1”. The adopted main beam effi-
ciencies (nvg) are 0.7 (in 2014) and 0.66 (in 2016) for the L1
channel, 0.65 for L2 channel, and 0.65 for the central spaxel
of LFA. Data were processed and reduced by SOFIA/GREAT
staff and released at product level 3 where first order baselines
have been subtracted. Most of the data are ready to use, except

2 Observer’s Handbook for Cycle 3: https://www.sofia.usra.
edu/sites/default/files/ObsHandbook-Cy3.pdf
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Table 1. Catalogue of source properties.

No. Source ATLASGAL name @ RA Dec Vis® DO Lyg@ Mm@ Dgc Type”
(J2000) (J2000)  (kms!) (kpe)  (Lo) (My)  (kpe)
1 G351.16+0.7 AGAL351.161+00.697 17:19:56.69 -35:57:53.0 -6.0 1.3 88x10° 12x10° 6.7 IRb
2 G351.25+0.7 AGAL351.244+00.669 17:20:18.86 -35:54:42.5 -2.8 1.3 49x10* 3.7x10* 6.7 IRb
3 G351.44+0.7 AGAL351.444+00.659 17:20:55.20 -35:45:08.0 -3.8 1.3 20x10* 1.0x10° 6.7 24d
4 G351.58-0.4 AGAL351.581-00.352 17:25:25.03 -36:12:45.4 -95.6 8.0 4.6x10° 23x10® 2.0 IRb
5 G351.77-0.5 AGAL351.774-00.537 17:26:42.54 -36:09:20.1 -2.8 1.3 3.7x10* 33x10* 78 IRb
6 G12.81-0.2 AGALO012.804-00.199 18:14:13.54 -17:55:32.0 34.6 26 25%x10° 1.9x10®° 6.2 HII
7 G14.19-0.2 AGALO014.194-00.194 18:16:58.63 -16:42:16.4  39.7 31 37x10° 5.1x10> 438 24d
8 G13.66—0.6 AGALO013.658—00.599 18:17:24.09 -17:22:10.3 48.5 45 24x10* 27x10*> 43 IRb
9 G14.63-0.6 AGALO014.632-00.577 18:19:14.65 -16:30:02.7 18.5 1.5 1.6x10° 1.6x10* 6.3 24d
10 G34.41+0.2 AGAL034.411+00.234 18:53:18.13 +01:25:23.7 57.9 29 3.1x10° 44x10> 72 IRb
11 G34.26+0.15 AGALO034.258+00.154 18:53:18.51 +01:14:57.6  58.0 29 6.1x10* 1.7x10° 6.9 HII
12 G34.40-0.2 AGALO034.401+00.226 18:53:18.63 +01:24:40.4  57.1 29 32x10° 79x10*> 72 HII
13 G35.20-0.7 AGAL035.197-00.742 18:58:12.94 +01:40:40.6  33.5 22 24x10* 4.6x10> 6.8 IRb

Notes. @Source names from the ATLASGAL Compact Source Catalogue (Contreras et al. 2013; Urquhart et al. 2014). ®Source velocities (Vi)
estimated from proxy lines (see Appendix D). “Heliocentric distances estimated in Urquhart et al. (2022). “Source bolometric luminosities, Ly,
estimated from greybody fit to dust emission in Urquhart et al. (2018). Ly, of source 1, 6, and 13 were estimated in Konig et al. (2017). ’Clump
masses, Mcjump, Were estimated from cold dust emission at 870 um in Urquhart et al. (2022). Mump of source 1, 6, and 13 were obtained from
Konig et al. (2017). Source classification using the criteria is from Konig et al. (2017), and refers to IR-bright sources (IRb), IR-weak sources

(24d), and HII regions (HII).

Table 2. Overview of the observations.

Molecule  Trans. Freq. E./kg Ay Ju Receiver Beam Av
Ju=Ji (GHz)  (K) s ) (kms™h

CO 6-5 691.5 116.16 2.1(-5) 13 APEX/CHAMP" 9 0.318

CO 11-10 12670 36497 13(4) 23 SOFIA/GREAT 20 (0.361, 0.578)
CO 13-12 14969 503.13 2.2(-4) 27 SOFIA/GREAT 20 0.978

CO 16-15 18414 751.72 4.1(-4) 33 SOFIA/GREAT 14 (0.248, 0.795)
3co 6-5 661.1 111.05 1.9(-5) 13 APEX/CHAMP* 9 0.332
3co 10-9 1101.4 290.79 8.8(-5) 21 Herschel/HIFT 19 0.136
C30 6-5 658.6 110.63 1.9(-5) 13 APEX/CHAMP* 9 0.334
Cc®0 9-8 987.6 23703 6.4(-5) 19 Herschel/HIFI 22 0.152

Notes. Molecular data adopted from the Leiden Atomic and Molecular Database (LAMDA, Schaier et al. 2005). Av is the original spectral
resolution of our data, before they were smoothed to a common size of 1.0kms~!'. The CO 11-10 and CO 16-15 have two Av each, which correspond

to observations in 2014 and 2016, respectively.

for CO 1615 spectra of G13.66—0.6 where an additional third
order baseline was subtracted. Spectral resolutions are presented
in Table 2. To perform the analyses without any spectral resolu-
tion bias, all spectra were smoothed to a common resolution of
1.0kms™!,

For G12.81-0.2 and G351.25+0.7, additional line observa-
tions were collected using the SOFIA/4GREAT receiver (Duran
et al. 2021). The observations were carried out in 2019 under
project ‘high-J CO observations towards high-mass star-forming
clumps’ (project ID 83_0711; PI: H. T. Dat). 4GREAT was a
single-beam system with four sub-receivers (4G-1 to 4G-4) and
could observe four spectral windows simultaneously. The 4G-3
and 4G-4 modules, which cover the 1.24-1.52 THz and 2.49-
2.69 THz windows, were tuned to map the CO 13-12 and 22-21
transitions. The maps were scanned in 5 X 5 grids with centres
6” away from each other. The typical beam sizes for the 4G-3

and 4G-4 modules are 20" and 10.5”, respectively (Duran et al.
2021). Main beam efficiencies are 0.7 for 4G-3 and 0.57 for
4G-4. Observations of the CO 22-21 line are affected by instru-
mental standing waves that make it difficult to confidently detect
line emission. The noise levels of averaged spectra range from
0.40K to 0.88 K at Av of 0.6 kms™'.

Data reduction for the CO 13-12 line was performed with
the CLASS programme, which is part of the GILDAS? software
developed by the Institut de Radioastronomie Millimétrique
(IRAM). A second order baseline was subtracted, and the spec-
tra were also smoothed to an adequate 1.0 km s~!. For this study,
we extracted averaged spectra within a beam of 20”.

3 https://www.iram.fr/IRAMFR/GILDAS/
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2.3. Additional observations and ancillary data

Additional single pointing observations of '3CO10-9 and
C'309-8 were conducted with the Herschel-Heterodyne Instru-
ment for the Far-Infrared (HIFI, de Graauw et al. 2010) on board
of the Herschel Space Telescope. Observations for ten sources
(Appendix D) were obtained as part of project ‘A Water survey
of massive star-forming clumps in the inner Galaxy’ (project
ID OT2_fwyrowsk_3, PI: F. Wyrowski). In addition, archival
data for G351.44+0.7 using Herschel/HIFI were taken from the
‘Water in star-forming regions with Herschel’ programme (San
José-Garcia et al. 2013; van Dishoeck et al. 2021). Data from the
H and V polarisations of the wide-band spectrometer were aver-
aged. Baselines lower than third order were also subtracted. The
spectra were converted to a Typ scale using a forward efficiency
of 0.96 and a main beam efficiency of 0.64 for the '*CO 10-9 line
and 0.74 for the C'®09-8 line, respectively. Finally, the spec-
tra were smoothed to 1.0kms~!. Angular and original spectral
resolutions are listed in Table 2.

We also used high spectral resolution '*CO6-5 and
C'%06-5 data from Dat et al. (in prep.) and CO6-5 from
Navarete et al. (2019). All three transitions were observed with
the CHAMP® receiver (Kasemann et al. 2006; Giisten et al.
2008) at the Atacama Pathfinder Experiment (APEX) 12 m sub-
millimetre telescope (Giisten et al. 2006). The on-the-fly (OTF)
scans resulted in datacubes of 80" x 80" with angular resolutions
of ~9”. For comparisons with the higher-J CO observations,
averaged spectra with an effective beam size of 20" around the
sources were extracted and then smoothed to 1.0km s~! for all
three lines.

3. Results and analysis
3.1. Line detections

In this section, we examine detection rates of high-J CO lines
towards high-mass clumps from ATLASGAL. We also present
their line profiles and quantify the correlations of integrated
intensities with the sources’ properties.

Figure 1 shows the spectra of high-J CO lines towards the
central position of high-mass clumps from our sample (see also
Table 1). The pattern of emission is generally compact, based on
additional observations offset from the clump centres towards
four sources (see Appendix A).

The CO 11-10 line is detected at 30 or higher levels towards
all sources, which span a broad range of evolutionary stages
and have diverse properties. The CO 16-15 line, however, is
firmly detected towards ten out of 13 clumps; G13.66-0.6
and G34.4140.2 show only 20" peaks and G14.19-0.2 shows a
non-detection. In addition, the CO 13—12 line was successfully
observed and detected towards G12.81-0.2 and G351.25+0.7. In
Appendix B, the peak and integrated intensity of the detected
lines are given.

The line profiles of clump central positions exhibit a broad
line wing emission, suggesting the presence of outflows (Fig. 1).
The median full width at zero power* (FWZP) of 45kms™!
was measured for the CO11-10 line and 33kms™! for the
CO 16-15 line (Appendix C). The broadest profile, with FWZP
of 165kms™!, is seen towards G351.77—0.5 where high-velocity
gas has been detected in CO 2—1 and 6-5 lines (Leurini et al.

4 The FWZP was calculated following a procedure described in San
José-Garcia et al. (2016). We first resampled the spectra to 3kms™',
and subsequently checked the velocity of the channel where the line

emission dropped below 1o
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2009). However, multiple pointing observations show a lack
of a EHV gas component towards the central source; it is
only detected at offset outflow positions (Leurini et al. 2009),
consistent with the analysis of the outflow emission from an
intermediate mass protostar Cep E (Gémez-Ruiz et al. 2012;
Lefloch et al. 2015; Gusdorf et al. 2017). The lack of clear evi-
dence of EHV gas towards our sources may also result from the
beam dilution, and could only be addressed using high angular
resolution observations (e.g. Cheng et al. 2019).

The velocity ranges of high-J CO lines resemble those
detected in CO 6-5 towards the same sources (Fig.2). Self-
absorption features are seen in the CO 11-10 line profiles towards
G351.25+0.7 and G351.77-0.5. In addition, G12.81-0.2 and
G35.20-0.7 have tilted peaks, which could be an indication
of self-absorption. The latter source also shows a sign of self-
absorption in the CO 16-15 line. Other profile asymmetries, in
particular the triangular blue-wing shape of G351.16+0.7, resem-
ble those of high—J CO emission from a photodissociation
region in M17 SW (Pérez-Beaupuits et al. 2015).

For G34.26+0.15, an additional narrow peak is seen at
~38kms~! in both the CO 11-10 and CO 16-15 spectra. This
feature is an artefact due to over-corrected mesospheric CO,
which shows the limitations of the adopted atmospheric model
(see also, Gusdorf et al. 2016).

For G34.40-0.2, the line profiles of high-J CO lines seem
to be shifted by ~1kms™' from the source velocity obtained
from the C'*09-8 line (Fig.1). The uncertainty of the Gaus-
sian fit to the C!30 line is smaller than 0.25kms™!, and thus
cannot account for the observed shift, suggesting that it may be
caused by self-absorption. Small velocity shifts are also present
in the line profiles of other objects, for example G34.26+0.15 and
G351.25+0.7.

We calculated CO line luminosities, Lco, as 47TD2F§O,

where D is the distance to the source (Table 1) and F$© is

the velocity integrated flux in Wm™'. The flux conversion from
Kkms™' to Wm™! followed Eq. (1) in Indriolo et al. (2017).
Figure 3 shows the correlations between Lco and source proper-
ties (Table 1). The significance of the correlations was quantified
by the Pearson correlation coefficient 7, which also depends on
the number of data points N (Marseille et al. 2010).

Both CO 11-10 and CO 16-15 line luminosities show weak
correlations (r of 0.63-0.66) with the clump mass, Mcjump, pri-
marily tracing a cold gas and dust reservoir (Konig et al. 2017).
Stronger correlations (r of 0.85-0.95) are found for the high-J
CO line luminosities and clump bolometric luminosities, Ly, in
line with previous studies using CO 10-9 (see Sect. 4). It is note-
worthy that clumps at different evolutionary stages do not show
any clear trend in Fig. 3, suggesting that similar underlying phys-
ical processes are responsible for high-J CO emission from all
sources in the sample.

In summary, high-J CO emission is detected in high-mass
clumps and correlates most strongly with clump bolometric
luminosity. The line shapes show that high-velocity gas is most
likely associated with the outflows.

3.2. Profile decomposition

We used mid-J (6 < J < 10) CO rare isotopologue lines to sub-
tract the envelope component from the line profiles of CO 11-10
and CO 16-15. This way, we isolated the high-velocity emission
associated with the line wings.

The emission in the line wings is characterised using
a decomposition method which is described in detail in
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Fig. 1. SOFIA line profiles of CO J = 11-10 (black), 1615 (blue), and 13—

12 (bottom right) transitions. All spectra were resampled to a common

spectral resolution of 1.0 kms~!. Black vertical lines show values of Vi (see Table 1). Green horizontal lines show baselines.

Appendix D. Briefly, the decomposition procedure aims to sub-
tract the contribution from the envelope, as traced by rare
isotopologue emission, resulting in the residual outflow compo-
nent (Codella et al. 2004; van der Walt et al. 2007; de Villiers
et al. 2014; Yang et al. 2018a). This method was initially used
for kinematical studies of methanol masers, and subsequently

adopted for low-J CO line profiles. Here, we used the version
described in Yang et al. (2018a), which does not account for
the opacity broadening because the high-J CO lines are likely
optically thin. Rare isotopologue lines are used as a proxy for
the envelope emission; here, depending on data availability and
detection, we used the emission of the C!¥09-8 line for eight

A121, page 5 of 22



Hoang, T. D., et al. 2023: A&A, 679, A121 (2023)

60 - T T |
CO 6-5 G12.81-0.2
40l €O 1110
%)
P 20
—
0 F
15 F
10F CO16-15
5 E
0 :
0 50
Velocity (km/s)
20 b co 6-5 G351.58-0.4
15E co11-10
g 10
m
= 5

o

NON D

60

CO 6-5
CO 1110 (x2)

G351.16+0.7

15 F ' E
10F CO 16-15 (x5) ;
0 W E
0 e I [T ——
-50 0 50
Velocity (km/s)
40 co 6-5 G351.77-0.5 1
CO 11-10

100

-50 0
Velocity (km/s)

—-100

-100
Velocity (km/s)

—150

Fig. 2. SOFIA/GREAT line profiles of the CO 11-10 and 16-15 lines as well as the CO 6-5 line. Source velocities (Vi) are shown with vertical

lines. The lines were smoothed to a common bin of 1.0km s

T~ + r - T r r . T T r T 0.5F L T 1
— osh @ 24d y=110%9x-370:33F 4 ] _ y =1.00+3%8x — 3.54+923 A
3 4 Rb r=0.63 2 oobL r=066 .
S i HI = .
S o0.0f [32ds in i 2
| I i P 1 —0.5} I ’,»’
S -
3 FaE ST T
< -1.0f & . 5 >
DH" /” ; 51_15 -
o —15F ’/’ § E o
. 1 1 i I —-2.0p 1 § 1 I
2.0 2.5 3.0 2.0 2.5 3.0
IOgl() Mclump [Mo] IOglO Mclump [Mo]
. o5F y=071$%x-3.66*314 é/, ] _ 05F  y=081+2%x—-4.3013% J o
3 r=0.85 - 3 oof =09 P
S o0.0f 2] ] a f Rt |
— : - — i,’
| i i I —0.5F Lo
= -0.5F & 1 i © y
8 i ,/’ 8 -1.0p {’ @
3 —-1.0F ,/, ; ] = P
s Pl S-1.5F -
o - o &7
_o _1 5 - ,( 1 _o /”é
=L ¢ -2.0F
3 4 5 6 3 4 5

-1

10910 Lbor [Lo] 10910 Lbor [Lo]

Fig. 3. Line luminosities of CO 11-10 and 16-15, as a function of Mcjmp and Ly . IR-weak (24d) sources are shown with blue circles, IR-bright
(IRb) sources with red triangles, and HII regions (HII) with green squares. The linear regression fit with Markov chain Monte Carlo is shown
with dashed black lines and yellow shades. The linear log-log and Pearson correlation coefficients, r, are presented in each plot. Objects with
self-absorption are shown with an upward arrow, indicating the lower limit for calculated luminosities.

A121, page 6 of 22



Hoang, T. D., et al. 2023: A&A, 679, A121 (2023)

Table 3. Detection of line wing emission in high-J CO lines and their comparison to prior outflow detections.

No. Source C04-3@ Cco6-5® 1B3Cco3-2©

BCO2-1@ S§i02-1© CO11-10" CO13-12¥) CO16-150

G351.16+0.7

G351.25+0.7
G351.44+0.7
G351.58-0.4
G351.77-0.5

v

G12.81-0.2
G14.19-0.2
G13.66-0.6
G14.63-0.6

OO0 I | Nk W=

[N BN
N N NN NN

10 G34.41+0.2
11 G34.26+0.15
12 G34.40-0.2
13 G35.20-0.7

A NN NN NN NN N NG
AN

ANANA NN N NN N NN NN

|
IENENEN ENENENY
SN ENTIENEN ENENENENEN
&

&
AN NG

Notes. The symbols have the following meanings: ‘~’ non-detection, v detections, and ‘..." lack of data or unable to detect. “Based on single
pointing observations from APEX/FLASH* (Navarete et al. 2019). ®’Obtained from CO 6-5 maps using APEX CHAMP* (Navarete et al. 2019).
©Data available only for the sources no. 10-13 in the G34 cloud (Yang et al. 2018a), due to a limited coverage of the CHIMPS survey (Rigby et al.
2016). “@Based on the identification of line wings towards SEDIGISM sources (Yang et al. 2022). “Sources no. 1-5: Mopra molecular lines survey
of ATLASGAL sources (Urquhart et al. 2019); and sources no. 6—13: IRAM 30m follow-up of ATLASGAL sources (Csengeri et al. 2016). " Wing

detection following line decomposition in Sect. 3.2.

sources, the *CO 10-9 line for three sources, the C'806-5
line for one source, and the '*CO 6-5 line for one source (see
Appendix D).

We identified line wing emission in the CO 11-10 line
towards all sources except G13.66—0.6 (Table 3). The wings in
the CO 1615 line are seen only towards eight out of ten sources
with the 30 line detection. Properties and profiles of all wing
emission are shown in Appendix D.

The ubiquity of line wings is consistent with previous detec-
tions of the outflows towards the same sources using lower-J
lines of CO and SiO (Table 3). In particular, all sources from our
sample show line wings in the CO 6-5 line (Navarete et al. 2019).
The non-detection of the CO 11-10 line wing in G13.66—-0.6
could be either due to a low signal-to-noise ratio (S/N; Fig. 1)
or a lack of recent heating of the outflow gas due to shocks
(Karska et al. 2013; Kristensen et al. 2017). The 3CO2-1
wings have only been seen towards G351.77-0.5, G12.81-0.2,
and G14.19-0.2 (Yang et al. 2022) due to limited sensitivity,
illustrating the difficulty in detecting line wings in rare CO
isotopologues (see also, Stephens et al. 2018, 2019). Finally,
SiO 2-1 have been observed towards our sources (Urquhart et al.
2019; Csengeri et al. 2016) and line wings have been detected in
six of them. All the non-detections, in fact, show line wings in
the high-J CO lines (Table 3), indicating that additional factors
play a role in the excitation of SiO and CO lines.

Detecting outflows towards distant star-forming clumps is
often hampered by confusion. Background and foreground
galactic sources along the line of sight might contribute to the
wing emission, which may result in false outflow detections. We
note, however, that the high detection statistics (>60%) of line
wings and the wings’ smooth shapes in our source sample are
very unlikely to be explained by source confusion. The high-J
CO emission is typically well confined to the regions with active
star formation.

In conclusion, our decomposition method results in the esti-
mate of line wing emission towards 12 and eight sources in the
CO 11-10 and CO 16-15 lines, respectively.

3.3. CO line wing emission

Decomposition of the line profiles allowed us to quantify the
amount of high-J CO emission in the line wings, and its
contribution to the entire line profiles. Furthermore, the ratio
of the two CO transitions can be studied as a function of
gas velocity.

The fraction of emission in the line wings of the CO 11-10
transition ranges from ~29 to 73%, whereas the mean fraction
of each evolutionary stage is ~50%, suggesting that there is no
dependence with the source evolution (Fig. 4). The fraction of
emission in CO 16-15 line wings is similar to the CO 11-10 tran-
sition, and ranges from ~28 to 76%. These results are consistent
with the fraction of line wing emission measured towards two
high-mass protostellar objects: AFGL 2591 in both CO 11-10
(~37%) and CO 16-15 (~34%) from van der Wiel et al. (2013),
and W3 IRSS5 in CO 10-9 (~50%) from San José-Garcia et al.
(2016).

The fraction of high-J CO emission has also been esti-
mated for several high-mass YSOs by subtracting the enve-
lope contribution from the total, unresolved line profiles. The
Herschel/HIFI observations of rare isotopologues of CO were
used to constrain models of CO (main isotopologue) emission
arising from envelopes (e.g. Herpin et al. 2012, 2016; Karska
et al. 2014; Jacq et al. 2016). In the case of NGC 7538 IRS],
70-100% of velocity-unresolved CO J = 15-14 emission and 3—
22% of CO J = 22-21 was attributed to the envelope (Karska
et al. 2014). Thus, the contribution of the outflow component was
predicted to increase with the rotational level of the CO line.

The increase in the relative contribution of the wing emis-
sion from Jy, = 11 to 16 was indeed measured for four out
of eight sources in our sample, for which outflow wings are
detected in both CO transitions. The fraction of wing emis-
sion increases from ~42% (CO 11-10) to 50% (CO 16-15) for
G34.26+0.15, from 57% to 68% for G351.16+0.7, from 69% to
76% for G351.44+0.7, and from 62% to 70% for G351.58—-0.4.
The increase is therefore not as sharp as for the CO 15-14 and
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red-shifted emission is shown with red squares, and the blue-shifted emission with blue circles. The dashed horizontal line presents the level above

which CO 16-15 is greater than CO 11-10.

CO 22-21 lines of NGC 7538 IRS1, but consistent with a rising
contribution of wing emission in higher-J lines.

The amount of emission in the wings of higher-J CO lines
allows us to study the gas excitation conditions in the outflowing
gas. Assuming that emission in the line wings is optically thin
and thermalised, the higher CO line ratios would correspond to
higher gas kinetic temperatures, Tyi, (see Sects. 3.4 and 3.5).
Figure 5 shows the observed ratio of CO 16—15 and 11-10 lines
in the red and blue wings as a function of the absolute offset
from the source velocity. The ratio was calculated in steps of
1.0kms™!, avoiding the line centres (+5kms~!), and presented
for channels where the S/N is above 2.
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The ratio of CO 16-15 and CO 11-10 increases as a function
of velocity for at least a few sources, for example, the red wing of
G12.81-0.2, G351.16+0.7, and G351.77-0.5, and the blue wing
of G35.20-0.7 (Fig. 5). In most of those cases, the highest-
velocity emission is stronger in CO 16—15 than in CO 11-10.
Such trends are consistent with similar studies using CO 3-2, 10—
9, and 16-15 towards a sample of low- to high-mass protostars
(see Sect. 4.2).

In summary, we find a lack of correlation between the frac-
tion of high-J CO integrated emission in the line wings and the
clump evolutionary stage. Even so, the fraction increases with
the CO rotational level in half of the sources. The ratio of the
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wing emission in the CO 16—15 and CO 11-10 lines increases
with the offset velocity in several sources.

3.4. Molecular excitation in LTE (full profile + wings)

Detection of at least two CO lines allowed us to determine the
rotational temperature of the outflowing gas detected in the line
wings under the assumption of LTE. For comparisons with pre-
vious studies with Herschel/PACS, the calculations were also
performed for the velocity-integrated line profiles.

Emission line fluxes of CO 11-10 and CO 16-15 were used
to calculate the number of emitting molecules, NV,, for each
molecular transition as follows:

LcoAa

Nu = ]
hcA

ey

where Lco refers to the line luminosity of the CO line at
wavelength 4, A to the FEinstein coefficient, ¢ to the speed
of light, and & to Planck’s constant. We note that for two
sources, G12.81-0.2 and G351.25+0.7, additional observations
of CO 13-12 are included. The number of emitting molecules,
N,, was used instead of column densities, because the size of
the emitting region is unresolved.

The relation between N, and the total number of emitting
molecules, Ny, follows the equation

ln(&)—— Eu +ln( Nio )
Ju Trotky O(Tror) ’

where g, is the statistical weight of the upper level, E, the energy
of the upper level, &, the Boltzmann constant, 7% the rotational
temperature, and Q(T}) the partition function at the temperature
Tiot-

The rotational temperature was calculated from slope b of the
linear fit (y = ax + b) to the data in the natural logarithm units,
Tiot = —1/a. The total number of emitting molecules, N, was
determined from the fit intercept b as follows:

Niot = O(Tyoy) - eXP(b) (3)

Figure 6 shows example Boltzmann diagrams for
G351.25+0.7 and G12.81-0.2, constructed using the velocity-
integrated emission of CO (full profile). Table 4 shows Ty
and N for all sources with at least two CO line detections
separately for the integrated-profile emission and the line wings
(see Sect. 3.2).

The two sources with three CO line detections are charac-
terised by T} of ~170 K using the integrated line emission. The
remaining sources show Ty in the range from ~110 K to 200K,
with a mean of 152 K. Similar temperatures were obtained for
the wing emission tracing outflow gas, with a mean T} of 167 K.
While the wing emission is often responsible for the bulk of the
total emission, hot core emission, with typical temperatures of
~ 100-200 K (Fontani et al. 2007; Taniguchi et al. 2023), might
also contribute to the far-IR emission at the source velocity.

For G34.26+0.15, Ty of ~150K is significantly lower than
365 + 15 K obtained from Herschel/PACS (Karska et al. 2014).
We note, however, that the latter temperature was obtained using
CO lines with J, from 14 to 30, sensitive to both ‘warm’ and
‘hot’ gas components (Karska et al. 2018). If CO transitions with
Ju from 14 to 16 are used instead, T of 244 + 45 K is obtained
(adopting values from Table C.1. in Karska et al. 2014). Even
lower T}y is expected when the CO 11-10 line, tracing a colder
gas component, is used in the calculation, in line with the results

2
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Fig. 6. Rotational diagrams of CO for G12.81-0.2 and G351.25+0.7,
which are based on the observations of full profile CO transitions with
Jy of 11, 13, and 16. The natural logarithm of the number of emitting
molecules from a level u, N, (dimensionless), divided by the degener-
acy of the level, g,, is shown as a function of the upper level energy,
E\/kg, in Kelvins. Detections are shown as blue circles. Dashed orange
lines show linear regression fits to the data; the resulting rotational
temperatures are provided in the plots with the associated errors from
the fit.

Table 4. CO rotational excitation for both the integrated line profiles
and line wings only assuming LTE.

Source Integrated profile Line wings

T (K) 10g 1 ()/Vtol Tt (K) 10g 1 ()Nlot
G351.16+0.7 199 51.7 219 514
G351.25+0.7 172(67) 52.2(0.6) 165(66) 51.8(0.6)
G351.44+0.7 151 52.2 157 52
G351.58-0.4 158 53.6 166 533
G351.77-0.5 177 52.6 177 52.5
G12.81-0.2  168(47) 52.9(0.4) 131(31) 52.8(0.4)
G14.63-0.6 125 51.7 - -
G34.26+0.15 152 53.0 162 52.6
G34.40-0.2 111 52.7 - -
G35.20-0.7 141 52.7 120 52.5

obtained for G34.26+0.15. It is noteworthy that it is essential
to have many CO transitions to determine all of the underlying
physical conditions.

Finally, we note that the ratio of the total number of emitting
molecules (M) in the line wings and the total line profile ranges
from 40% to 79% (Table 4), consistent with the overall fraction
of wing emission (Sect. 3.2). In absolute terms, log;,/Nio ranges
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The models are presented with empty circles, and their colours correspond to a different hydrogen volume density, ny,, between 10* and 107 cm™
At each volume density level, five temperatures — 150, 250, 500, 1000, and 3000 K — were sampled. Observations assuming a beam filling factor of
1 are shown in crosses, while observations assuming a tiny source of 2", which correspond to an extreme case of a small beam filling factor, are

shown with triangles.

from 51.7 to 53.6, consistent with the average 52.4(0.1) + 0.5
measured for high-mass protostars with Herschel/PACS (Karska
et al. 2014).

3.5. Molecular excitation in non-LTE (wings)

Due to relatively low densities in the regions of the ISM where
outflows propagate, the LTE assumption may not hold. Non-LTE
modelling is therefore necessary to determine the physical condi-
tions responsible for the observed line emission. For this study,
we used the well-established code RADEX (van der Tak et al.
2007) to estimate gas temperatures, densities, and CO column
densities, which reproduce the observed line wing emission of
three mid- and high-J CO lines: CO 6-5, 11-10, and 16-15.

We calculated model grids for a range of kinetic tempera-
tures, Tiin, from 150 to 3000 K, H, number densities, ny,, from
103 to 107 cm™3, and CO column densities, N(CO), of 10'°, 107,
and 10'8 cm~2. We assumed H; as the only collision partner, and
a background temperature of 2.73 K. The linewidths of all lines
were fixed at 19kms™!, based on the observations of CO 6-5
(Appendix B and Navarete et al. 2019).

For comparisons of models with observations, we used peak
intensities obtained from RADEX, since the wing emission does
not follow a simple Gaussian; we also converted the observa-
tions from Typ to T, through T = Ty /7. Because we did not
spatially resolve the line emitting regions, we considered two
cases during the computation of the beam filling factor: (i) the
source that fills the entire beam (7 = 1); and (ii) the source size
of 2”7 orp ~ 8 X 1073- 5 x 1072, consistent with the size of a
source in our sample, G34.26+0.15, which was measured from
the Spitzer/IRAC 3.6 um image. The spatial extent of CO 6-5
emission is ~4 times larger than the APEX/CHAMP* beam,
according to previous observations (Navarete et al. 2019).

Figure 7 shows the comparison of non-LTE radiative trans-
fer models with line wing observations of high-J CO lines’
(Sect. 3.2). The ratio of CO 16—15 and CO 11-10 depends on
both Tyin and np,, and shows a spread of 3 orders of magnitude.
On the other hand, the intensity of CO 6-5 is most sensitive to

5 Observations of G351.44+0.7 are not included because we could
not obtain its CO 6-5 line wing due to the lack of '3CO 6-5 opacity
(Appendix D).
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the assumed N(CO), and increases by 2—3 orders of magnitude
between 10'6 and 10'® cm=2. The impact of the assumed beam
filling factor is almost negligible to the CO 16-15 / CO 11-10
ratio.

The models match the observations best for the assumed
CO column densities of 10'7 and 10'® cm™> (Fig. 7). The solu-
tions for temperature and density are degenerate and can be split
into two regimes: (i) a lower-density scenario with ny, of 103-
10*cm™ and Ty, of at least 1000K, and (ii) a high-density,
moderate-temperature scenario with ny, of 10°-10’ cm™ and
Tkin between 150 and 500 K. The ratio of high-J CO lines can
be well reproduced for both considered filling factors in the sce-
nario (ii); the best-matching source size is likely larger than 2"
but depends on the assumed column density. In scenario (i), the
ratio of high-J CO lines can be reproduced for a small fraction
of our sample assuming Ty, of 1000 K. Much higher tempera-
tures would be required to match observations of the majority
of targets. In general, the CO 6-5 peak intensity increases with
gas density: for example, for ny, of 10°cm™ and N(CO) of
10'8 cm™2, models would match the observations assuming the
filling factor of 1, whereas ny, of 10* cm™ and N(CO) of
10'7-10"® cm~2 point at smaller filling factors.

In conclusion, only scenario (ii) can explain the observa-
tions of all targets. The Ty, range in this scenario is also in
better agreement with Ty, estimated under the LTE condition
in Sect. 3.4, and it is consistent with detections of molecular
species excited exclusively in high-density environments towards
other high-mass clumps (e.g. van der Tak et al. 2013, 2019). On
the other hand, scenario (i) requires temperatures in excess of
3000K to explain the observed CO lines (E,, <800 K) at more
than half of our targets; such temperatures are too high even for
the outflows from high-mass stars. Therefore, we prefer the high-
density, moderate-temperature scenario to describe the physical
conditions towards our source sample. We note, however, that
our models constrain only the ranges of temperature and den-
sity, as we cannot fully break the degeneracy between different
models.

To summarise, non-LTE radiative transfer models provide
support to the LTE excitation of high-J CO emission in the high-
mass clumps. The best match with observations was obtained for
gas densities of 105-107 cm™3, Ty, between 150 and 500 K, and
CO column densities of 10'7 and 10'® cm~2. Such conditions are
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consistent with CO excitation in outflows and this is discussed
further in Sect. 4.2.

4. Discussion

High spectral resolution observations from SOFIA/GREAT
allowed us to disentangle dynamical properties of high-J CO
emission towards high-mass star-forming clumps. The excitation
conditions have been studied in the high-velocity gas component
assuming both LTE and non-LTE regimes, supporting the ori-
gin in moderate-temperature, high-density gas associated with
the outflows (Sects. 3.4-3.5). Here, we discuss our results in the
context of previous observations of high-mass protostars with
Herschel and SOFIA.

4.1. High-J CO emission in high-mass clumps

The high-J (J 2 10) CO emission in high-mass star-forming
regions has been attributed to gas cooling of several physical
components, including (i) a warm, dense envelope of central
protostars (Ceccarelli et al. 1996; Doty & Neufeld 1997), (ii)
UV-irradiated outflow cavity walls (Bruderer et al. 2009; San
José-Garcia et al. 2016), (iii) currently shocked gas in the out-
flows (van der Wiel et al. 2013; Karska et al. 2014), and (iv)
photodissociation regions (Lane et al. 1990; Ossenkopf et al.
2010, 2015; Stock et al. 2015). A similarity of CO to H,O, both
in spatial extent and line shapes, supported the scenario of shock
excitation in similar layers composing the outflow cavity walls
(see e.g. San José-Garcia et al. 2016; Kristensen et al. 2017; van
Dishoeck et al. 2021).

Broad line profiles of high-J CO lines provide a solid
evidence of the outflow origin of a part of CO emission in high-
mass clumps from the ATLASGAL survey (Sect. 3.1, see also
San José-Garcia et al. 2013; Indriolo et al. 2017). It is noteworthy
that the fraction of CO emission in the line wings with respect to
the total line emission is not sensitive to the evolutionary stage of
the clumps (Sect. 3.3). In fact, a significant fraction of CO 11-10
is detected in the line wings of clumps at very early evolutionary
stages (up to 76%, Sect. 3.3).

The signposts of outflow activity in the IR-weak clumps
are in agreement with the ubiquitous detection of broad line
wings in the SiO 2-1 line towards ATLASGAL sources span-
ning all evolutionary stages, including 25% of IR-quiet clumps
(Csengeri et al. 2016). Molecular outflows are indeed also com-
monly detected towards 70 um dark clumps using other tracers
(Urquhart et al. 2022; Yang et al. 2022).

The integrated high-J CO emission shows a strong corre-
lation with the clump bolometric luminosity (Sect. 3.1). The
correlation extends even to low- and intermediate-mass proto-
stars (Fig. 8), suggesting a similar physical mechanism operating
over a few orders of magnitude different spatial scales. In deeply
embedded low-mass objects, Lo, is dominated by accretion
luminosity, which in turn is closely related to the amount of mass
ejected in the outflows (Frank et al. 2014). Thus, the tight corre-
lation of high-J CO emission with L, for ATLASGAL clumps
suggests an equally high contribution of accretion luminosity in
high-mass regions.

The velocity-resolved SOFIA spectra provide strong support
for an origin of the bulk high-J CO emission in outflows, dur-
ing all evolutionary stages of high-mass clumps. The correlation
of CO line fluxes with bolometric luminosity suggest common
physical conditions and processes leading to high-J CO emission
from low- to high-mass star-forming regions.
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Fig. 8. Velocity-integrated CO line luminosity of 11-10 and 1615 tran-
sitions versus source bolometric luminosity from low- to high-mass
star-forming regions. The dashed lines show a linear fit obtained using
only the sources from our study, which are shown in blue empty cir-
cles. Blue stars show observations of other high-mass protostars from
Karska et al. (2014), Indriolo et al. (2017), and KaZmierczak-Barthel
et al. (2014); orange squares present emission from intermediate-mass
objects (Matuszak et al. 2015); and red triangles show data for Class 0
protostars (Kristensen et al. 2017).

4.2. Excitation conditions

Observations of multiple CO lines allow one to study gas exci-
tation across various source properties and evolutionary stages.
In combination with other far-IR lines, they also constrain the
properties of shocks responsible for the emission in broad line
wings of high-J CO lines.

The rotational temperatures in the high-velocity gas in the
ATLASGAL clumps range from ~120K to 219K, and are
similar to the temperatures obtained from the full line pro-
files (Sect. 3.4). Five IR-bright clumps show a mean T, of
169 + 30 K, whereas two HII clumps are characterised by T
of 147 + 16 K. Thus, a possible decrease in the gas temperature
in the outflows as the clumps evolve might be present, but for the
sources in our sample the difference is not significant.

Rotational temperatures of ~200-210 K, consistent with our
measurements, have been estimated in the line wings of the
high-mass protostar DR21(OH) assuming LTE (Leurini et al.
2015). Non-LTE modelling of multiple CO lines indicated i,
of 60-200 K in the outflow gas component of another high-mass
source, AFGL 2591 (van der Wiel et al. 2013). In W3 IRSS5, exci-
tation temperatures of ~100-210 K were measured in a range of
CO 10-9 and 3-2 lines’ velocities covered by an outflow in this
region (from 5 to 20km s™'), with the highest temperatures cor-
responding to the highest velocities (San José-Garcia et al. 2013).
A similar trend of increasing gas temperature with velocity was
also clearly detected in the outflow wing emission from ATLAS-
GAL clumps observed with SOFIA/GREAT (Sect. 3.3), and in
the SiO survey of ~430 clumps observed with the IRAM 30 m
telescope (Csengeri et al. 2016).

Comparisons of gas excitation using high-J CO lines can
be extended to a larger number of sources once the emission
in the full line profiles is considered. The velocity-integrated
Herschel/PACS detections of CO transitions from J, of 14
to 30 towards ten high-mass protostars provided an average
Tt of ~300(23)+60K (Karska et al. 2014). Protostars with
detections of higher-J lines were generally characterised by a
higher Ty, suggesting the possible presence of an additional
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Table 5. CO rotational excitation determined from integrated line
profiles towards high-mass objects.

Source T:ot(K)  Reference

NGC 7538 IRS1@ 160(10)  Karska et al. (2014)

AFGL 2591 130(5) Kazmierczak-Barthel et al. (2014)
W49N @) 220(20)  Indriolo et al. (2017)

Orion S 145(5) Indriolo et al. (2017)

Orion KL 180(25) Indriolo et al. (2017)

Sgr B2(M) 140(20)  Indriolo et al. (2017)

G12.81-0.2 168(47)  This work

G351.25+0.7 172(67)  This work

ATLASGAL (all)©  111-199  This work

Notes. Rotational temperatures obtained from the integrated line pro-
files of CO transitions with J, of 11, 13, and 16. ’Calculation using
CO lines with J, from 14 to 17. ®Calculation using CO lines with J,
from 14 to 16. “Based only on CO 11-10 and CO 16-15 detections, see
Sect. 3.3.

Tt 2 700K gas component detected towards low-mass proto-
stars that appears to be ‘hidden’ in their high-mass counterparts,
possibly due to the a small beam filling factor of such emission
and/or optically thick continuum emission (Manoj et al. 2013;
Green et al. 2013; Karska et al. 2013, 2018). Clearly, any com-
parisons of Ty should consider the similar J levels for their
calculation (Sect. 3.4, and e.g. Neufeld 2012; Jiménez-Donaire
et al. 2017; Yang et al. 2018b).

Table 5 compares T, measurements for several high-mass
protostars with the data of the same or similar CO transitions to
our SOFTIA/GREAT survey (Sect. 3.4). All sources with at least
three observed transitions show T from 130 K to 220 K, consis-
tent with the values determined for ATLASGAL clumps and hot
cores. The relatively narrow range of Ty is qualitatively simi-
lar to that of the universal ‘warm’, ~300 K gas component based
on CO 14-13 to 25-24 transitions towards low-, intermediate-,
and high-mass protostars (Karska et al. 2014, 2018; Matuszak
et al. 2015; van Dishoeck et al. 2021). The CO 11-10 transition
in low-mass protostars is typically associated with a ‘cool’ gas
component with 7Ty, ~100K (e.g. Yang et al. 2018b), and its
inclusion in the fit causes the lower values of T (< 300 K).

The CO rotational temperature depends on the gas density
and kinetic temperature, and it can be characterised with both
(1) low-density, high-temperature (Neufeld 2012; Manoj et al.
2013; Yang et al. 2018b) and (ii) high-density, low-temperature
regimes (Karska et al. 2013, 2018; Green et al. 2013; Kristensen
et al. 2017). The first scenario requires ny, ~10° cm™ and Ty, 2
2000K, and has the advantage of reproducing the positive cur-
vature of the CO diagrams over a broad range of energy levels
(Neufeld 2012). In contrast, the second scenario accounts for
the similarity of J > 14 CO and H,O emission most evidently
seen in low-mass protostars with high-densities required for HO
excitation (Karska et al. 2013; van Dishoeck et al. 2021).

Non-LTE modelling of massive clumps provides strong sup-
port for a high-density scenario of CO excitation (Sect. 3.5).
In the regime of moderate gas temperatures (7, from 150 to
500 K), gas densities of 10°-107 cm™> match the data best. Such
physical conditions are fully consistent with the modelling of
high-J CO and H,O emission towards high-mass protostars (San
José-Garcfa et al. 2016; van Dishoeck et al. 2021). They are also
comparable to the physical conditions determined in the jet, ter-
minal shock, and cavities of the intermediate-mass protostar Cep
E (Lefloch et al. 2015).
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The underlying mechanism behind the highly excited CO gas
has been investigated for both Cep E and its high-mass counter-
part Cep A. Detailed comparisons of CO, in combination with
[O I] and OH, suggest that the origin is in dissociative or UV-
irradiated shock models with pre-shock densities above 10° cm™3
(Gusdorf et al. 2016, 2017). Assuming a compression factor of
~100, typical for dissociative shocks (Karska et al. 2013), such
models would also be in agreement with radiative-transfer mod-
elling for high-mass clumps (Sect. 3.5). However, a fraction
of high-J CO emission detected at source velocity could also
originate from the central hot core.

5. Conclusions

We have characterised the SOFIA/GREAT line profiles observed
towards 13 high-mass protostars selected from the ATLASGAL
survey, which significantly increases the number of high-mass
objects that have velocity-resolved high-J CO lines. The velocity
information enabled us to quantify the line components and the
properties of their emitting sources. We summarise and draw the
following conclusions:

— CO 11-10 emission was detected towards all of the sources,
as early as the 24d stage. Ten out of 13 clumps also show
a clear detection of CO 16—15. Additionally, CO 13—-12 was
detected towards two sources. The lines exhibit broad line
wing emission typical for outflows from YSOs;

— We detected wing emission in the CO 11-10 line from
12 clumps and in the CO 16-15 line from eight clumps,
implying that the highly excited CO lines originate in out-
flows. The wing fraction is similar for all clump evolutionary
stages. On the other hand, we found no signatures of high-
velocity gas (i.e. bullets) in the far-IR spectra;

— Under the LTE assumption, we found 7Ty, of 110-200 K
for the entire line profiles and 120-220K for the wing
component. Such temperatures are in agreement with gas
densities of 10°~107 cm~3, moderate temperatures of 150 K
and 500 K, and CO column densities of 10'7 and 10!8 cm™2
obtained from the non-LTE models;

— Significant correlations between high-J/ CO emission and
bolometric luminosities suggest similar underlying physical
processes and conditions across all evolutionary stages of
high-mass clumps. The correlation also extends to low-mass
protostars, where high-J CO emission originate in outflow
shocks, consistent with our study.

High angular resolution maps of high-mass clumps would be
necessary to better characterise the physical structure of the
regions with strong high-J CO emission and spatially disentan-
gle outflows and hot cores (Goicoechea et al. 2015). The MIRI
instrument on board the James Webb Space Telescope could pin-
point the spatial extent of shocked gas in high-mass star-forming
clumps.
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Appendix A: Spatial extent of line emission

For four sources, the GREAT/LFA provided additional
CO 16-15 spectra towards six positions that are at 31”.8
(Risacher et al. 2018) from the source centre. We detected no
extended emission towards G34.40—0.2 and G35.20-0.7. On
the other hand, G34.41+0.2 and G34.26+0.15 show a weak line
emission at one offset position each (Fig. A.1). For G34.41+0.2,
we found similar line intensity peaks at the central and extended
positions. However, G34.26+0.15 shows ~5 times weaker emis-
sion at the offset positions than in the centre. At both objects, we
observed no signs of line wing emission at the offset positions.

1 T T T T

Off. —31.4" —-2.8" G34.41+0.2
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Fig. A.1: Spectra of the CO 1615 emission arising from extended posi-
tions away from source centres. The offsets in right ascension and
declination are shown in each spectrum. Black vertical lines mark the
position of V. Baselines are shown with green horizontal lines. The

spectra were smoothed to 1.0kms™'.
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Appendix B: Line parameters for emission at
central position

Table B.1 presents peak and integrated intensities, and line lumi-
nosities of the high-J CO lines. Table B.2 shows results of the
multiple Gaussian fit for sources with self-absorption.
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Table B.1: Line properties of CO lines at different rotational transitions: J=11-10 and 16-15.
CO11-10 CO13-12 CO 16-15
No. Source P Sint @ L P Sint® L P Sint© L
(K)  (Kkms™) (Lo) (K)  (Kkms™) (Lo) (K)  (Kkms™) (Lo)
1 G351.16+0.7 5.0 582(0.3) 6.7x1072 - - - 2.4 37.7(0.6) 6.7 x 1072
2 G351.25+0.7 | 345 2385(1.2) 2.8x107' | 144 924(0.8) 13x107" | 156 98.1(1.3) 1.7x107!
3 G351.44+0.7 | 1.0  148.1(1.1) 1.7x 107! - - - 3.0 51.9(1.2) 9.2x1072
4 G351.58-0.4 | 5.7 95.7(1.4) 4.2 % 10° - - - 1.8 37.3(1.6) 2.5%x10°
5 G351.77-0.5 | 189 465.8(2.5) 5.4x 107! - — - 10.0 2373(1.8) 4.2x107!
6 G12.81-02 21.6  265.8(1.1) 12x10° [ 126 1262(1.6) 6.8x10T | 13.8 108.2(14) 7.7x 107"
7 G14.19-0.2 0.4 4.0(0.2) 2.6 x 1072 - - - - - -
8 G13.66-0.6 1.2 7.0(0.7) 9.7x 1072 - - - - - -
9 G14.63-0.6 3.6 25.5(0.6) 3.9x107? - - - 0.6 5.2(1.0) 1.2x 1072
10 G34.41+0.2 2.5 20.1(1.6) 15x107T - - - - - -
11 G34.26+0.15 | 18.6 172.1(1.9) 9.1x 107! - - - 5.5 60.9(1.6) 5.9x107!
12 G34.40-0.2 5.4 48.7(1.3) 2.6x107! - - - 1.3 6.7(0.9) 6.5% 1072
13 G35.20-0.7 13.1  140.3(1.8) 4.3 x 107! - — - 3.9 40.7(1.1) 23 x 107!
Notes. “>The numbers within brackets represent the statistical uncertainty of the integrated intensity.
Table B.2: Results of multiple Gaussian decomposition for the CO 6-5, 11-10, and 16—15 lines with self-absorption.
First component Second component Third component
No. Source Vcenlral FWHM Tpeak Vcentral FWHM Tpeak Vcentral FWHM Tpeak
(kms™) kmsH (K) | kms!H (kms!H (K | (kms!) (kms) (K)
CO6-5

1 G351.16+0.7 -5.4 9.0 46.3 -8.5 22.7 18.7 - - -

2 G351.58-0.4 -95.4 10.2 19.2 -98.9 32.0 6.1 - - -

3 G351.77-0.5 -1.2 12.1 27.6 -2.8 33.6 16.1 -14.1 77.0 5.5

4 G12.81-0.2 50.0 8.6 4.9 34.6 10.8 36.7 37.0 12.8 42.6

5 G34.26+0.15 58.2 8.2 73.3 57.9 20.6 7.0 73.0 39.9 2.2

6 G34.40-0.2 58.0 6.3 19.0 55.2 12.3 73 60.0 12.4 10.9

7 G35.20-0.7 34.7 10.3 38.3 47.5 11.1 1.7 29.8 19.0 12.2

CO 11-10
1 G351.25+0.7 -6.3 3.7 5.9 -1.9 5.0 50.8 -0.5 21.5 24
2 G351.77-0.5 -2.6 7.9 8.6 -0.3 19.4 8.3 -6.8 56.4 3.9
CO 16-15
1 G35.20-0.7 34.7 4.8 5.0 [ 354 17.9 1.5 [ - - -

Appendix C: Full velocity spectra at central
position

Figure C.1 and C.2 present the CO 11-10 and CO 1615 spectra
from Section 3.1, but covering a velocity range of +150kms™!.
The spectra illustrate a lack of EHV emission or any other sig-
nificant high-velocity gas components towards the high-mass
clumps. A 2-o feature at -125km s~ appears to be tentatively
detected towards G351.77—0.5, which is known to drive multi-
ple outflows associated with EHV gas detected in CO2 — 1 and
6 — 5 (Leurini et al. 2009). It is noteworthy that the EHV gas
component was exclusively detected towards the outflow posi-
tions of G351.77-0.5, and absent from the on-source spectra
(Leurini et al. 2009), consistent with observations towards an
intermediate-mass protostar Cep E (Gémez-Ruiz et al. 2012;
Lefloch et al. 2015; Gusdorf et al. 2017). Thus, we do not
consider this feature as real.
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Fig. C.1: CO 11-10 spectra on a 300 km s~! window, in which source velocities were shifted to 0 km s~

Horizontal dashed lines present the zero intensity level.
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Appendix D: Details of the profile decomposition
method

Appendix D.1: Line wing emission in high-J CO lines

Assuming that the high-J CO lines are optically thin, the detailed

steps to identify wing emission are as follows:

(1) Scale the isotopologue line that is used as a proxy for enve-
lope emission (called proxy line hereafter) to the height of
the high-J CO profiles (see Fig. D.1, top). Table D.2 presents
the envelope tracer used for each source.

(2) Fit a Gaussian to the peak of the scaled proxy line (see
Fig. D.1, middle) and use it as a model for the envelope emis-
sion. In some cases, proxy lines have non-Gaussian shapes
with additional wing features. The Gaussian fit helps remove
contamination from the wing emission. The fit is iterated
following van der Walt et al. (2007), with high velocity
channels being gradually removed until a reasonable fit is
obtained with a significant improvement of reduced-y?.

(3) Shift the envelope model to the velocity of the high-J
CO peaks. This step is skipped for the CO 11-10 line of
G12.81-0.2 and G035.20-0.7 as their line peaks are tilted,
suggesting that a part of the line profile is attenuated.

(4) Subtract the envelope model from the high-J CO profiles
(see Fig.D.1, bottom), leaving wing emission in the resid-
ual. If the residual shows significant emission above three
times the spectral noise, a wing detection is confirmed.
Properties of line wing emission are presented in Table D.3.

From step (2), the Gaussian fit to the scaled proxy lines pro-

vides source radial velocities, Vis. Although Vi, was previously

determined with other tracers (e.g. C!70 3-2 in Giannetti et al.

(2014)), low opacity proxy lines provide more reliable estima-

tions as they probe the central gas envelope thoroughly.

The use of different envelope tracers in Table D.2 could
pose a bias on the extracted outflow emission. To assess this
issue, we decomposed the CO 11-10 line of G351.16+0.7 using
all four envelope tracers (see Fig.D.3). Table D.l shows that
wings extracted by using the C'80 lines and the '*CO 10-9 agree
well with each other with differences less than 10%. Using the
13C0O 6-5 line, however, returns much less wing emission. The
mid-J *CO line might have a higher opacity than the others,
and thus having a wider width and smaller wing component at
the CO 11-10 line. For this work, we used '*CO 6-5 for only
one source. Therefore, the bias has been minimised. In fact,
wing emission derived for that sources is a lower limit for the
actual outflow emission, thereby the wing detection statistics is
not affected.

Table D.1: Line wing emission of CO11-10 towards G351.16+0.7
using various envelope tracers.

Transition Sint @ Té’i‘;i T;z‘;k
(Kkms™") (K) (K)
CR09-8 33.9 1.9 2.4
C806-5 354 (4%) 190%) 2.6 (8%)
BCO10-9 32.5(4%) 1.8 (5%) 2.2 (8%)
BCO6-5 235B1%) 1.701%) 1.1 (54%)

Notes. Numbers inside brackets show the difference with respect to
wing parameters obtained using the C'09-8 transition (top row).
@Total integrated intensity of both blue and red wings.

To extract wing emission from self-absorbed lines, we need
an adjusted approach (Fig D.2). The line peak is underestimated
because the emission is absorbed by cooler gas in front of the
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Fig. D.1: Wing extraction steps for an example high-J CO line from top
to bottom.

bulk emission. To recover the line peak, we fitted a multiple-
Gaussian profile to the line with the absorbed parts being masked
out. The fitting process was adopted from Navarete et al. (2019).
At first, a single Gaussian was fit to the full profiles. A second
component was added if there was significant emission above 30
in the residual. Subsequently, a third Gaussian would be added if
the residual still showed emission. The fit was set to not adding
further Gaussian component after the third one. Results of the
multiple-Gaussian fit are shown in Table B.2. Adopting the fit
peak, we could carry out line decomposition following the four
steps above. In step (3), the envelope model was shifted to the
velocity of the fit peak.

Appendix D.2: Wing emission in CO 6-5

Navarete et al. (2019) found broad components associated with
outflows on CO6-5 lines of our sources. For this study, we
attempted to extract wing emission from the CO 6-5 line of seven
sources in our sample (Table D.3) by applying the decomposition
method in (Yang et al. 2022) (see Fig. D.8). This method is simi-
lar to the decomposition method we used for the high-J CO lines,
but an additional step was added after step (2) to account for the
opacity broadening effect of the optically thick CO 6-5.
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Table D.2: Tracers of dense gas envelopes at each region.

Source CB09-8

BCo10-9 CBo6-5 CO6-5

G351.16+0.7
G351.25+0.7
G351.44+0.7
G351.58-0.4
G351.77-0.5

SN EEENENENEN

G12.81-0.2
G14.19-0.2
G13.66-0.6
G14.63-0.6

EN

O 00 1 O\ W W N
S = |z

G34.41+0.2

G34.26+0.15
G34.40-0.2 v
G35.20-0.7 v

ok
W N =
<

N CO11-10 " G351.77-0.5
mul. Gauss. fit

env. model
residual

15F —---

=25 0 25 50 75

Velocity [km s71]

1 1 1 1
-100 -75 =50 100

Fig. D.2: Line wing extraction for a self-absorption line in which the
line peak was determined from a multiple Gaussian fit.

3.0

— C*®09-8
25F -~ C®06-5
3C010-9

i CO11-10

! Lt
-20 -10

Velocity [km s71]

1 1
-40 -30

Fig. D.3: CO 11-10 wing emission of G351.16+0.7 obtained by using
different envelope tracers.

To correct for the opacity broadening, one needs to derive
opacity in each frequency channel:

- VO)Z)

o2 (D.1)

T, = To X eXp (—

where 1 and v, are the central opacity and line frequency, and o
is the gas intrinsic velocity dispersion, namely, the FWHM of the
Gaussian fit to the scaled proxy line. The CO 6-5 central opac-
ity was estimated by multiplying the optical depth of '3CO 6-5
(Dat et al., in preparation) with the abundance ratio of '>CO rela-
tive to 1*CO, Xuco,13c0, Which was calculated using the galactic
radius relation derived in Giannetti et al. (2014) and the galac-
tic distance. The broaden line, which can be used as a model for
the envelope emission, then, could be obtained by the radiative

transfer equation:

Ty = [Fy(Tex) = Fy(Tog)] X [1 = exp(=T,)], (D.2)

where F,(T) = exp(hh:%’ and T and Ty are the exci-
tation and background temperature, respectively. The term
[Jy(Tex)=J,(Tvg)] was directly obtained from the peak of the
Gaussian fit to the scaled proxy line.

The very high optical depths of the CO 6-5 line (up to 122)
result in broad lines with flat peaks (see Fig. D.8, middle). Such
line profiles are not seen in observed spectra, which suggests that
our envelope models are not perfect. However, the wing emission
retained after subtracting such envelope models from the full line
profiles can still serve as a lower limit for the outflow emission.
In total, we could determine CO 6-5 wing emission for all seven
sources.
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Fig. D.5: CO 13-12 wing emission (dashed red profile). The colour-coding and line styles are the same as in Fig. D.4.
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Fig. D.6: CO 1615 wing emission (dashed red profile). The colour-coding and line styles are the same as in Fig. D.4.
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Fig. D.8: Wing extraction steps for the CO 6-5 line of G351.16+0.7 from left to right (see Appendix D).

Table D.3: Line wing emission in the CO 11-10, 16-15, 13-12, and 6-5 line.

Blue wing Red wing
No. Source Vrange Tpeak N int Vrange Tpeak N int
(kms™h) (K) (Kkms™) | kms™) (K) (Kkms™)

CO 11-10
1 G351.1640.7 [-32,-6] 2.1 23.7 [-5, 8] 1.6 94
2 G351.25+0.7 [-47, -5] 12.1 44.9 [0, 33] 9.1 43.6
3 G351.44+0.7 [-43, -5] 59 60.4 [-3, 21] 6.3 41.7
4 G351.58-0.4 | [-137,-96] 2.8 41.4 [-93,-68] 1.7 18.0
5 G351.77-0.5 [-81, -3] 9.1 171.4 [0, 76] 9.9 154.3
6 G12.81-0.2 [-1, 34] 111 59.1 [36, 65] 9.9 81.4
7 G14.19-0.2 [21, 38] 0.2 1.4 [40, 54] 0.3 1.5
8 G14.63-0.6 [2, 18] 0.6 39 [20, 30] 0.8 3.6
9 G34.41+0.2 [28, 58] 0.9 11.2 - - -
10  G34.26+0.15 [41, 56] 2.8 19.6 [57, 98] 4.4 53.1
11 G34.40-0.2 [30, 57] 1.9 14.5 [58, 75] 23 13.3
12 G35.20-0.7 [-8, 31] 2.3 234 [35, 58] 9.0 49.5

CO 16-15
1 G351.16+0.7 [-31, -8] 1.4 13.9 [-7,20] 1.5 11.7
2 G351.25+0.7 [-28, -1] 24 15.2 [0, 47] 1.3 18.0
3 G351.44+0.7 [-36, -7] 1.7 23.7 [-5, 14] 2.2 15.9
4 G351.58-0.4 | [-119, -97] 1.1 14.1 [-93,-72] 1.3 12.0
5 G351.77-0.5 [-89, -4] 4.1 77.1 [-1,93] 4.1 89.0
6 G12.81-0.2 [23, 34] 2.5 10.9 [38, 81] 2.0 19.0
7 G34.26+0.15 [40, 58] 1.6 14.5 [61, 88] 1.3 159
8 G35.20-0.7 [20, 32] 0.8 5.2 [37, 50] 1.3 7.8

CO 13-12
1 G351.25+0.7 [-11,-2] 6.3 23.7 [0, 12] 2.0 8.0
2 G12.81-0.2 [20, 35] 3.7 21.0 [35, 57] 34 29.7

CO6-5

1 G351.16+0.7 [-68, -12] 19.8 174.7 [-1, 26] 19.7 111.8
2 G351.25+0.7 [-53,-8] 22.6 114.9 [2, 47] 16.6 143.8
3 G351.58-0.4 [-150,-103] 6.7 85.6 [-88,-56] 5.2 453
4 G351.77-0.5 [-98, -12] 16.9 371.2 [6, 98] 19.1 289.8
5 G12.81-0.2 [9, 27] 7.2 27.5 [41, 68] 25.4 170.3
6 G34.26+0.15 [2, 51] 7.0 54.1 [65, 129] 8.8 108.4
7 G35.20-0.7 [-8, 27] 11.6 91.0 [40, 68] 11.2 69.1
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Notes. Vi is the velocity range of line wing. Theq and Sy are peak and integrated intensity of the line wing emission, respectively.
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