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Abstract
by Hans Nguyen

for the degree of

Doctor rerum naturalium

High-mass stars (>8M⊙ ) are not as numerous as their less massive counterparts but
have a much more profound impact on their environment within their native galaxies.
They inject a large amount of energy into the interstellar medium (ISM) and enrich
their surroundings with heavy elements that in turn play a role in the star formation
process. Despite their importance, our understanding of their formation process is
not as developed as that of low-mass stars. This thesis focuses on studying tracers
of high-mass star formation, as by developing an understanding of the environments
and conditions of the birthplaces of these massive objects, we can better understand
high-mass stars and their impact on their surroundings. In particular, we use data
obtained as part of the GLObal view on STAR formation (GLOSTAR) survey using
the Karl G. Jansky Very Large Array (VLA) to complete these studies.

The term massive young stellar object (MYSO) has been used to describe a wide
range of evolutionary stages. They start as objects that are still deeply embedded in
their parental dense molecular cloud core and can be detected through the use of near-
infrared (NIR) photometry. As they develop, they start to ionise their surroundings
and eventually form into compact Hii regions (for which we use radio data to detect
in this thesis). The Hii region phase, gives a clear indication that, in particular, ‘high-
mass’ star formation has recently occurred.The first topic on this thesis investigates
the presence of YSOs with Hii regions detected with centimetre radio wavelength data
as it is unknown how many of the NIR identified YSOs trace Hii regions. We provide
a census of this inside the region known as the central molecular zone (CMZ) as the
unique conditions in the CMZ make for an interesting laboratory to study high-mass
star formation in an extreme environment. Our results show that the majority of these
NIR-identified YSOs lack VLA radio counterparts. This suggests that these sources
may not be sufficiently evolved to feature signs of Hii regions. However, we find that
since most of these sources also lack dust emission, it is more likely that they are older
and have dispersed their natal clouds.

The 6.7 GHz methanol (CH3OH) maser has been shown to be an exclusive tracer of
the earliest stages of high-mass star formation. A census of 6.7 GHz CH3OH masers can
be used to compile a complete sample of the birthplaces of high-mass stars within our
Galaxy. Many surveys have been conducted to obtain such a sample. With the upgrades
to the VLA, GLOSTAR can provide the most sensitive unbiased survey of 6.7 GHz
CH3OH masers to date. As part of this thesis, we produce a catalogue within the region
covered by −2◦ to 60◦ in Galactic longitude and ±1◦ in Galactic latitudes using the



VLA D-configuration data. Due to the improved sensitivity of the GLOSTAR survey,
we are able to detect many new masers which we use to study the environments of early
high-mass star formation by using ancillary dust continuum and radio continuum data.
In comparing with ATLASGAL 870µm compact source catalogue, we find that the
newly detected masers are more likely to be associated with less massive stars. From
the radio continuum data, by comparing the radio source and maser flux distributions,
we find no correlation with respect to angular offset, suggesting that the maser and
radio source are powered by unrelated mechanisms.

The data taken for GLOSTAR using the VLA is obtained in two configurations
of the array, both D-configuration and B-configuration which were observed in two
separate epochs. The higher resolution of the B-configuration allows for the distinction
of multiple masers from a given maser in the D-configuration and provides better
positional accuracy of the maser. Additionally, the access to two epochs of observations
allows us to study the time variability of the maser emission. We produce a catalogue for
the pilot region of GLOSTAR with improved positions for the 6.7GHz methanol masers.
We also compared the brightness variation for the main velocity peaks between the D-
configuration and B-configuration observations and produce a catalogue of potential
variable masers.
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Chapter 1

Introduction

Overview

When we grow up and first learn about the world and what it is made of, we are often
taught that everything is made up of molecules and atoms. As we delve deeper into
the subject, we learn that even they are made up of constituents such as electrons
and protons. Analogously, stars can be thought of as the building blocks of galaxies
and that their properties and evolution have a direct influence on their host galaxies.
As such, it is imperative that we understand how stars form as this will help address
long-standing questions regarding our own origin and that of the Universe.

High-mass stars in particular, despite being far less numerous than their lower-
mass counterparts, are extremely important to these studies as they impact their host
galaxies physically, chemically, and morphologically. They provide both the energies
and environments capable of creating the heavy elements seen in the Universe that are
part of the molecules capable of creating life. However, in contrast to low-mass stars,
the process of their formation is not as well understood. There are some difficulties
that contribute to this, one of them being the very fact that they are more massive.
Massive stars evolve on shorter timescales and can stay deeply embedded in their natal
environment, where the high dust content makes them invisible at visual, near-infrared
(NIR), and even shorter wavelengths. Regions undergoing massive star formation are
often more distant, requiring instruments with sufficient sensitivity and angular reso-
lution. Furthermore, they tend to form in clusters which can make the interpretation
of the observational data more difficult.

To study them, we observe snapshots of many star forming regions using different
tracers/wavelengths in order to obtain a census of the different evolutionary stages
in a star’s life. Due to the embedded nature of these early high-mass star forming
regions, we need to go to wavelengths like the infrared, submillimetre, and radio, that
can penetrate the obscuring dust. This thesis aims to contribute to this study by
finding and investigating certain tracers of high-mass star formation (HMSF). In this
way, information on the physical conditions of the birthplaces of high-mass stars can
be obtained. The following sections give the background needed on high-mass stars
to appreciate the scientific content of this thesis. In particular, description of 6.7 GHz
methanol masers, massive young stellar objects, and Hii regions are given in this chapter
as they are the main objects of interest used in this work.



2 Chapter 1. Introduction

1.1 Star formation

The birthplaces of stars are situated in the dense regions of the interstellar medium
(ISM) known as giant molecular clouds (GMCs) with typical sizes and masses of
∼ 2 − 100 parsecs and ∼ 104 − 106 M⊙ respectively (Larson 2003). These clouds have
typical molecular hydrogen densities of nH2 ∼ 20 cm−3 and within these clouds, clumps
with higher densities are found (nH2 ∼ 103 cm−3, Larson 2003) to collapse, and under
certain conditions give rise to stars. These stars burn their nuclear fuel, thus synthe-
sising heavier elements, and eventually re-inject this matter and energy back into their
surroundings and potentially repeating the cycle. However, depending on how much
mass the star had at its birth, the physical processes and consequences of this cycle can
greatly differ. In particular, high-mass stars (e.g., M ≥ 8M⊙) directly influence the
evolution of their host galaxies via many astrophysical processes. Their UV radiation
ionises the surrounding molecular clouds and they inject a large amount of energy and
momentum into the ISM, driving strong shocks, thereby providing an important source
of mixing and turbulence into the ISM (Zinnecker & Yorke 2007). This can directly
affect future generations of stars by either promoting the collapse of molecular clouds
or disrupting them (e.g., Urquhart et al. 2007; Deharveng et al. 2010; Thompson et al.
2012). High-mass stars also enrich their surroundings with heavy elements that in turn
play a role in the star formation process as well as the chemical evolution of galaxies
(Motte et al. 2018).

Understanding the processes involved in the formation of high-mass stars remains
a challenge in modern astronomy. High-mass stars evolve quickly and thus their early
evolutionary stages are short-lived. They are also less numerous than their lower-mass
counterparts, making them harder to find and observe. They form in clusters and begin
their nuclear fusion processes while still deeply embedded in their natal environments,
that is even before they have finished accreting their final mass and reach the main
sequence. The high dust content of this environment at this stage makes them invisible
at near-infrared and shorter wavelengths. One of the central questions is whether high-
mass star formation is a scaled-up version of the low-mass star formation process, or if
it follows a different path altogether.

1.1.1 Low-mass star formation

Stars that have masses ≤ 8M⊙ are considered to be ‘low-mass’ and in comparison to
their ‘high-mass’ siblings, are expected to live for billions of years. While they only
have a fraction of the mass and luminosity of their counterparts, they are by far, more
numerous, dominating the mass allocation for a given galaxy as can be seen when
looking at the distribution of the masses of stars, which is described by the initial mass
function (IMF; Salpeter 1955; Kroupa 2001). They end their lives by ejecting their
outer shells as planetary nebulae leaving behind a remnant white dwarf.
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We can quantify their long lifespan by looking at the Kelvin–Helmholtz (tKH) and
free-fall (tff ) timescales. The free-fall timescale is the time required for a dense part
of a molecular cloud, a “core”, to collapse under the influence of only its own gravity.
It is given by,

tff =

(
3π

32Gρ

)1/2

(1.1)

(Spitzer 1978), where G is the gravitational constant and ρ is the density of the gas.
This defines the formation timescale of a star where the mass of its starting gas core
surpasses its Jeans mass or the equivalent mass at which gravity will overcome gas
pressure and the core begins to collapse. This mass is given by

MJeans ≃ 1.1M⊙

[
Tgas

10K

]3/2 [ ρ

10−19 g cm−3

]−1/2

. (1.2)

For a typical core with a volume density of 105 cm−3 (Lada 1999), this corresponds to
a free-fall time ∼ 105 years. On the other hand, the Kelvin–Helmholtz timescale is the
time required for a star to radiate its current gravitational binding energy away with
its current luminosity,

tKH =
GM2

RL
, (1.3)

where M is the mass of the star, R is its radius, and L its luminosity. If taking our own
Sun as an example, with a mass of 1 M⊙ and luminosity of 1 L⊙, this corresponds to
a timescale of ∼ 107 years. With tKH > tff , this means that the star will accumulate
all of its mass before it begins generating energy from nuclear fusion in its core (Kahn
1974; McKee & Ostriker 2007). Once the molecular cloud core begins to collapse,
the core does not immediately heat up as it is efficiently cooled by thermal emission
from dust. Naturally, the central density of the cloud begins to increase while the
temperature remains ∼ 10K due to efficient radiation from the dust. While we first
presented equation 1.1 with a constant density, cores are better described with an
inherent density profile (ρ ∝ r−2, Larson 2003) which means that the inner regions
of the core collapse at a faster rate than the exterior regions which leads to a central
protostar forming. The infall of the dust and gas of the gravitationally bound core
leads to the formation of an accretion disk around the young protostar. Through
this accretion disk, matter is transported onto the protostar, gaining more mass. The
protostar develops powerful outflows, which are powered by jets that effectively reduce
the angular momentum of the spinning protostar (McKee & Ostriker 2007). The star
continues to accrete matter until the density of the inner region is high enough such that
it becomes optically thick (meaning that the material is opaque at certain wavelengths),
which inhibits radiative cooling, thus increasing the temperature of the core (Shu et al.
1987). When it has enough mass and attained a high enough temperature, the stellar
core will fuse hydrogen into helium and start its life as a true star.
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1.1.2 High-mass star formation

In contrast, stars with higher masses also have high luminosities, making their tKH

timescales much shorter. Given that both low- and high-mass stars originate in regions
with similar densities (∼ 105 cm−3, Lada 1999), in comparison to low-mass stars, high-
mass stars will already begin radiating before the natal core has collapsed. Unlike
for low-mass stars, in high-mass stars hydrogen burning will begin before the core has
reached its final mass. However, this presents a problem for the accretion of the mass
for the high-mass star as the radiative pressure should prevent any more matter from
accreting onto the protostar (Beuther et al. 2007), and thus should limit the mass of
the star to be that of when it developed its hydrogen burning core. This would suggest
a universal mass limit for developing stars of about 10 M⊙ (Shu et al. 1987; Wolfire
& Cassinelli 1987); however, stars with masses in excess of 150 M⊙ have been observed
(e.g. Crowther et al. 2010). How then do we reconcile the formation of such massive
stars?

Contrary to initial theories that suggested that high-mass star formation is sim-
ply a scaled up version of the low-mass star formation process, other mechanisms and
processes must be involved to overcome this radiation pressure barrier such as higher
accretion rates (e.g., Wolfire & Cassinelli 1987) and/or non-spherical accretion geome-
tries, e.g., disk accretion, where the accretion is focused onto an equatorial plane (e.g.,
Yorke & Sonnhalter 2002). Two prevalent theoretical scenarios currently discussed are
the competitive accretion model (e.g., André 2002; Bonnell & Bate 2006; Krumholz &
Bonnell 2007; Murray & Chang 2012) and the turbulent core model (e.g., McKee &
Tan 2003; Krumholz et al. 2009). The competitive accretion model is defined on the
basis that depending on where young stars are found in a collapsing cloud, the amount
of mass available for them to accrete more material differs. This model posits that stars
form in stellar clusters from the gravitational fragmentation of the cloud and will need
to compete for all of the available mass in the surrounding volume. Assuming then
that the gas is free to move under the same gravitational force as the forming stars,
the gravitational potentials of the individual stars combine into a larger scale cluster
potential that funnels the gas toward the cluster core. Therefore, stars that form in
the centre of the stellar cluster have access to more mass than those at the outer edges
of the cloud, which allows them to grow more massive as well as at a higher rate. Con-
versely, the turbulent core model, which is indeed a scaled up version of the low-mass
analogue, uses higher accretion rates that are the result of the effect of turbulence in
a collapsing system in order to surpass the radiative pressure barrier involved at the
higher luminosities of high-mass stars.

It is possible that both models are involved to some degree, however, astronomical
observations are needed to obtain the properties of the earliest phases of high-mass
star formation in order to better refine the initial conditions of the physical parame-
ters for these theoretical models. This, however, is challenging, as briefly mentioned
in Chapter 1.1 due to their rarity, large distances, as well as high levels of extinction
inherent to the early phases of their formation. Since they are short-lived, the like-
lihood of observing a high-mass star in comparison to their low-mass counterparts is
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reduced. Because of this rarity, it means also that there are not very many nearby
candidates for observations, providing another technical barrier in achieving sufficient
angular resolution and sensitivity to resolve individual sources in a given stellar cluster.
Furthermore, the young high-mass stars are generally invisible in the optical and NIR
wavelengths due to their embedded nature. In this regard, radio and sub-millimetre
observations provide a much needed window to peer into dust to observe these natal
regions.

1.1.2.1 Evolutionary sequence

As mentioned previously, studying the earliest stages of high-mass star formation is
perhaps the most straightforward approach in learning about their formation mecha-
nisms. These stages are described in general in Fig. 1.1 on which we elaborate in this
section.

Young stellar objects (YSOs) are defined as protostars or pre-main-sequence stars
that form by the accumulation of material onto a protostar from a circumstellar disk
or envelope. The phase of their evolution is often classified into different evolutionary
stages based on the slope of their spectral energy distribution (SED; flux density vs
wavelength) in the MIR. Observationally, massive young stellar objects (MYSOs) are
defined as infrared-bright objects that have a SED that peaks at ∼100µm and a total
luminosity, L > 104 L⊙. As of now, there is no solid observational evolutionary sequence
for the formation of massive young stellar objects (MYSOs). Motte et al. (2018) propose
an evolutionary scheme based on observational constraints that depend on hierarchical
collapse and clump-fed accretion models (e.g., Vázquez-Semadeni et al. 2009; Smith
et al. 2009). A caveat for this scheme is that it does not yet consider that most high-
mass stars we see are formed in binaries.

The proposed evolutionary sequence starts in molecular complexes (∼100 pc) that
host massive clouds where clusters of OB stars (stars with spectral types O or early-
type B that are hot and massive, known for their immense UV radiation) form. Massive
clumps/clouds (∼1 pc) form structures called ridges or hubs under a global but con-
trolled collapse. Inside these clouds, massive cloud fragments are IR-quiet (invisible at
IR wavelengths) and are called massive dense cores (MDC; ∼0.1 pc) that host low-mass
prestellar cores. This starless phase lasts for about one free-fall time (∼104 years). Over
time, material is fed into the MDC and the low-mass prestellar cores due to the global
collapse of the host molecular cloud complex. The collapse of the ridges/hubs generate
a stream through which the gas flows allowing the low-mass prestellar cores to become
protostars. These protostars are ∼0.02 pc in size and contain low-mass (< 8M⊙) stellar
embryos. This is the start of the formation of YSOs. Through the inflows, they become
high-mass protostars where the low-mass stellar embryo has strong accretion rates and
outflows. When the stellar embryo reaches the 8 M⊙ threshold, it is considered a high-
mass stellar embryo. At this point, the temperatures of the high-mass protostars rise,
leading to a sharp increase of their luminosity and they become IR-bright (visible at
IR wavelengths). These hot molecular cores (HMC) grow in size, and they develop
Hii regions (namely hyper-compact Hii regions at first, which we describe in Chap-
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ter 1.1.3) as the stellar embryos produce UV fields that increase in strength and ionise
the surrounding molecular gas. Alongside stellar outflows and winds, the gas accretion
towards the newborn star is slowed and eventually halted, ending the main accretion
phase for a high-mass star.

Figure 1.1: The proposed evolutionary sequence based on global hierarchical collapse
and clump-fed accretion models using observational constraints (Tigé et al. 2017; Motte
et al. 2018).
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1.1.3 Hii regions

As discussed above, as the MYSO is evolving, its UV radiation increases. Given that
MYSOs evolve surrounded by neutral gas, their strong UV fields will completely ionise
the surrounding gas into Hii, forming a sphere with a radius Rs, the Strömgren radius
(Strömgren 1939). At this radius, there is a boundary shell that has an approximate
thickness of 1014 cm in which there is an equilibrium between the ionisation and re-
combination. The regions within the Strömgren radius are called Hii regions. These
start in a more compact stage as hyper-compact (HC) Hii region (<0.01 pc), further
evolving with time to become an ultra-compact (UC; <0.1 pc), and compact Hii re-
gion (<0.5 pc) (Wood & Churchwell 1989; Garay et al. 1993; Kurtz et al. 1994; Becker
et al. 1994; Mezger & Henderson 1967; Habing & Israel 1979). They can be observed
in the infrared and at radio wavelengths. The radiation from the central source heats
the dust in a shell around the ionised gas. This is re-emitted as thermal radiation
with a pseudo-blackbody spectrum that peaks in the infrared at roughly ∼100µm. At
wavelengths longer than 3 mm the dust emission decreases rapidly, and the dominant
emission is thermal ‘free-free’ radio radiation from the ionised gas. As these high-mass
stars form in clusters, the most massive stars dominate the observed luminosity and
disrupt their environment due to their strong stellar winds and UV emission. They blow
away their natal dust envelope forming classical Hii regions (∼ 10 pc) and OB associa-
tions. These Hii regions are the only phenomenon that have been firmly established to
have a physical connection to the birth of massive stars, making them unquestionable
sites of high-mass star-formation. Studies of these small and dense regions therefore
allow for the characterisation of the recently formed high-mass stars but can also probe
the dynamics and morphologies of their environment.
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Figure 1.2: Chemical structure of a methanol molecule, consisting of carbon, oxygen,
and hydrogen atoms.

1.2 Methanol masers

Methanol masers are amongst the best signposts of high-mass star formation. They
appear ubiquitously, generally have high intensities, which make them easy to detect,
and are not affected by the high dust extinction inherent to their environment. They
are also compact, making them very useful for astrometric and kinematic studies. Fur-
thermore, each maser species requires specific conditions in order for maser action to
occur, thus making them specific tracers of the environment that they inhabit. In
particular, this thesis explores the diagnostic properties of one such maser transition,
namely, the 51 − 60A+transition of methanol at 6.7 GHz.

1.2.1 A brief history of interstellar masers

The commonly known laser has a microwave predecessor known as a maser which
stands for microwave amplification by stimulated emission of radiation and is used to
encompass coherent emission at a specific frequency in both the microwave and radio
frequency regimes. Weaver et al. (1965) was originally searching for hydroxyl (OH)
absorption but serendipitously discovered OH emission toward Hii regions. It quickly
became apparent that this strong emission had non-thermal origins. As it was a newly
discovered kind of emission, it was not clear at first if maser emission could occur in
space. The environment in molecular gas clouds, in fact, are ideal for the natural occur-
rence of population inversion needed to produce a maser. Following this, Cheung et al.
(1969) discovered water (H2O) maser emission which appeared even stronger than the
previously discovered OH masers. However, it wasn’t until Barrett et al. (1971a, 1975)
discovered the first methanol (CH3OH, see Fig. 1.2) maser lines at 25GHz in Orion-KL
that one of the most prolific species of interstellar masers was found. In the following
two decades, strong CH3OH maser emission was detected in the 12.2 GHz 20 − 31E
transition (Batrla et al. 1987) and the 6.7 GHz 51 − 60A+ transitions (Menten 1991b).
In particular, the 6.7 GHz CH3OH maser was found to be the second strongest and sec-
ond most abundant interstellar maser line after the 22.2GHz H2O maser (Caswell et al.
1995) and often more than an order of magnitude stronger than associated OH masers.
Unlike the water maser, which can be seen in low and high-mass star forming regions,
it is unique in that it exclusively traces high-mass star forming regions (Minier et al.
2003; Ellingsen 2006; Xu et al. 2008). As mentioned above, specific maser species re-
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Figure 1.3: Grain-surface reactions responsible for the formation of methanol, from van
Dishoeck & Hogerheijde (1999) based on the work of Tielens & Hagen (1982). Solid
boxes show molecules observed in interstellar ices, whereas dashed boxes show those
observed in the gas phase.

quire specific conditions in order to begin masing. For the 6.7 GHz maser, its formation
environment of dust and gas with densities greater than 106 cm−3 and temperatures
greater than 150 K supports that this maser is found surrounding MYSOs due to the
intense radiation of these early forming high-mass stars. Furthermore, it has been
observed that very few of these CH3OH masers have radio continuum counterparts
suggesting that they trace a very specific stage of early high-mass star formation and
are closely related to MYSOs or very compact and early hyper-compact Hii regions
(Urquhart et al. 2013a, 2015; Billington et al. 2019). In this way, the observed complex
line shapes, high intensities, and presence of other CH3OH maser species make it a
unique signpost and probe of the high-mass star formation process.

1.2.2 Formation of the methanol molecule in molecular clouds

The formation of CH3OH occurs on the surface of interstellar dust grains located in
dense molecular cores (van Dishoeck & Blake 1998), where carbon monoxide (CO)
repeatedly undergoes hydrogenation (van Dishoeck & Hogerheijde 1999). This is il-
lustrated in Fig. 1.3. Four phases define grain surface reactions: accretion, diffusion,
reaction, and ejection. Atomic or molecular species accrete on the grains at a temper-
ature dependent rate related to both the accreting gas species and the dust grain, the
cross-section of the grain and the overall density of the environment (Tielens 2005).
As the atoms and molecules move along the surface of the dust grain, they overcome
binding energy barriers to meet and react with other molecules, to form, amongst oth-
ers, methanol. Once the central protostellar object starts to produce energy, the dust
grains in its host core get heated and their ice mantles sublimate, greatly increasing
the gas phase abundances of the molecules that had formed on the mantles.
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1.2.3 Radiative Transfer and Maser Excitation

We provide here an overview of the theory behind maser emission presented in detail,
e.g., by Elitzur (1982). To first put into context one of the defining features of maser
emission, its intensity, we introduce the concept of brightness temperature, that will
be used to compare radiation intensities. At the late 19th century, Planck’s law was
formulated by German physicist Max Planck to describe the spectral density of elec-
tromagnetic radiation emitted by a black body (an idealised opaque and non-reflective
body) in thermal equilibrium. The source’s brightness, Bν(T ), could then be given as
a function of the source’s temperature, T , for a given frequency, ν:

Bν(T ) =
2hν3

c2

(
1

ehν/kT − 1

)
, (1.4)

where c is the speed of light, h is the Planck constant, and k is the Stefan-Boltzmann
constant, and Bν(T ) and is measured in units of W m−2 Hz−1 sr−1. For a given intensity
Iν , we define the brightness temperature, Tb, as the temperature of a blackbody that
will that result in the same amount of radiation emitted at a given frequency:

Iν = Bν(Tb). (1.5)

I𝜈 I𝜈 + dI𝜈

dl

Figure 1.4: Shown is the setup for the radiative transfer equation where some intensity
Iν is travelling through a medium of path length dl where the change in intensity dIν
can be caused by emission from the medium itself or absorption from interacting with
the medium.

Now let us consider the environment from which radiation travels in the interstellar
medium. Consider radiation with intensity Iν travelling through empty space. It then
encounters some material. This material either increases or decreases the intensity
along the path of the material (Figure 1.4). The material itself can be emitting or
absorbing some of the intensity. This change to Iν is characterised by dIν , where1

1A more complete derivation can be found in Draine (2011), Chapter 7.
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dIν = −Iνκνdl + ενdl (1.6)

where κν is the attenuation or absorption coefficient and εν is the emissivity or emission
coefficient over a path length dl.

We can now introduce the source function

Sν = εν/κν , (1.7)

and the description of the optical depth as,

dτν = κνdl, (1.8)

to represent the radiative transfer equation in the form of

dIν
dτν

= −Iν + Sν . (1.9)

Let us now characterise this source function by considering radiative transfer in
one dimension. Here, we need descriptions of both the absorption coefficient and the
emission coefficient. For a spectral line that results from a transition between two
energy levels, the line absorption coefficient, κν , is then given by

κν = (B12N1 −B21N2)
hν0
4π

ϕ(ν), (1.10)

where Bij represents the coefficients for stimulated transitions between the two energy
levels, Ni is the volume density population for the lower (N1) and upper (N2) energy
levels, hν0 is the energy separation between the levels, and ϕ(ν) is a normalised profile
centred on ν0. Similarly, the emission coefficient is given by

εν = N2A21
hν0
4π

ϕ(ν), (1.11)

where A21 is the Einstein coefficient for spontaneous emission. We substitute these
relations into Eq. 1.7 to obtain the line-source function:

Sν =
A21N2

B12N1 −B21N2
. (1.12)

We now introduce a few useful definitions. The statistical weights, gi, to describe
the populations per magnetic sublevel, ni, in terms of the volume density population
as:

ni = Ni/gi, i = 1, 2. (1.13)

Furthermore, the above coefficients for the transitions obey the following Einstein re-
lations:

g1B12 = g2B21; A21 = B21
2hν3

c2
. (1.14)

Lastly, we define the excitation temperature, Tx, for the transition between the two
levels as:

n2

n1
= exp(−hν/kTx). (1.15)
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Using Einstein’s relations and Eq. 1.13, we can write Eq. 1.12 in terms of the ratio of
the magnetic sublevels

Sν =
2hν3

c2
1

n1
n2

− 1
= Bν(Tx), (1.16)

where we see that with Eq. 1.15, the source function is the same as the Planck function
at a temperature, Tx. This allows us to write the radiative transfer equation in familiar
terms

dIν
dτν

= Bν(Tx)−Bν(Tb). (1.17)

This equation is commonly presented in terms of temperature under the assumption of
the Rayleigh-Jeans limit as

dTb

dτ
= −Tb + Tx, (1.18)

whose solution is
Tb = Tx[1− exp(−τ)] + Tc exp(−τ), (1.19)

where Tc is the brightness temperature of the background radiation coming from a con-
tinuum source or the cosmic microwave background. A constant excitation temperature
is also assumed.

The optical depth of the traversed matter, τν (dimensionless), characterises the
attenuation of the incident radiation. The medium is optically thick to the incoming
radiation if τν ≫ 1, and optically thin if τν ≪ 1. The optical depth is frequency
dependent.

Since, according to the Planck function, brightness increases monotonically with
increasing temperature (for a given ν), Eq. 1.17 implies that Tb ≤ Tx, or explicitly,
that the brightness temperature cannot be higher than the line excitation tempera-
ture. However, high angular resolution observations of some radio wavelength spectral
lines have measured brightness temperatures in excess of 1012 K which is far above
any plausible excitation temperature. Clearly, these brightness temperatures cannot
correspond to the typical kinetic temperatures of the molecules as they generally break
into their components at temperatures above a few thousand Kelvin. It turns out that
in the case where the populations are inverted, namely where n2 > n1, this can bring
about a negative excitation temperature for Tx and in this way, the medium acts as
an amplifier which can result in the large brightness temperatures that we see. This
“population inversion” is one of the core concepts for maser emission.

1.2.3.1 Rate equations

In order for maser emission to occur in space, multiple energy levels of a certain molecule
should be involved. Much like a laser, in order to have a maser, there must be an energy
state that is overpopulated in a multi-level system and a mechanism to generate a
“population inversion”.

Figure 1.5 illustrates the masing scheme by considering three energy levels labelled
1, 2, and 3 where A21, B12, B21 are the Einstein coefficients, C21, C12, are the collisional
rates, P1, P2 represent radiative pumping rates and Γ1 and Γ2 the loss rates out of
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Figure 1.5: Schematic of the energy levels and the ‘three’ level model supporting the
over population of level 2 leading to maser emission.

the maser levels into any other energy. To obtain a maser emission from a transition
between energy levels 1 and 2, there must be more molecules in the upper energy state
2 than in the lower energy state 1. This requires a pumping channel in which molecules
are temporarily pumped to a higher energy state, level 3 (which includes any level
with greater energy than level 2), either collisionally or radiatively, following which the
molecules decay to level 2, thereby enhancing the population of level 2 relative to level
1 and causing a population inversion.

We use the rate equations to describe the transitions between levels shown in Fig. 1.5
with the following

dN2

dt
= P̃2 − Γ2N2 −A21N2 − J(N2B21 −N1B12)− (N2C21 −N1C12), (1.20)

dN1

dt
= P̃1 − Γ1N1 +A21N2 − J(N1B12 −N2B21)− (N1C12 −N2C21), (1.21)

with the radiation field, J , being

J =

∫
Jνϕ(ν)dν. (1.22)

In combination with Eq. 1.14 and

g1C12 = g2C21exp(−hν/kT ), (1.23)

we can rewrite the rate equations in terms of the populations per sublevel (e.g., n2).
This is because as the observed masers found in astronomy are generally stable over
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time periods greater than that of the rate equations, and thus it can be assumed to be
in a steady state. And so, we define the pump rate per sublevel

Pi = P̃i/gi, (1.24)

to obtain the steady state level populations for the maser as

0 = P2 − Γn2 −A21n2 −B21J(n2 − n1)− C21(n2 − n1exp(−hν/kT )), (1.25)

0 = P1 − Γn1 +A21n2 +B21J(n2 − n1) + C21(n2 − n1exp(−hν/kT )), (1.26)

where we have assumed equal statistical weights, g1 = g2 ≡ g, and equal loss rates,
Γ1 = Γ2 ≡ Γ in order to simplify the equations. The addition of these two equations
then give the overall population of the maser system

n12 ≡ n1 + n2 = (P1 + P2)/Γ = 2P/Γ, (1.27)

where P is the average pump rate into the maser levels.

1.2.3.2 Population inversion

To quantify population inversion, we solve for the population difference ∆n ≡ n2 −n1.
For simplicity, spontaneous decays and collisional exchange terms will be omitted.
This is acceptable in the case where A21 and C21 are much less than Γ. In defining
∆P ≡ P2 − P1, we have

∆n =
∆n0

1 + J/Js
, (1.28)

where ∆n0 = ∆P/Γ, and Js = Γ/2B21. The parameter Js is used to describe the
radiation intensity value where the level populations begin to be affected by the induced
transitions. In the case where J ≪ J2, Eq. 1.28 reduces to ∆n = ∆n0 meaning that
the difference in the populations of the levels does not depend on J , the radiation field.

As such, in order to have a population inversion, one would need that ∆n0 > 0 ⇒
∆P > 0 ⇒ P2 > P1. This means that the pump rate per sublevel of the lower level
must be less than that of the upper level. The efficiency of this pumping process is
given by

η = ∆P/2P = ∆n0/n (1.29)

which shows that each pumping event produces a maser photon with an efficiency
described by η which depends on the mechanics of the pumping scheme used.

In the context of the radiative transfer equation, it can be shown that Eq. 1.19 can
be solved in the linear case to be

Tb = (Tx + Tc)exp(κ0l)− Tx, (1.30)

where we have used
κ =

κ0
1 + J/Js

, (1.31)
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as derived from Eq. 1.10 and Eq. 1.28. From Eq. 1.30, we see that the brightness
temperature can increase exponentially in the case where the absorption coefficient
describes amplification as detailed in the sections above. In this case where J ≪ Js, this
range of intensities correspond to an “unsaturated” maser. However, the exponential
growth cannot continue indefinitely as J approaches Js, the radiation will start to affect
the level populations. The induced emission will outweigh the absorption, thus leading
to a decrease in the population inversion. This leads to the maser becoming “saturated”.
In this case, the maser scheme is reaching its maximal efficiency and the saturated maser
produces radiation as opposed to amplifying the radiation. The increase in radiation
therefore comes from additional emitting volume along the line of sight. It can be
shown that the solution for the brightness temperature in the “saturated” case is

Tb = Ts[1 + κ0(l − ls)], (1.32)

where Ts is the temperature where saturation occurs, and ls denotes the regions where
the maser becomes saturated. We refer the reader to Elitzur (1982) for a complete
discussion on this subject.

1.2.3.3 Pumping mechanisms: the difference between Class I and Class II

As discussed in the above section, the emission from a seed photon is amplified as
it goes through the masing medium, i.e., the interstellar molecular medium or cloud
within which this maser resides. The medium requires large scale coherence in velocity
within the maser line’s width in order for the amplification of the maser emission to
occur. As mentioned above, maser pumping may be due to collisional (as in Class I
CH3OH masers) or radiative processes (as in Class II CH3OH masers). We describe
these two mechanisms here.

Originally classified by their associations to outflows from protostars, Class I and
Class II methanol masers, are now known to be distinguished rather by their pumping
mechanisms. Class I methanol masers are excited through collisions and as such, were
found to be associated with outflows at the interfaces of its shock front with ambient
interstellar material, frequently significantly offset from a protostar in position and
velocity (Menten 1991b; Cragg et al. 1992). Therefore, it can provide information
on these shocks. Class II masers on the other hand are exclusively found in the close
vicinity of MYSOs in high-mass star forming regions and are radiatively pumped by the
intense mid-infrared radiation from the protostar (Sobolev et al. 2006). In particular,
they trace the earliest stages of HMSF (as described in Sect 1.1.2.1) as, for instance,
the 6.7 GHz methanol masers begin to appear during the hot molecular core stage
(Fig. 1.6).
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Figure 1.6: Schematic showing the proposed evolutionary sequence of high mass stars
as well as their associated timeline with methanol masers. Starting from the left, the
stages are as follows: : Clumpy molecular clouds found in massive filaments, host
massive dense cores, which collapse due to gravity. This increases the density and
temperature where it accretes material from its natal cloud and forms a ‘hot’ molecular
core. These cores have temperatures >100-150 K (van Dishoeck & Blake 1998), where
the heat and outflows from the central protostar evaporate ices from the dust grains of
the surrounding environment, which drives a rich chemistry that leads to the production
of complex hydrocarbons. For stellar embryos of sufficient mass (>8 M⊙ ), they become
IR-bright and are considered high-mass stellar embryos. They grow in size and the UV-
radiation from the high-mass protostars creates a bubble of ionised gas, known as an
ultra-compact Hii region. The region expands and develops into an Hii region with
the OB association inside (Tigé et al. 2017; Motte et al. 2018). Image credit: Cormac
Purcell.
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In order for collisional pumping to support a population inversion, collisional
interactions by the far dominant hydrogen molecule H2 must occur in such a way that
an over population of the upper energy level of the maser transition is achieved. This
could be either due to transitions from level 3 into level 2 that are preferred over those
to level 1, or the population of level 1 becomes depleted (Cohen 1989; Reid & Moran
1988). This form of pumping can be limited under high density conditions as too many
collisions can result in the thermalisation of the gas and stop the maser action (Elitzur
1982).

Radiative pumping, on the other hand, in general should not be able to induce a
population inversion if the pumping radiation is strictly that of a blackbody. However,
if the radiation is not that of a blackbody it is then possible for it to cause pumping,
that is, if the dominant source of radiation is from an external source (Elitzur 1982).
This can be brought about by dust emission and thus the optical depths for certain
transition can be different, resulting in preferential transitions to certain levels, i.e.,
from level 1 to level 3.

1.3 6.7 GHz Methanol maser surveys

Dedicated maser searches have been performed using two different strategies: targeted
and blind surveys (listed in Table 1.1). Targeted surveys observe colour-selected in-
frared (IR) sources or known regions of active star formation. Blind surveys, on the
other hand, generally cover large regions of the sky. Targeted surveys focus only on
well-known sites and may miss masers in little-studied regions, but are more likely to
detect weaker maser sources – since more observing time can be spent on a simple
position compared to blind surveys. Furthermore, targeted surveys will miss masers
in unexpected locations. Unbiased surveys, however, can detect all sources in the cov-
ered area of sky but are limited by the sensitivity of the observations (mainly due to
observation time constraints).

In 2004, Pestalozzi et al. (2005) compiled a catalogue of 6.7GHz methanol masers
which we summarise here as well as explaining more recent surveys in detail. Menten
(1991a) observed a sample of 123 star-forming regions and detected 80 Class II masers
which served as a motivation for targeted searches for 6.7 GHz methanol masers. Pre-
vious targeted surveys selected point sources that were detected using the Infrared As-
tronomical Satellite (IRAS; Neugebauer et al. 1984). They selected sources whose IR
colours are normally associated with UC Hii regions as well as sources that already had
detections of other maser species (e.g., OH, H2O, 12.2 GHz CH3OH masers). MacLeod
et al. (1992) targeted known 12.2 GHz methanol masers and reported 6.7GHz methanol
masers towards all of them. They then targeted OH maser sites and similarly detected
methanol masers (MacLeod & Gaylard 1992; Gaylard & MacLeod 1993). Schutte et al.
(1993) targeted UC Hii regions which were selected based on their IR colours (as in
Wood & Churchwell 1989) and laid the foundation for using methanol masers as di-
rect tracers of regions of HMSF. Caswell et al. (1995) detected 245 6.7 GHz methanol
masers found towards known star forming regions and OH masers and constructed a
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Table 1.1: Summary of 6.7GHz methanol maser surveys since the maser compilation
of Pestalozzi et al. (2005).

Targeted Observations Sensitivity Total New
Detections Detections

Pestalozzi et al. (2005) - 0.06-4 Jy 898 -
Ellingsen (2007) 200 0.5 Jy 38 9

Yang et al. (2017) 1473 1.5 Jy K−1 12 3
Yang et al. (2019b) 1873 1.5 Jy K−1 224 32

Unbiased Range Sensitivity Total New
Detections Detections

Pestalozzi et al. (2005) - 0.16-1 Jy 308 -
Pandian et al. (2007) 35◦ < l < 55◦; |b| ≤ 0.4◦ 0.09 Jy 86 48

MMBa 186◦ < l < 360◦; |b| < 2◦ 0.2 Jy 972 322
0◦ < l < 60◦; |b| < 2◦

Rickert et al. (2019) |l| < 1.5◦; |b| ≤ 0.3◦ 0.08 Jy/beam 43 16
Ortiz-León et al. (2021) 76◦ < l < 83◦; −1◦ < b < 2◦ 0.028 Jy/beam 13 2
Nguyen et al. (2022)b −2◦ < l < 60◦; |b| ≤ 1◦ 0.018 Jy/beam 554 84
a Compilation of the collaborations work from Caswell et al. (2010); Green et al. (2010); Caswell et al.
(2011); Green et al. (2012), and Breen et al. (2015).
b The results of which are presented as part of this thesis in Sect. 4.

luminosity function. They concluded that within the Milky Way Galaxy there should
be ∼500 sites hosting 6.7 GHz methanol masers. van der Walt et al. (1995) found in
their studies of methanol masers towards IRAS sources that methanol masers were
more likely to be found in the inner regions of the Milky Way and along the Galactic
plane. Walsh et al. (1997) detected 201 6.7 GHz methanol masers towards 535 IRAS
sources and found that these sources were predominately in the inter-arm regions of the
Milky Way. Slysh et al. (1999) and Szymczak et al. (2000) targeted IRAS sources in the
Northern Hemisphere but found only ∼10% to have methanol masers. Furthermore,
there were even IRAS sources that did not have typical UC Hii region colours that had
methanol maser associations (Szymczak et al. 2000; Szymczak & Kus 2000).

Further targeted searches were done by Ellingsen (2007) and Yang et al. (2017,
2019b). Ellingsen (2007) targeted 200 mid-infrared (MIR) sources from the Galactic
Legacy Infrared Mid-Plane Survey Extraordinaire (GLIMPSE) survey, which were se-
lected based on the MIR colours characterising young high-mass star forming regions.
They had a detection rate of ∼20% which they suggest might mean that these targets
were at an earlier stage of star formation, before 6.7 GHz methanol maser emission could
be seen. Yang et al. (2017) studied 1473 sources from the all-sky Wide-Field Infrared
Survey Explorer (WISE) point catalogue (Wright et al. 2010) with a detection rate of
∼2% which confirms previous results that most methanol masers are situated along
the Galactic plane. They did a primary search at high galactic latitudes (|b| > 2◦) in
order to find more isolated and simpler star forming environments than those generally
found in the Galactic plane. These targets would make for cleaner environments upon
which to study the origins of methanol masers. The authors follow up this investigation
with 1875 WISE infrared point sources that are situated in the Galactic plane. They
detect 224 methanol maser sites, 32 of which are new. They produce a catalogue of
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1085 6.7 GHz methanol maser sources after combining their findings with all previous
surveys, including blind surveys.

The first blind survey targeted on 6.7GHz methanol maser emission was performed
by Ellingsen et al. (1996) where they covered a 10.6 deg2 area of the sky. They were
able to detect 50 masers, 26 of which were new. This was sufficient evidence for the
advantage of blind surveys with many of the new detections not being associated with
IRAS sources. They were, however, limited to a sensitivity of 2.6 Jy. Caswell (1996a)
surveyed a region along the Galactic plane covering 330.◦8 to 339.◦8 and detected 57
masers, 21 of which were new. They continued their survey in the Galactic Centre and
detected 23 masers, most of which were known (Caswell 1996b). Rickert et al. (2019)
focused on the central molecular zone in this area with the improved Karl G. Jansky
Very Large Array (VLA) and found 43 6.7 GHz methanol masers sites, of which 16
were new. Szymczak et al. (2002) surveyed a ∼21 deg2 region of the Galactic plane
and detected 100 masers, 26 of which were new. The Arecibo Methanol Maser Galactic
Plane Survey by Pandian et al. (2007) improved the detection rate for blind surveys
as they were able to be complete at the level of 0.27 Jy making it the most sensitive
blind survey at the time. They detected 86 sources, 48 of which were new, with most
of the new detections having flux densities lower than 2 Jy. They covered a region of
18.2 deg2.

New technological advancements in telescope receivers allowed the ambitious
Methanol Multibeam (MMB) survey to be realised (Green et al. 2008, 2009). The
MMB survey detected ∼970 6.7 GHz methanol masers, 322 of which for the first time
(Caswell et al. 2010; Green et al. 2010; Caswell et al. 2011; Green et al. 2012; Breen
et al. 2015). The survey provided the first Galaxy-wide catalogue from one project
with an improved and uniform sensitivity of ∼0.17 Jy, facilitating Galaxy-wide statis-
tics for methanol masers. Since the angular resolutions of the single dish observations
were not sufficient to associate masers with the young stellar objects, they conducted
interferometric follow-up observations to obtain better positions.

Using the VLA and the Effelsberg 100-m telescope, the Global view on Star for-
mation in the Milky Way (GLOSTAR) survey, is one of the latest efforts to conduct an
unbiased survey in the radio regime to characterise star-forming regions in the Milky
Way (discussed in full in Chapter 2.2). The 6.7 GHz methanol spectral line data is one
of the key components of this survey. As part of this thesis, the data was reduced and
analysed, thereby providing the most sensitive catalogue of Class II 6.7 GHz methanol
masers to date. This work constitutes a significant part of this thesis and is presented in
Chapters 4 and 5. Our GLOSTAR observations have an order of magnitude higher an-
gular resolution than the MMB survey. This increases the position accuracy to about 1
arcsec. The survey also provides sensitive radio continuum observations of the Galactic
centre, thereby providing an opportunity to peer into the processes involved in HMSF
in one of the most interesting places in the Galaxy, the Central Molecular Zone.
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1.4 An interesting laboratory: The Central Molecular
Zone

An area of particular interest for studies of high-mass star formation in extreme en-
vironments is the Central Molecular Zone (CMZ). It contains giant molecular clouds
(GMCs) with different properties from the GMCs in the Galactic disk (e.g., Henshaw
et al. 2022, and the references therein). It is situated around the Galactic Centre
(GC), covering approximately a 200 pc sized region at a distance of 8.2 kpc from Earth
(Gravity Collaboration et al. 2019). It has an estimated mass of ∼ 5× 107 M⊙ which
is 3 − 10% of all the molecular material in the Milky Way. Furthermore, it is dense
(∼ 104 cm−3, Morris & Serabyn 1996; Ferrière et al. 2007), being at least 100 times
more so than other GMCs in the Galaxy. The physical conditions within the CMZ
are also more extreme in comparison to other regions hosting GMCs as it has stronger
radiation fields (Lis et al. 2001; Clark et al. 2013), hotter gas and dust kinetic temper-
atures (Ginsburg et al. 2016; Longmore et al. 2012), higher pressure and magnetic field
strengths (for a full review of the conditions of the CMZ, see e.g., Morris & Serabyn
1996; Henshaw et al. 2022). Given its high density, one might expect a high concen-
tration of high-mass star formation to occur in the region. As such, the particularly
extreme environment of the CMZ makes it a unique laboratory to understand the star
formation process, as it will help to answer the question of how these physical condi-
tions affect the star formation activity in other regions of our Galaxy and also other
galaxies. It is clear then that the question of present-day high-mass star formation in
this region is an important one as despite the amount of dense gas available, the star
formation rate (SFR) is lower than expected in comparison to other regions. There
is ongoing star formation, (e.g., in Sgr B2: Figer et al. 2002; Schneider et al. 2014;
Lis & Goldsmith 1990; Schmiedeke et al. 2016) but not at the rate predicted by Lada
et al. (2010). They derived a linear relationship between the SFR and the amount
of dense molecular gas, of which the CMZ has in excess. The star formation rate in
the CMZ has been found to be at least one order of magnitude smaller than expected
(e.g., Longmore et al. 2013; Barnes et al. 2017; Kauffmann et al. 2017b; Lu et al. 2019;
Nguyen et al. 2021). We see from the study by Kauffmann et al. (2017b) that already
on the scale of individual clouds, the SFR in these clouds is suppressed when compared
to clouds in our solar neighbourhood (see Fig. 1.7).

There are many theoretical attempts to explain this low SFR in the CMZ, rang-
ing from arguments that its molecular clouds are still too young, that the inherent
extinction in such a high column density region obscures the total number of young
massive stars or that the extreme conditions resulting in a high degree of turbulence
prevent the onset of star formation (Kruijssen et al. 2014; Krumholz & Kruijssen 2015;
Krumholz et al. 2017). Therefore, understanding star formation in the CMZ will help
us understand not only star formation in the CMZ, but star formation in the central
regions of other galaxies and allow us to compare with conditions in the bulk of the
Milky Way Galaxy.
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Figure 1.7: The observed star formation rates as a function of dense gas masses for
different groups of molecular clouds as done by Gao & Solomon (2004), Lada et al.
(2010), Longmore et al. (2013), and Kauffmann et al. (2017a). Image credit Kauffmann
et al. (2017a).
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1.5 Scientific goals and outline of this thesis

As described in the previous sections of this chapter, the current understanding of the
earliest stages of high-mass stars still needs improvement. Observational studies are
key in building an empirically supported evolution scheme. However, there are inherent
difficulties to observing these deeply embedded and rare sources. As such, this thesis
attempts to address questions related to the evolution of high-mass stars using radio
wavelength data procured as a part of the GLOSTAR survey (detailed in Chapter 2)
to peer into the birthplace of these massive stellar objects.

Indirect tracers that relate to different stages of HMSF are used to characterise
MYSOs and their environments. One of the aims of this thesis is therefore to further
our understanding of the overlap between certain tracers of HMSF using photometri-
cally identified YSO candidates and Hii regions detected in the radio regime, which is
discussed in Chapter 3 and Appendix A. This is investigated in the unique and extreme
environments of the Central Molecular Zone of our Galaxy as it provides an interest-
ing laboratory to study the star formation rate in molecular clouds. Our goal is to
investigate the presence of centimetre wavelength radio continuum counterparts to a
sample of YSO candidates which we use to constrain the current SFR in the CMZ. To
do this, we use 5.8 GHz radio continuum data from GLOSTAR using the VLA in the
D-configuration and present a catalogue of radio continuum counterparts. We investi-
gate their nature by calculating their spectral indices and use this property to classify
sources as bona fide Hii regions or otherwise. We also cross-match the YSO candidates
with the APEX Telescope Large Area Survey of the Galaxy (ATLASGAL; Schuller
et al. 2009a) 870 µm dust emission data, which trace the early natal environments of
high-mass stars. If the YSO is still very young, we would expect to see it embedded
in a compact cold dust envelope traced by sub-millimetre wavelengths. As such, we
investigate if there is any clear association of these YSOs with either the earliest or the
latest stages of massive star formation in order to shed light on the complete spread of
evolutionary stages of this census of YSOs. Lastly, given the unexpected SFR of the
CMZ, we infer the SFR from the free-free emission of the Hii regions detected using
GLOSTAR radio continuum data.

Another avenue to develop studies about HMSF is to obtain statistically robust
catalogues of the locations of recent HMSF. Since the 6.7 GHz Class II methanol maser
is a ubiquitous and specific tracer of the earliest stages of HMSF, a catalogue thereof
can outline the distribution of star formation in the Milky Way galaxy. To that end, we
present the current most sensitive catalogue of sources emitting this line obtained from
GLOSTAR VLA D-configuration observations in Chapter 4 and Appendix B. The data
reduction techniques used to calibrate and process the data are detailed therein. In
particular, the details of a source extraction code that was developed specifically for the
detection of point sources in “dirty" radio images is described in detail. We also present
the methodology for dealing with difficulties of handling the large size of the GLOSTAR
data, detailing the benefits and drawbacks in producing our maser catalogue in this
way. The positions, velocity components and integrated fluxes are determined for the
masers. We additionally search for dust continuum and radio continuum associations



1.5. Scientific goals and outline of this thesis 23

to determine the physical properties of the population of sources with detected maser
emission and the difference in these properties for newly detected sources with respect
to the total population.

Lastly, GLOSTAR also procured higher angular resolution VLA B-
configuration data for a subset of the full coverage of the project field. Chapter 5
presents this higher resolution data towards the methanol masers detected in the pilot
region of GLOSTAR (28◦ < l < 36◦ in galactic longitude and |b| < 1◦ in galactic
latitude). Associated masers in both catalogues are then compared, where we have
searched for occurrences where maser spots have split into multiple sources when
resolved with higher-resolution data in order to investigate the velocity structure
of these maser distributions. Additionally, as we have access to two epochs of
observations, we are able to investigate maser variability. Maser variability is a topic
of high interest for high-mass star formation as with the determination of the processes
that drive maser variability, we can better understand the processes involved in the
development of the MYSO hosting the maser. We briefly discuss this for a few select
sources.





Chapter 2

Observations and Data Analysis

Overview

We describe the background and usual terminology for the physical quantities and
experimental observables used in this thesis, particularly those pertaining to radio
astronomy. An in-depth discussion and derivation of the topics presented below can be
found in Thompson (1999), Wilson et al. (2013), and Klein (2014). The instruments
and techniques used to obtain data are also described herein.

2.1 Observations at radio wavelengths

2.1.1 The radio window

The first radio emission from the Milky Way were detected by the physicist and radio
engineer Karl Guthe Jansky in 1931. He was initially tasked with investigating poten-
tial interference problems with transatlantic voice transmissions for the Bell telephone
laboratories company. He detected a periodic signal at a wavelength (λ) of 14.6 m
(equivalent to a frequency, ν, of 20.5MHz) that he at first hypothesised was coming
from the Sun. However, upon closer examination, the period was exactly that of a
sidereal day, 23 hours and 56 minutes. What Jansky instead detected was not the Sun,
but emission coming from the centre of the Milky Way.

In 1938, Grote Reber followed up on these findings at the shorter wavelength of
1.87 m (160 MHz), using a parabolic dish reflector that he built himself (Reber 1944).
The serendipitous discovery by Jansky and the engineering efforts by Reber and others
laid the foundation for what is now known as the field of radio astronomy. From an
initial repeating signal in the 1930s, and homemade engineering efforts, radio astronomy
is now a science with large collaborations and complex instruments that are designed
for specific tasks such as imaging the shadow of the black hole at the centre of a galaxy
(Event Horizon Telescope Collaboration et al. 2019, 2022)

However, ground-based observations are not without their inherent problems. The
“radio window” corresponds to the lowest frequencies of the electromagnetic spectrum
used in astronomy, usually defined as the range from a few MHz to the THz regime
(i.e., λ=10 m to 0.3 mm or ν = 30 MHz to 1THz, see Fig. 2.1). The lower limit of
the radio window is determined by the Earth’s ionosphere where the charged particles
therein reflect radio waves (with λ>30 m) back into space. On the other end, the upper
limit is governed by the existence of certain molecules in the troposphere such as O2

and, predominantly, H2O that absorb the incoming emission from outer space. While
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GLOSTAR 
4-8 GHz

Figure 2.1: Shown is the general transmission of the electromagnetic spectrum through
the Earth’s atmosphere. The black curve shows a transmission of 50% corresponding
to the required altitude (right-axis) or fraction of the atmosphere (left-axis). The wave-
length/frequency for the radiation is shown on the bottom axis. The purple shading
shows the approximate coverage of frequencies used in this work. Image adapted from
Wilson et al. (2012).
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the “radio window” is bounded, it is a very large one that allows for ground-based
observatories whereas some wavelengths might necessitate space-based telescopes and
airborne observatories.

The atmosphere is not the only obstacle to astronomy, but the development of
civilisation itself is bringing disturbances to radio astronomy in particular. Radio sig-
nals are used in various aspects of human life such as cell phones and can produce
so-called Radio Frequency Interference (RFI) that is often stronger than astronomical
radio signals and impedes observations at certain frequencies or makes them impossible
altogether. While there are international agreements to reserve small portions of the
radio frequency range for radio astronomy studies exclusively, it has begun to be a
struggle for radio astronomers to observe many parts of the radio window.

2.1.2 Radio measurements

Recall the Planck distribution introduced in Sect. 1.2.3 in Eq. 1.4:

Bν(T ) =
2hν3

c2

(
1

ehν/kT − 1

)
. (2.1)

This can be used to describe the sources we observe in the sky with our radio
telescopes provided they are black bodies as we can eventually compute the amount of
energy that is radiated within a particular range of frequencies. If they are not, we can
still use this relation but with additional corrections. Integrating over all frequencies
would give the total brightness:

B(T ) =

∫
B(ν, T ) dν (units : Wm−2 sr−1), (2.2)

and integrating this again over angular area would give us the flux, S:

S =

∫
B(T ) dΩ (units : Wm−2), (2.3)

which is just the power received per unit area. A related quantity, the flux density Sν ,
is what is used in radio astronomy, which is the Planck function integrated over solid
angle:

Sν =

∫
Bν(T ) dΩ, (2.4)

and is a quantity defined per unit frequency or per unit bandwidth and has a specific
unit, the Jansky (Jy), commemorating Karl G. Jansky. This unit is used to account
for the order of magnitude of flux densities typically encountered in radio astronomy
and so 1 Jy= 10−26 W m−2 Hz−1.

At radio frequencies, where the photon energy is considered to be small enough
such that hν ≪ kT , the brightness can be approximated using the Rayleigh-Jeans
approximation, giving:

Bν(T ) =
2kTν2

c2
, (2.5)
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Subreflector

Parabolic dish

Feed horn

Incoming radio waves

Figure 2.2: Left : A simple schematic of a single-dish radio antenna. The green arrows
depict the path of the incoming radiation as it is collected into a focal point and fed to
the feed horn and eventually the receiver for further processing of the signal. Right : A
young PhD student is shown at the high-altitude of the Chajnantor summit in Chile
in front of an example of a radio telescope, the 12-m Atacama Pathfinder EXperiment
telescope (APEX).

where T is the temperature of a blackbody with the same surface brightness at a
given frequency. In the case of radio astronomy, it is often customary to measure
the brightness of an extended source by this temperature, which is designated as the
brightness temperature, Tb, given that these two properties are directly proportional.
Using this notation, the flux density from Eq. 2.4 can be described as:

Sν =

∫
Bν(T ) dΩ =

2kν2

c2

∫
Tb dΩ. (2.6)

Radio telescopes, however, measure a quantity called the antenna temperature, TA.
To relate this to the physical quantity, brightness temperature, we must first develop
an understanding of how a single dish radio telescope works.

2.1.3 Single dish radio telescopes

The most simple and common setup for a telescope to make observations at radio wave-
lengths would be a single parabolic dish (antenna) that focuses the incoming radiation
to a subreflector (or “feed”) from where it can be further processed. A simple schematic
is given in Fig. 2.2. The angular resolution (Θ), which is defined as the telescope’s
ability to differentiate a given source’s features, or its ability to distinguish a source
from a nearby neighbour, is dependent on the telescope diameter, D, and the observed
wavelength λ as given by:

Θ ∝ λ

D
. (2.7)
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Figure 2.3: Sketch of the polar power pattern showing the main beam, and near and far
side lobes. The weaker far sidelobes have been combined to form the “stray pattern".
Image credit: Wilson et al. (2012).

When a radio antenna points to a position on the sky, it measures the power of
the incoming signal. The power pattern of an antenna describes the response of the
antenna to a source as a function of the angular distance from the antenna axis. This
can be seen in Fig. 2.3. The pattern of the beam solid angle, ΩA, is given in polar
coordinates given by:

ΩA =

∫∫
Pn(θ, ϕ) dΩ, (2.8)

where Pn(θ, ϕ) is the antenna power pattern normalised with respect to its peak as a
function of the angular sizes.

In the case of an ideal antenna, the normalised power pattern would be such that
Pn = 1 for the full beam solid angle, ΩA when integrated over the full sphere and
Pn = 0 otherwise. However, as can be seen in Fig. 2.3, the power pattern is not so
isotropic in reality as no ideal antenna exists, but has instead a much higher response
in a specific angular area, known as the main lobe. The other areas are known as the
side lobes. The better the quality of an antenna, the more the power is concentrated
in the main beam solid angle as defined by:

ΩMB =

∫∫
main lobe

Pn(θ, ϕ) dΩ. (2.9)

This effectiveness is given by the quantity, ηMB, the main beam efficiency:

ηMB =
ΩMB

ΩA
. (2.10)
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Using Eq. 2.8, if we were to integrate over the beam solid angle, we would obtain an
expression for the flux density as the convolution of the position dependent brightness
with the antenna power pattern:

Sν =

∫∫
Bν(θ, ϕ)Pn(θ, ϕ) dΩ. (2.11)

As radio telescopes receive electromagnetic waves, the power received by an antenna
from an element of the solid angle of the sky, per unit frequency is given by1,

Pν =
1

2
Aeff

∫
BPn dΩ =

1

2
Aeff

∫∫
B(θ, ϕ)Pn(θ, ϕ) dΩ, (2.12)

where the factor of 1/2 accounts for polarisation (the incoming radiation is generally
assumed to be unpolarised). The actual area over which the dish effectively collects
and reflects radiation is what we define as the effective collecting area, Aeff , which can
be expressed in terms of the total beam solid angle (ΩA), as,

Aeff =
λ2

ΩA
. (2.13)

Thus, we see from Eq. 2.11 that the right side of Eq. 2.12 can be put in terms of the
flux density:

Pν =
1

2
AeffSν . (2.14)

Additionally, we see that if we substitute Eq. 2.5, 2.8, and 2.13 into Eq. 2.14, we obtain

Pν = kT. (2.15)

What we get is the well known Johnson-Nyquist theorem (1928)2 which can be used
to relate the power per unit frequency received by the antenna and its temperature,
T . This is valid under the Rayleigh-Jeans approximation, where the temperature here
is designated as the antenna temperature, TA. As such, in equating Eq. 2.15 with
Eq. 2.14, we have:

Sν =
2k

Aeff
TA. (2.16)

Recall Eq. 2.6 which when we equate to the above equation we get

TA = Aeff
ν2

c2

∫
TbdΩ. (2.17)

The antenna temperature is then the convolution of the sky brightness with the beam
pattern and can be considered the beam-averaged measurement of the brightness tem-
perature.

1It is also for each polarisation, which we do not discuss here.
2Strictly speaking, it states that the available noise power of a resistor is proportional to its tem-

perature.
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Figure 2.4: Schematic of a two-element interferometer observing a source in the far-field
such that the incoming radiation (green) arrives as plane waves. They are separated
by the baseline vector, b⃗. The unit vector, s⃗, points to an arbitrary point in the field of
view (FOV) whereas the unit vector s⃗0 points towards the phase tracing centre of the
interferometer array. The arrival time difference of a given plane of radiation between
Antenna 1 and 2 is the geometric time delay, τg, where c is the speed of light. Image
adapted from Wilson et al. (2012).

2.1.4 Interferometry

As discussed in the above section, the angular resolution from a single dish radio
telescope is approximated by Θ ∝ λ/D, where λ is the wavelength of the incoming radio
radiation and D is the diameter of the dish. In order to obtain higher angular resolution
data to better resolve sources on the sky, this means we would need to increase D for
a given wavelength of observation. However, current engineering and materials put
a limit on the size of the telescope, with the largest being the Five hundred meter
Aperture Spherical Telescope (FAST) with a diameter ∼500 m. Fortunately, Albert
Abraham Michelson (Jenkins & White 2001) showed that one can obtain a similar
resolving power Θ ≈ λ/D of a single dish, by using two individual dishes of diameter
d separated by a distance equivalent to that of the larger single dish, where d ≪ D. It
is from this principle that the field of radio interferometry has developed.

To elucidate this concept in practice, we begin with the simplest setup, that of two
radio antennae as shown in Fig. 2.4. The individual dish size is smaller than their
separation, which we define now as the baseline vector, b⃗. We define the unit vector
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s⃗0, which points to the centre of the region to be mapped, and s⃗ = s⃗0 + σ⃗ to be an
arbitrary position in the field. For a sufficiently far source, we can consider the incoming
radiation as electromagnetic plane waves. As such, one can see in the illustration in
Fig. 2.4 that a given plane wave will arrive at Antenna 1 after Antenna 2 separated in
time by a geometric time delay, τg due to the difference in path length. We express
this in terms of the dot-product of the vectors as

τg =
b⃗ · s⃗
c

. (2.18)

We make some simplifying assumptions for this basic case, where the emission is
monochromatic and noise from the celestial background and instrumentation of the
telescope are neglected. Then, the signal received by Antenna 1 at time t− τg and by
Antenna 2 at time t induces voltages given by:

U1(t) = U1,0 cos(2πν(t− τg)) (2.19)

U2(t) = U2,0 cos(2πνt), (2.20)

where U1,0 and U2,0 is the strength of the voltages. These voltages are fed into a
correlator where the combination of the two signals is performed via cross-correlation,
i.e., the time average of the product of the two signals where:

U2(t)U1(t) = U2,0 cos(2πνt)× U1,0 cos(2πν(t− τg))

= U1,0U2,0 cos(2πνt) cos(2πν(t− τg))

= U1,0U2,0 ·
1

2

(
cos(2πνt+ 2πν(t− τg)) + cos(2πνt− 2πν(t− τg))

)
=

U1,0U2,0

2

(
cos(2πν(2t− τg)) + cos(2πντg)

)
.

This is done in order to approximate the coherence between the signals arriving at
the two antennae in order to eventually produce images (discussed in Section 2.2.3).
In the case where the time over which we perform the averaging is sufficiently large,
i.e., much greater than over one oscillation of cosine (t′ ≫ (2πν)−1), then the average
over time t′ will be similar to the average over one oscillation period. Thus, the high
frequency term, cos(2πν(2t − τg)), can be neglected. As such, the output power from
the correlator is:

P (τg) = ⟨U1(t)U2(t)⟩ = U1,0U2,0 cos(2πντg). (2.21)

Recall from Eq. 2.12 that the power received from a radio telescope is proportional
to the effective collecting area, the brightness distribution and the telescope’s power
pattern integrated over the source solid angle. It becomes clear then that the product
of the amplitudes U1,0 and U2,0 is a representation of the total power received from the
source and depends on both the specifications of the interferometer and the properties
of the source. The interferometer’s sensitivity is determined by its effective collective
area, A(s⃗) =

√
A1(s⃗) ·A2(s⃗), and the bandwidth of the receiver system, ∆ν, while the

source properties are given by the brightness distribution B(s⃗) and the two-dimensional
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angular extent of the source. We therefore can express the output power as the integral
over the solid angle of the source:

P (τg) = ∆ν

∫
source

A(s⃗)B(s⃗) cos(2πντg) dΩ. (2.22)

With our definition of τg (Eq. 2.18) and s⃗, we can rewrite Eq. 2.22 in terms of
s⃗0, as it is in this direction that the so-called phase tracking centre is situated. This
position is the pointing centre of all the telescopes of the interferometer array. When
integrating over the solid angle, Ω, the varying quantity is therefore described by σ⃗.
Doing so gives us:

P = ∆ν

∫
A(σ⃗)B(σ⃗) cos(2πν

b⃗ · (s⃗0 + σ⃗)

c
) dΩ

= ∆ν

∫
A(σ⃗)B(σ⃗)

(
cos(2π

ν

c
b⃗ · s⃗0) cos(2π

ν

c
b⃗ · σ⃗)

− sin(2π
ν

c
b⃗ · s⃗0) sin(2π

ν

c
b⃗ · σ⃗)

)
dΩ

= ∆ν cos(2π
ν

c
b⃗ · s⃗0)

∫
A(σ⃗)B(σ⃗) cos(2π

ν

c
b⃗ · σ⃗) dΩ

−∆ν sin(2π
ν

c
b⃗ · s⃗0)

∫
A(σ⃗)B(σ⃗) sin(2π

ν

c
b⃗ · σ⃗) dΩ,

(2.23)

where we have used the trigonometric property cos(α ± β) = cos(α) cos(β) ∓
sin(α) sin(β). We now define the complex visibility function

V ≡ |V | · eiϕv =

∫∫
source

An(σ⃗)B(σ⃗)e−2πi ν
c
b⃗·σ⃗ dΩ, (2.24)

where An(σ⃗) = A(σ⃗)/A0 is the antenna response relative to its maximal value of A0

which occurs when the source position is in the centre of the antenna beam. The
amplitude, |V|, and the phase, ϕv, of the correlator output are a measure for the
visibility amplitude and phase, respectively. We can separate this complex function
into its real and imaginary components:

|V | cos(ϕv) =

∫
source

An(σ⃗)B(σ⃗) cos(2π
ν

c
b⃗ · σ⃗) dΩ, (2.25)

|V | sin(ϕv) =

∫
source

An(σ⃗)B(σ⃗) sin(2π
ν

c
b⃗ · σ⃗) dΩ, (2.26)

and one can immediately see its similarity to Eq. 2.23. We can therefore express
the power response in terms of the visibility components. In substituting them into
Eq. 2.23, we can expand and use the same trigonometric property used above to simplify
the expression into:

P = A0|V |∆ν cos
(
2π

ν

c
b⃗ · s⃗0 − ϕv

)
. (2.27)
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Figure 2.5: Left : Coordinate system used to relate the location of radio telescopes on
the Earth (baseline b⃗) with those of celestial objects (in direction of s⃗). The u- and
v-axes point towards East and North, respectively, while w points towards the phase
tracking centre s⃗0. Image credits: Thompson (1999). Right : Illustration of the same
coordinate systems showing the direction cosines of s⃗.

It is clear that when ϕv = 0, this implies that σ⃗ = 0 and thus the source is located
directly in line of s⃗0. As such, the visibility phase carries with it the information about
the position of the source relative to the phase tracking centre.

The main intention of measuring the visibilities from the |V| and ϕv is to recover
the brightness distribution of the source being observed on the plane of the sky as it
enters the visibility function in Eq. 2.24. In practical terms, this means producing an
image that represents the celestial sky observed by the radio interferometer. To do
this, we need to relate the coordinate system of the telescope with that of the observed
sky. We introduce the u, v, w- and l,m, n-coordinate systems to relate the coordinate
system of the antennas to that of the celestial sky. A basic sketch is shown in Fig. 2.5.
In this coordinate system, the source vector s⃗ is given by the direction cosines

s⃗ = (cosα, cosβ, cos γ) = (l,m,
√

1− l2 −m2), (2.28)

where we have described the source unit vector in terms of an east-west component
on the sky, l, a north-south component, m, and n =

√
1− l2 −m2, the orthogonal

component of the unit vector. The baseline vector b⃗ has components (u, v, w) such
that

b⃗
λ
= (u, v, w), (2.29)

and is the baseline length in units of wavelength. Here, u is the east-west direction, v
is the north-south direction, and w is the vertical component in the up-down direction.
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The visibility function (Eq. 2.24) can be rewritten as

V (u, v, w) =

∫ ∞

−∞

∫ ∞

−∞
An(l,m)Bn(l,m)

× exp{−2πi[ul + vm+ w(
√
1− l2 −m2 − 1)]} dldm√

1− l2 −m2
.

(2.30)

Now if we assume that the correlation is performed near to or at the pointing centre,
this means that An(0, 0) ≈ 1 and Eq. 2.30 can be approximated as

V (u, v) ≈
∫∫

B(l,m)× exp{−2πi(ul + vm)} dldm, (2.31)

where we see that the visibility function is nothing but the Fourier spectrum of the
brightness distribution as measured with an interferometer. As such, we can invert
this equation to obtain the brightness distribution by measuring the visibility for many
different baselines. We note that a single baseline of the interferometer will only be able
to provide a very limited coverage of the uv-plane. Furthermore, the interferometer is
sensitive to different size-scales which is dependent on the length of the baseline itself.
To receive information on multiple scales for the source, we need multiple baselines.
To obtain smaller-scale structure, one would need baselines of greater length. The
situation where having a limited number of data points in uv-space is illustrated in
Fig. 2.6. Furthermore, the largest angular scale of the emission which the array is
sensitive to is governed by the length of the shortest baseline. In essence, extended
emission of sources, where extended means larger than the full-width at half-maximum

FWHM : θ = 1.22
λ

|b⃗min|
,

where |b⃗min| is the length of the shortest baseline, is resolved out and not recovered
well.

In effect, it is actually not necessary to measure all the visibilities simultaneously
to produce the final image. Using again the simplest interferometer consisting of only
two antennas, if we are able to change the position of one of these antennas, we would
be able to have multiple baselines and thus greater uv-coverage. Taking multiple sets
of observations this way and combining them to produce a final image of the sky is the
basis of what is called aperture synthesis, a technique developed by Sir Martin Ryle
for which he was awarded the Nobel Prize for physics in 1974. In practice, we can
better reconstruct the brightness distribution B(l,m) by using a few other techniques
to obtain a greater coverage of the uv-plane. While we used as our simplest case,
having only two antennas in our interferometer, the natural next step would be to
make use of many more antennas at varying distances from each other to increase the
number of individual baselines. Since, we can consider each antenna pair as a baseline,
the total number of baselines formed by an array of N antennas is given by N(N-1)/2.
Furthermore, one can observe for an extended period of time and make use of what
is known as Earth rotation synthesis. Earth rotation synthesis takes advantage of the
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fact that for a pair of stationary antennas, the baseline b⃗ position vector changes its
position relative to the source vector continuously as the Earth naturally rotates. As
such, an observation integrated over a finite time, ∆ti, provides a different sample of
the visibility function and thus, another component of the brightness distribution.

Since the visibility function is in practice sampled discretely, we use a sampling
function, S(u, v), such that it gives the values for u and v where the V (u, v) is sampled
and zero everywhere else (i.e., where no data has been taken). It has the form

S(u, v) =
∑
k

wkδ(u− uk, v − vk), (2.32)

and is a sum of a two-dimensional Dirac-delta function where wk are the weighting
factors and (uk, vk) are the coordinates where the visibilities are recorded. The resul-
tant sampled visibility is then given by the product of the sampling function with the
visibility function:

V s(u, v) = S(u, v) · V (u, v). (2.33)

To reconstruct the real brightness distribution, one needs to (as mentioned above)
perform an inverse Fourier transform of the visibilities:

BD = F−1(V s(u, v)) = F−1S(u, v) ∗ F−1V (u, v)

BD = BD ∗B,
(2.34)

where we have used the convolution theorem. BD represents the dirty image and is
the image that is reconstructed from the sampled visibilities. Then, in order to obtain
the real image described by the brightness distribution B = F−1V (u, v), one needs to
deconvolve BD = F−1S(u, v) from the dirty image. To perform the deconvolution, we
use the CLEAN algorithm (Högbom 1974). This will be discussed in greater detail in
Section 2.2.3.
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Figure 2.6: This sketch illustrates the fact that not all positions in the uv-plane have
data. The locations in the uv-plane which are filled with correlated data from the
outputs of three antennas (A, B, and B′) located along an east-west baseline. The data
are taken at discrete time intervals while tracking a source. The regions filled in black
represent those where data was taken; there is no data for those not filled. The data
are the correlation of antenna A with B and A with B′. The filled squares form parts
of elliptical rings. The correlation of antenna B with B′ produces the region close to
the origin since the spacing between B and B′ is small. The gaps between regions are
exaggerated. This missing data gives rise to an imperfect estimate of Eq. 2.30. Image
credits: Wilson et al. (2013).
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2.2 A Global view on Star formation: The GLOSTAR sur-
vey

We provide a summary of the motivation for the GLOSTAR survey and the details of
observations used as part of this thesis. While the full details are found in Brunthaler
et al. (2021), we explore some of the intricacies here as some of the data products (the
spectral line data) were produced as a part of this thesis.

As mentioned above, the electromagnetic spectrum is wide, and its radiation
emerges from a wide diversity of sources. In studying celestial objects, different wave-
lengths allow us different perspectives of what is happening in our very own Galaxy and
in the Universe as a whole. Over the past decade, many efforts were made to survey the
Galactic plane comprehensively over many different wavelengths. Fig. 2.7 shows how
the Milky Way can look vastly different depending on the wavelength regime. As such,
multi-wavelength surveys enable investigations of not only individual local phenomena
such as stars, stellar clusters, ionised gas and molecular or atomic clouds, but studies
of our Galaxy as a whole which we can then compare to other galaxies. Some of the
most widely used surveys in the infrared, (sub-)millimetre, and radio regimes include:

• Infrared – e.g., GLIMPSE (Churchwell et al. 2009), MIPS Galactic Plane Survey
(MIPSGAL, Carey et al. 2009), Herschel infrared Galactic Plane Survey (Hi-GAL,
Molinari et al. 2010),

• (Sub-)millimetre – e.g., ATLASGAL (Schuller et al. 2009b; Csengeri et al.
2014), Bolocam Galactic Plane Survey (BGPS, Aguirre et al. 2011), WISE
(Wright et al. 2010), JCMT Plane Survey (JPS, Moore et al. 2015; Eden et al.
2017),

• Radio – e.g., Multi-Array Galactic Plane Imaging Survey (MAGPIS, Becker
1990; Becker et al. 1994), Sino-German 6 cm survey (Han et al. 2015), Coor-
dinated Radio and Infrared Survey for High-Mass Star Formation (CORNISH,
Hoare et al. 2012; Purcell et al. 2013), The Hi, OH, Recombination line survey
of the Milky Way (THOR, Bihr et al. 2015; Beuther et al. 2016; Wang et al.
2020), Southern Galactic Plane Survey (SGPS, McClure-Griffiths et al. 2005),
VLA Galactic Plane Survey (VGPS, Stil et al. 2006), Canadian Galactic Plane
Survey (CGPS, Taylor et al. 2003), H2O southern Galactic Plane Survey (HOPS,
Walsh et al. 2011).

The combination of these surveys allows us to study all the evolutionary stages involved
in high-mass star formation in an unbiased way (e.g., König et al. 2017; Elia et al. 2017;
Urquhart et al. 2018c) for the first time.

With an emphasis on studying star formation, the infrared surveys (e.g., GLIMPSE)
catalogue millions of sources which preferentially select young and evolved stars from
their hot circumstellar dust emission (e.g., Robitaille et al. 2008). Complementary
to this are surveys in the sub-millimetre regime (e.g., ATLASGAL) which study the
cool dust inside molecular clouds where these young and evolved stars form. They



2.2. A Global view on Star formation: The GLOSTAR survey 39

Figure 2.7: View of the Milky Way at different wavelengths. ©NASA
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have already catalogued the properties (e.g, temperature, density) of thousands of
dust clumps (e.g, Urquhart et al. 2018a). On the other hand, radio studies can observe
atomic hydrogen, which is widely distributed and traces where the majority of the mass
of the ISM is located whilst also providing information on the velocity structure of the
neutral gas (e.g., VGPS). Studying the ionised gas, however, is crucial to understand
both the early and late phases of high-mass star formation as it can arise from nebulae
surrounding the newly formed massive hot stars. These studies centre on obtaining the
radio continuum spectral index in order to classify the nature of the ionised gas and
thus benefit from studies over a range of radio frequencies. To this end, CORNISH,
while not the first survey, was at the time, the most uniformly sensitive, homogeneous
and complete survey of compact radio-emission sources at 5GHz towards the northern
Galactic plane. It is a very successful survey, which has detected many thousands of
radio sources to be identified and studied (e.g., Urquhart et al. 2013b; Cesaroni et al.
2015; Kalcheva et al. 2018; Irabor et al. 2018). However, CORNISH was designed to
focus on the ultra-compact Hii region stage of high mass star formation. The technology
of the correlator at the time limited the bandwidth available to ∼50 MHz and the focus
on UC Hii regions makes it less sensitive to emission from larger angular scales (i.e.,
>20′′) which does not provide the whole picture. In addition, they did not observe
spectral line data.

To address these shortcomings, the Global view on Star formation in the Milky
Way (GLOSTAR; Brunthaler et al. 2021) survey has been designed to take advantage
of the vastly improved capabilities of modern digital instrumentation of current radio
telescopes. Whereas CORNISH used the Very Large Array (VLA) (see Fig. 2.8, at
right), GLOSTAR benefits from the upgrade of the VLA into the Karl G. Jansky Very
Large Array, (also known as JVLA3). As part of this upgrade, new receivers with much
wider bandwidths and lower system noise allow for better observations along with
a continuous frequency coverage from 1–50 GHz. Furthermore, with the Wideband
Interferometric Digital ARchitecture (WIDAR) correlator, the VLA’s spectroscopic
performance is improved by orders of magnitude, in terms of instantaneous frequency
coverage and spectral resolution. Finally, as large surveys inevitably have higher time
costs, any reduction of the overhead time (the time used for a telescope to set up before
an observation scan) would allow for more time spent on target. To this end, the “dead
time” due to the slew and settling time of the antennas between observations was much
reduced from the 20 s typical of the old VLA. All of these improvements enable the
VLA to make extremely sensitive and efficient surveys (for a more in-depth description,
see Perley et al. 2011).

To add to the current study of HMSF, GLOSTAR is designed to be an unbiased
survey that detects and characterises star-forming regions in the Milky Way Galaxy.
It detects tell-tale tracers of star formation: compact, ultra- and hyper-compact Hii
regions and molecular masers that trace different stages of early stellar evolution and
pinpoints the very centres of the early phase of star-forming activity. Combined with
the submm surveys such as ATLASGAL and the continually updated Bar and Spiral

3Initially known as the EVLA (Expanded VLA).
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Figure 2.8: Images of the telescopes used as part of the GLOSTAR survey. © Norbert
Tacken/MPIfR (Effelsberg telescope); NRAO/AUI/NSF (Very Large Array).

Structure Legacy (BeSSeL) Survey4, GLOSTAR offers a nearly complete census of the
number, luminosities, and masses of massive star forming clusters. These clusters cover
a large range of evolutionary stages and thus allow for a unique dataset to obtain a
global view on star formation in our Galaxy. Apart from information on high-mass star
formation, the GLOSTAR survey allows efficient identification and imaging of super-
nova remnants (Dokara et al. 2021), planetary nebulae, and extragalactic background
sources (Medina et al. 2019; Dzib et al. 2022; Yang et al. in prep).

It uses the extremely wideband (4–8 GHz) C-band receivers of the VLA and observes
target fields in both the D-configuration (∼ 18′′) and B-configuration (∼ 1′′) in order
to have good surface brightness sensitivity for extended structures as well as higher
resolution for more compact objects respectively. To obtain the zero spacings for the
D-configuration data, the Effelsberg 100-m single dish telescope (see Fig. 2.8, at left), is
also used. In combining both D-configuration and B-configuration data, we can make
images that benefit from the surface brightness sensitivity of the D-configuration and
the high resolution of the B-configuration, resulting in the best possible images for
intermediate size sources. While the GLOSTAR survey uses both the VLA and the
Effeslberg telescope, only the VLA was used as part of this thesis. We refer the reader to
the overview paper by Brunthaler et al. (2021) for the full details that involve Effelsberg.
An example of the current work to combine the two datasets is shown in Fig. 2.9 that
illustrates the importance of obtaining complimentary single-dish observations.

2.2.1 Observations

The GLOSTAR survey covers the range from −2◦ < l < 60◦ in Galactic longitude
and |b| < 1◦ in latitude and, in addition, the Cygnus X star-forming complex. This
corresponds to 145 square degrees in total. While the entirety of the survey has been
covered with the VLA D-configuration and almost completely with the Effelsberg radio
telescope, the region between 40◦ < l < 56◦ has not been observed yet in the B-

4See http://bessel.vlbi-astrometry.org for more details.
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Figure 2.9: Figure is taken from Brunthaler et al. (2021) and shows the benefit of
adding Effelsberg data. Top: Radio continuum image of the pilot region in the range
28◦ < l < 36◦ from the combination of the VLA D-configuration and the Effelsberg
single dish images. Bottom: D-configuration VLA image of the full continuum of the
same longitude range which was already presented in Medina et al. (2019).
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Table 2.1: Table of observation properties adapted from Brunthaler et al. (2021) which
lists observed lines, bandwidth, number of channels and polarization products, channel
spacings, velocity coverage, and theoretical sensitivity for two visits of one pointing
(for the full 1 GHz for the continuum and 1 channel for spectral lines) of the VLA
observations. For l=58◦–60◦, the RRLs H115α (4268.142 MHz), H102α (6106.855 MHz)
and H103α (5931.544 MHz) were observed instead of H110α and H96α. The central
LSR velocity changed for different parts of the survey based on longitude-velocity plots
of CO in the Milky Way.

Line Frequency Bandwidth Chan. Resolution Coverage 1σ rms in 15 sec
[MHz] [MHz] & pol. prod. [km s−1] [km s−1] [mJy beam−1]

Continuum 4200–5200 8×128 8×64×4 - - 0.09
H114α 4380.954 8 128×2 4.3 547 11
H113α 4497.776 8 128×2 4.2 533 11
H112α 4618.789 8 128×2 4.1 529 11
H2CO 4829.660 4 1024×2 0.24 248 45
H110α 4874.157 8 128×2 3.8 492 11

Continuum 6400–7400 8×128 8×64×4 - - 0.08
CH3OH 6668.518 8 2048×2 0.18 360 38
H99α 6676.076 8 128×2 2.8 359 11
H98α 6881.486 8 128×2 2.7 348 11
H96α 7318.296 8 128×2 2.5 328 11

configuration. For some regions, between −2◦ < l < 12◦, the hybrid DnC and BnA
configurations were used when possible, as the Northern arm of the array is in the more
extended configuration which ensures a more circular synthesized beam. When these
hybrid configurations were no longer available (after 2016), combinations of D-, C-, B-,
and A- configurations were used where applicable. Observing methanol, formaldehyde,
and radio recombination lines as well as the radio continuum, the survey aims to detect
various tracers of different stages of early star formation in order to gain information
on the start of the stellar evolution process of massive stars.

The C-band radio continuum emission was observed with two 1-GHz wide basebands
in full polarization mode. The observed spectral lines are the following: the 6.7GHz
(51–60 A+) methanol maser emission line to pinpoint unambiguously the locations
of early high-mass protostars, seven radio recombination lines (RRLs) to study the
kinematics and properties of the ionized gas, and the 4.829GHz (11,0–11,1) transition of
formaldehyde (H2CO), where absorption measurements can solve distance ambiguities.
The observational setups are shown in Table 2.1 which is adapted from Brunthaler et al.
(2021). The table also shows the expected sensitivities for two scans (total integration
time of 15 s) where the final sensitivity is expected to be at least a factor of two better
due to the observing strategy which is discussed below. Of particular note is that for the
Galactic Centre region (−2◦ < l < 2◦), the bandwidth of the spectral line observations
were doubled at the loss of the velocity resolution due to the very broad velocity range
seen in the central region of the Milky Way.

As discussed above, proper planning of the observation scans is vital for the ef-
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ficiency of large surveys. For a given observation, a 2◦ × 1◦ region of the Galactic
plane was mapped, taking roughly five hours. The region is covered by ∼676 pointings
where each pointing is observed for 11 seconds twice. Taking into account the over-
head from moving the antennas, the total on-source integration time is 15 seconds (as
stated above). An example of the layout of the pointings is shown in Fig. 2.10, where
the pointings spread out according to a hexagonal grid with a spacing of θhex =3.25′

(chosen such that θhex = θB/2, where θB = 6.5′ is the primary beam at the central
frequency of the higher continuum band). The final sensitivities are better than the
reported values in Table 2.1 because of this overlapping strategy as each pointing is also
covered by six neighbouring fields. Furthermore, since fields are observed at different
times, a better uv -coverage is obtained compared to a single pointing.

2.2.2 Calibration

All data needs to be calibrated to correct for instrumental or environmental effects.In
terms of interferometric data, some of the main aspects of calibration include calibra-
tion of the absolute (flux density) scale, calibration of the signals at different frequencies
relative to each other over the observing bandwidth (bandpass and delay), and calibra-
tion of the time dependent effects (complex gain; i.e., phase and amplitude) of changing
conditions due to the atmosphere and instrument. This section is adapted from the
NRAO CASA documentation5.

The flux density scale calibration is needed as when the visibilities are measured,
it is given in terms of relative signal strength and relative phase. As such, it needs to
be rescaled in order to represent the flux density as measured from the sky visibilities.
This is typically done through observations of a calibrator source with (an assumed)
known and constant flux density and source structure. The measured visibilities are
then compared with a model and rescaled accordingly.

The delay is the result of small errors in the correlator model (e.g., inaccurate an-
tenna and source positions as well as atmospheric delays and cable length variations
due to changing temperatures). These small impurities cause small deviations from
the correlator model that is seen as a time-constant linear phase slope as a function
of frequency within an intermediate frequency (IF) baseband. If the delay is not cor-
rected, when averaging frequencies for a continuum image, the continuum signal is
decorrelated and is not a correct representation of the sky. Furthermore, deviations
of the amplitude and phase response at different frequencies (e.g. at the edge of the
band) occur independently of the delay and also need to be corrected in order to obtain
better signal-to-noise and dynamic range for the data. The delay and the bandpass
can be also calibrated by an observation of a very strong continuum source, typically
the primary flux density calibrator.

The antenna gain calibration (complex gain) is meant to account for not only the
changing conditions of the instrument, but also of the environment over time. Ex-
amples of time variable instrument properties includes receiver power level settings,

5https://science.nrao.edu/facilities/vla/docs/manuals/obsguide/calibration
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Figure 2.10: Pointing configuration of a single observation spanning the range of 35◦ <
l < 36◦ and |b| < 1◦. The background image shows our D-configuration continuum
data. Also shown are the primary beam sizes at the centre frequency of the higher
frequency continuum band (6.9 GHz) of one central pointing and its six neighbouring
pointings. Taken from Brunthaler et al. (2021).
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and corruption of baseband samplers. Examples of time variable environmental prop-
erties include the atmosphere (ionosphere for low frequencies; troposphere for high
frequencies), water content in the sky, and RFI. As it is a time variable correction, gain
calibration must be performed regularly and is done as repeated scans on the complex
gain calibrator to measure the changes in visibility amplitude and phase on the gain
calibrator. These changes are then interpolated to the target field scan and large fluc-
tuations are removed. While this corrects most of the above-mentioned effects, RFI is
not accounted for in this way and data affected by RFI needs to be removed (flagged).

2.2.2.1 Continuum Data

This thesis made use of the continuum data obtained by GLOSTAR but was not reduced
by the author (whereas the spectral line data, was). It is described here nonetheless for
posterity (Brunthaler et al. 2021).

The data was calibrated, edited and imaged using the Obit package (Cotton 2008),
which interoperates with the classic Astronomical Image Processing Software package
(AIPS) (Greisen 2003) to use instrumental calibration signals and observations of ce-
lestial sources6. Calibration scripts were written to specifically handle the GLOSTAR
continuum data calibration and is described in detail in the works by Medina et al.
(2019) and Brunthaler et al. (2021). Listed are the steps taken in the scripts to calibrate
and edit the data to prepare it for imaging:

1. Convert from Archive format. The data were converted from archive format
(ASDM/BDF) to AIPS format.

2. Initial flagging. The flag table was initialized to the flags determined by the
online system. Data were compared to running medians in time (each scan is at
least 3 or 4 times the correlator dump time of 2 seconds) and frequency flagging
the outliers. Antennas were flagged when shadowed by other antennas.

3. Switched power calibration. An amplitude correction based on the switched
power signal corrected for variations in system temperature.

4. Parallactic angle correction. A time dependent correction was applied to the
calibration table for the parallactic angle of the antennas.

5. Delay calibration. Group delay corrections were determined from calibrator
data and applied to all sources.

6. Bandpass calibration. Bandpass corrections were determined from the primary
flux density calibrator 3C 286 using a model of the calibrator.

7. Amplitude & Phase calibration. Gain solutions were determined for the
amplitude and phase calibrators and were used to determine the spectrum of the

6CASA was not used in this case as it was not optimised for the specific nature of GLOSTAR
continuum data.
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phase calibrator that was then used to calibrate the target data. Solutions for
3C 286 used a structural and spectral model and were forced to the spectrum of
Perley & Butler (2013a).

8. Post calibration flagging. Another editing pass was done comparing the data
with a running mean in frequency.

9. Rinse and repeat. The solutions from the various calibration steps were com-
pared with median values and outliers flagged, both in the solutions and the
accumulated flag table. After the first calibration pass, the calibration tables
were deleted, the flag table kept and the calibration repeated. This ensures that
the calibration used well-edited data.

10. Cross hand delay calibration. The polarized calibrator, 3C 286, was used to
determine cross–hand delay residuals.

11. Instrumental polarization calibration. The polarization state of the sec-
ondary calibrator and the instrumental polarization were determined using ob-
servations over a range of parallactic angle.

12. Cross hand phase calibration. A cross–hand residual phase spectrum was
determined from data on the polarized calibrator 3C 286 and the polarization
model of Perley & Butler (2013b). This corrects the polarization angle on the
sky.

2.2.2.2 Spectral Line Data

For the spectral line data, the Common Astronomy Software Applications (CASA)
package was used for the calibration steps. We used a modified version of the VLA
scripted pipeline7 (version 1.3.8) for CASA (version 4.6.0) that has been adapted to
work with spectral line data where changes have been boldfaced:

1. Loads the data into a CASA measurement set (MS) and obtains information
about the observing set-up from the MS. No Hanning smoothing was per-
formed in order to preserve the spectral resolution.

2. Applies online flags and other deterministic flags (shadowed data, end channels
of sub-bands, etc.).

3. Prepares models for primary flux density calibrators.

4. Derives pre-determined calibrations (antenna position corrections, gain curves,
atmospheric opacity corrections, requantizer gains, etc.).

5. Iteratively determines initial delay and bandpass calibrations, including flagging
of RFI and some automated identification of system problems.

7https://science.nrao.edu/facilities/vla/data-processing/pipeline/scripted-pipeline
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6. Derives initial gain calibration, and derives the spectral index of the bandpass
calibrator.

7. Derives final delay, bandpass, and gain calibrations, and applies them to the data.

8. Runs the RFI flagging algorithm on only the calibration scans as it can
often flag the spectral lines we want to observe.

9. Statistical weights were not calculated as this sometimes affects bright
sources, which is a concern for very strong masers.

After an initial run of the calibration pipeline, we perform quality checks and manually
flag further erroneous data and rerun the pipeline until satisfied. For the work done in
this thesis, we personally calibrated the D-configuration data in the galactic longitude
ranges of −2◦ to 28◦ and 36◦ to 60◦, while the range from 28◦ to 36◦ was calibrated
by a collaborator. For the B-configuration, we calibrated the range from 28◦ to 36◦ in
galactic longitude. This is approximately 31 TB of data.

2.2.3 Imaging: the CLEAN algorithm

As mentioned previously in Sect. 2.1.4, we can produce a so-called dirty image from
the direct Fourier transform of the uv data. However, this is often not the best rep-
resentation of an observed field since the sampling of the uv-plane is not continuous
and there are, inevitably, missing (u, v) data points that come from unsampled regions
in the uv-plane. Furthermore, the dirty image often contains features such as negative
intensity artefacts which cannot be real.

Above, we made the assumption in our formulation that the visibility function
V = 0 for all unmeasured visibilities. In order to mitigate the listed shortcomings
of producing a dirty image, we instead give values for V for these positions of (u, v)
that are based off a model of the assumed intensity distribution. The CLEAN algorithm
developed by Högbom (1974) aims to do exactly this by representing the radio sky as
a collection of point sources. The main algorithm is as follows:

1. Find the strength and position of the peak (i.e., of the greatest absolute intensity)
in the dirty image.

2. Subtract from the dirty image, at the position of the peak, the dirty beam mul-
tiplied by the peak strength and a damping factor γ (≤ 1 , usually termed the
loop gain).

3. The peak position and its strength are recorded as a model component, called
the CLEAN component.

4. Go to (1) and repeat these steps for a fixed number of iterations or until no flux
density peak higher than a threshold is found. The search for peaks may be
constrained to specified areas of the image, called CLEANwindows.
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5. Convolve the accumulated point source model with an idealized CLEAN beam
(usually an elliptical Gaussian fitted to the central lobe of the dirty beam). The
image produced is the CLEANed image.

6. Add the residuals of the dirty image to the CLEANed image.

The Clark-Högbom algorithm (Clark 1980) improves on this method by shifting part
of the computation from the image plane to the uv-plane. It is composed of two iteration
cycles, named the minor and major cycles. In the minor cycle, CLEAN components are
selected from the dirty image where their intensity is both above a threshold fraction of
the dirty image peak and is greater than the intensity of the greatest sidelobe. A regular
Högbom CLEAN is then performed until there are no more valid CLEAN components. In
the major cycle, the CLEAN components are then Fourier transformed back to the
visibility (uv) plane. They are then convolved with the weighted sampling function
(inverse transform of the beam), transformed back to the image plane, and finally
subtracted from the dirty image. The specific details for the imaging process used for
the GLOSTAR data in this thesis are presented in Chapters 3, 4, and 5 where they are
used.
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Figure 2.11: Example data cube.

Spectral line data
products of radio astron-
omy often come in what
is known as a data cube
and is used extensively in
this thesis. Data cubes
consist of voxels, which
represent intensities in
three dimensions. In our
work, the dimensions are
typical two positional
dimensions, representing
the position on the sky,
while the third dimension
is the spectral dimension.
This spectral axis, is
discretely represented
as individual channels
and corresponds to the
frequency information of
the observations (often converted to velocity for analysis). A basic illustration of a
data cube is shown in Fig. 2.11. Examples of how one can interpret data cubes in a
practical sense are shown in Fig. 2.12, which shows a data cube collapsed along the
spectral axis, and in Fig. 2.13 which shows the information represented by one pixel
along the spectral axis.
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Figure 2.12: Example data products of an unCLEANed (left) and CLEANed (right) data
cube. We show peak intensity maps, which shows at each pixel, the value of the
channel (velocity) with maximum intensity. It is clear the effect the CLEAN algorithm
gives by providing a clear picture of astronomical sources, allowing for the identification
of weaker sources in the presence of stronger sources. Two sources, in this case, 6.7 GHz
methanol masers are labelled as A and B.
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Figure 2.13: We show as an example the spectra of the two 6.7 GHz methanol masers
shown in Fig. 2.12. From the data cube, we take all the intensity along the spectral
axis at a given pixel and plot them against their corresponding velocity. The left source
corresponds to source A, and the right, source B. The red-dashed line represents the
known velocity of dust clumps that these maser sources are associated with. Taken
from Nguyen et al. (2022).



Chapter 3

GLOSTAR: Radio Continuum
Detections of YSOs in the CMZ

This chapter is a summary of the article published in Astronomy and Astrophysics (see
Appendix A) titled “A global view on star formation: The GLOSTAR Galactic
plane survey. IV. Radio continuum detections of young stellar objects in
the Galactic Centre region” by:

H. Nguyen, M. R. Rugel, K. M. Menten, A. Brunthaler, S. A. Dzib,A. Y. Yang,
J. Kauffmann, T. G. S. Pillai, G. Nandakumar, M. Schultheis, J. S. Urquhart,

R. Dokara, Y. Gong, S-N. X. Medina, G. N. Ortiz-León, W. Reich,
F. Wyrowski, H. Beuther, W. D. Cotton, T. Csengeri,

J. D. Pandian, and N. Roy
2021, A&A, 651, A881.

3.1 Context

As discussed in Chapter 1.1.2, high-mass stars play a key role in many astrophysi-
cal processes as they affect not only their local environment, but also the star and
planetary formation processes at galactic scales. It is therefore crucial to understand
their formation and the relevant processes involved in their formation. An interesting
laboratory to conduct such an investigation is the giant molecular cloud complex at
the centre of the Milky Way, the Central Molecular Zone (CMZ). The CMZ’s physi-
cal conditions are extreme in comparison to those in other GMCs in the Milky Way
as the temperature, the pressure, and the magnetic field strengths are much higher.
This makes the CMZ an interesting laboratory for studying HMSF (Morris & Serabyn
1996). Furthermore, despite the amount of dense gas available, the SFR is lower than
expected in comparison to other regions.

One way to calculate the SFR and thus study HMSF, is to count the number
of YSOs to directly estimate the current ongoing star formation that is occurring.
However, studying YSOs in the CMZ can be difficult, as the distance and environment
give rise to a large and spatially variable extinction problem. It can make late-type
evolved stars like asymptotic giant branch (AGB) stars look similar to YSOs in the
infrared. One of the most recent studies to disentangle the contamination of late-type
evolved stars from YSOs within photometric catalogues was performed by Nandakumar

1H. Nguyen et al. 2021, A&A, 651, A88, reproduced with permission from ©ESO.
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et al. (2018). Using a sample of 2.2µm near infrared sources, they devised a new colour-
colour- diagram criterion which they propose separates YSOs from late-evolved stars
and searched in the area of the CMZ to produce a sample of 334 YSO candidates. It
is this set of 334 YSOs that we examine to study HMSF.

3.2 Aims

The first goal is to understand the nature of 2.2µm sources in the CMZ. However, at the
distance of the Galactic Centre, they are both far away and suffer from high extinction
levels. As a primary diagnostic, we make a comparison to the nearby Orion Nebular
Cluster (ONC) which is considered the template region for high-mass star formation.
Is it possible to see Orion-like sources in the CMZ? If so, are the YSO candidates
classified by Nandakumar et al. (2018) Orion-like? Are they even YSOs? How well
do 2.2µm sources trace other signposts of HMSF like Hii regions? To address these
questions, we use GLOSTAR radio observations to probe these sources and investigate
their nature in order to constrain their evolutionary stages, provide a census on their
relation with Hii regions, and ultimately estimate the SFR in the CMZ.

3.3 Methods

To address the first question we use 2.2µm data from the Cosmic Background Explorer
(COBE) space-based mission to estimate the flux of the ONC. We then scale the flux to
the distance of the CMZ to determine if it would be possible to observe ONC-like sources
given the limiting sensitivity of the instruments used to produce the 2.2µm sources from
the study of Nandakumar et al. (2018). We use the YSO candidate sample as targets to
search for radio continuum counterparts. The radio data used were obtained as a part
of the GLOSTAR survey, where observations of the Galactic Centre were performed
using the D-configuration of the VLA. It covers a region of from l = −2◦ to 2◦ and
b = −1◦ to 1◦ with a frequency coverage of two 1 GHz bands in the range from 4 to
8 GHz. We classified radio continuum sources as potential Hii regions and calculated
their physical properties such as their fluxes, their sizes, and their morphology. Using
ancillary data from the ATLASGAL survey at 870µm to trace the surrounding dust,
we further characterised these sources.

3.4 Results

Using the 2.2µm COBE data (Boggess et al. 1992), we find that the integrated flux
density of the ONC is 630mJy. Once scaled to the distance of the CMZ, this results in
a value of 1.49mJy. This corresponds to Ks filter magnitude of ∼14. This is just above
the limiting magnitude for the Ks filter and therefore suggests that we should be able
to see ONC-like sources in the CMZ in the study by Nandakumar et al. (2018).

From the sample of 334 YSO candidates, we initially find 100 cases of coincident
GLOSTAR radio continuum emission. However, the extended radio continuum emis-
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Figure 3.1: Detection of a GLOSTAR 5.8GHz counterpart for source 140
(G359.784+0.040) from Nandakumar et al. (2018). The GLOSTAR 5.8 GHz contin-
uum map is shown in colour with positions of the peak radio emission and the YSO
marked with a black X and red cross, respectively. White contours correspond to 3, 5,
and 10σ (σ = 0.634mJy beam−1). The magenta contour outlines the area from which
the flux density was calculated. The colour bar maximum was chosen to be 1.5× the
peak intensity of the coinciding 5.8 GHz source. The beamsize is shown in magenta in
the bottom left corner. Adapted from Fig. 3 in Nguyen et al. (2021).

sion features can be very complicated, especially in a region like the Galactic Centre.
We therefore focus mainly on compact sources where possible. Additionally, we use the
multiple frequency bands of the GLOSTAR data to check for artefacts. This reduces
our list to 35 potential counterparts. An example is shown in Fig. 3.1 of source 140
from Nandakumar et al. (2018), where we have plotted the YSO candidate as a red
cross on top of the GLOSTAR D-configuration continuum.

The fluxes of these radio counterparts range from 0.9 mJy to 3.3 Jy where the cal-
culated thermal indices and literature support their Hii region classification. The com-
parison with the dust continuum data finds that 94 YSO candidates have ATLASGAL
870µm emission counterparts when compared to an emission map (provided by col-
laborator Dr. James Urquhart). Of these, 14 sources also have the aforementioned
GLOSTAR radio continuum counterpart. In assuming spherical geometry for most of
these sources, we can calculate physical properties which can give us the number of
Lyman continuum photons. These are the photons emitted by the developing star that
ionises the surrounding medium, thus producing an Hii region. This value is associated
to a given spectral type of star which has an associated mass based on models (Davies
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Figure 3.2: Mass distribution of calculated zero-age-main-sequence (ZAMS) masses for
the Hii regions with associated YSOs. The black line represents the fitted Kroupa IMF
(Kroupa 2001). Adapted from Fig. 12 in Nguyen et al. (2021).

et al. 2011). Using these masses, we plot their distribution in Fig. 3.2 which we use to
estimate an initial mass function (IMF). With the IMF, we can estimate the total mass
of stars in the CMZ. In assuming the same formation timescale from Nandakumar et al.
(2018) of 0.75 ± 0.25Myr, we can then calculate the SFR to be 0.04 ± 0.02M⊙ yr−1

which is consistent with the results of Nandakumar et al. (2018) and other indepen-
dent investigations. We note, however, that our sample size of 35 is small and that we
only sampled stars that are currently associated with radio emission. There are likely
star forming regions that have yet to exhibit radio emission. We follow the method of
from Kauffmann et al. (2017a) to calculate the SFR by using the total ionising flux of
Hii regions we detected, as well as known sources from literature to estimate the SFR
in the CMZ to be 0.068 M⊙ yr−1.
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3.5 Conclusions

Given that YSOs should be embedded in their natal dust clouds, we expect to see
an association with the ATLASGAL dust emission. The 94 sources that have dust
associations are consistent with this general picture. The YSO candidates without
dust emission are perhaps not YSOs, or at least not massive YSOs and are instead,
associated with lower-mass dust clumps. Furthermore, we detected 35 compact radio
continuum counterparts and calculated their physical properties and classified them
as potential Hii regions based on their spectral indices and the associated literature.
We do not find a strong correlation between the 2.2µm sources and 5.8 GHz radio
continuum, this suggests that sources without a radio continuum counterpart have not
yet evolved to the stage of exhibiting an Hii region or, conversely, are older and have
dispersed their natal clouds. Since many lack dust emission, the latter is more likely.
Our estimates of the SFR in the CMZ are consistent with other studies in the literature,
which use different methods.





Chapter 4

GLOSTAR: 6.7 GHz Methanol
Maser Catalogue

This chapter is a summary of the article published in Astronomy and Astrophysics (see
Appendix B) titled “A global view on star formation: The GLOSTAR Galactic
plane survey. V. 6.7GHz methanol maser catalogue” by:

H. Nguyen, M. R. Rugel, C. Murugeshan, K. M. Menten, A. Brunthaler,
J. S. Urquhart, R. Dokara, S. A. Dzib, Y. Gong, S. Khan,

S-N. X. Medina, G. N. Ortiz-León, W. Reich, F. Wyrowski,
A. Y. Yang, H. Beuther, W. D. Cotton, and J. D. Pandian

2022, A&A, 666, A591.

4.1 Context

One of the clearest signposts of recent high-mass star formation (HMSF) is the Class II
methanol (CH3OH) maser and it has proven to be an indispensable tool in the study
of HMSF. While maser emission was previously known, it was discovered in space
for the first time by Barrett et al. (1971b) at 25 GHz towards Orion-KL. Many other
methanol maser lines have been discovered since then, notably those at 6.7 and 12.2GHz
(Batrla et al. 1987; Menten 1991b). They are classified by the pumping mechanism that
facilitates maser emission as either collisional pumping (Class I: Batrla et al. 1987;
Cragg et al. 1992; Voronkov et al. 2010, 2014; Leurini et al. 2016) or radiative pumping
(Class II: Menten 1991a,b; Caswell et al. 2010). In particular, Class II CH3OH masers
have already proven to be one of the clearest signposts of HMSF, with the 6.7 GHz line
from the 51 − 60A+ transition being the brightest and most widespread in the Galaxy
(Menten 1991b, 1993; Walsh et al. 1997, 1998). It is unique in that it exclusively traces
high-mass star forming regions (Minier et al. 2003; Ellingsen 2006; Xu et al. 2008).
They are found in the surrounding dust and gas of MYSOs. Their usefulness in the
study of HMSF has therefore motivated many surveys to date, both targeted (e.g.
Menten 1991b; MacLeod et al. 1992; Caswell et al. 1995; Caswell 1996a; Ellingsen et al.
1996; van der Walt et al. 1996; Walsh et al. 1997; Ellingsen 2007; Yang et al. 2019b)
and unbiased surveys (Rickert et al. 2019; Pestalozzi et al. 2005; Pandian et al. 2007;
Caswell et al. 2010; Green et al. 2010; Caswell et al. 2011; Green et al. 2012; Breen
et al. 2015; Ortiz-León et al. 2021).

1H. Nguyen et al. 2022, A&A, 666, A59, reproduced with permission from ©ESO.
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4.2 Aims

With over 1000 Class II 6.7GHz methanol masers discovered in our Milky Way Galaxy
to date, we endeavour to increase this sample using modern observatories. Due to the
technological upgrades of the VLA (Perley et al. 2011), the methanol data from the
GLOSTAR survey provides the most sensitive and unbiased catalogue to date with
which to study high-mass star forming regions.

4.3 Methods

The GLOSTAR survey is a blind survey in the radio regime. With a frequency range
from 4–8 GHz, radio continuum data as well as the 6.7 GHz methanol line (and other
spectral lines) are obtained. The full details are found in Brunthaler et al. (2021).
For this work, the VLA D-configuration data is used for the regions covered from the
Galactic Centre to l = 60◦. We calibrate the methanol data using CASA while the
continuum data is calibrated using Obit (performed by Dr. S. A. Dzib). To handle
the difficulties of large datasets and the long computation time needed to image large
regions, we chose to search for maser sources using dirty images. We developed a source
extraction code (SEC) to specifically handle these images to efficiently detect potential
masers while minimising false positives. Once a final list of masers is compiled, we use
the CLEAN algorithm to reduce the data allowing for the determination of the physical
properties of these masers such as their flux. We then compare the GLOSTAR VLA
D-configuration 5.8 GHz continuum source catalogue and ancillary 870µm ATLASGAL
survey emission maps to further characterise the maser sources.

4.4 Results

We detect a total of 554 methanol masers, out of which 84 are new, and catalogue their
positions, velocity components, and integrated fluxes. It is because of our sensitivity
(∼ 18mJy beam−1) that we are able to detect many new masers in comparison to
previous blind surveys. We plot the positions of the detected maser relative to the spiral
arms of the Milky Way in Fig. 4.1. The brightest detected maser is G9.6213+0.1961
with a peak flux density of ∼5700 Jy while the weakest has ∼0.09 Jy. The newly
detected masers have a flux range of 0.16–5.4 Jy. We have compared our detections
with other contemporary 6.7 GHz maser surveys such as the AMGPS (Pandian et al.
2007), the MMB survey (Green et al. 2009), and the catalogue of Yang et al. (2019b)
in order to compare the physical properties as well as verify new detections. Using
the MMB as a reference, we find that their are no systemic differences in the maser
positions as well as the maser fluxes.

In using ATLASGAL emission maps, we find dust association of ∼97% which is
consistent with previous studies (e.g., Billington et al. 2019). We use the ATLASGAL
compact source catalogue (CSC) to obtain the physical properties of the dust clumps
associated with methanol maser emission. We perform a statistical analysis towards
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Figure 4.1: Distribution of detected 6.7GHz methanol maser velocity with respect
to Galactic longitude. Black crosses represent detections of known sources in the
GLOSTAR survey and red crosses represent new detections. The dashed lines represent
the updated spiral arm models of Taylor & Cordes (1993) as used in, e.g. Schuller et al.
(2021) while the solid lines are the spiral arm descriptions from Reid et al. (2019). The
background shows the CO emission from Dame et al. (2001). Adapted from Fig. 6 in
Nguyen et al. (2022).
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Figure 4.2: CDFs for various properties of ATLASGAL clumps associated with
GLOSTAR methanol masers. We compare the sample clumps associated with new
methanol maser detections (red) to the sample of clumps with associations to the full
methanol maser catalogue (blue). The results of the Anderson-Darling (AD) test are
shown above each plot. Adapted from Fig. 17 in Nguyen et al. (2022).

the subset of masers that have ATLASGAL CSC counterparts and are new detections.
The cumulative distribution functions are shown in Fig. 4.2. In using Anderson-Darling
tests, we find that only the distributions of dust clump bolometric luminosities are
statistically different (3σ) between the newly detected maser population compared to
the full sample.

We also compare the maser luminosity against the ATLASGAL bolometric lumi-
nosity, clump mass, and luminosity-to-mass ratio (L/M). We determine a minimum
core mass for maser associated cores to be ∼10 M⊙ which is consistent with the previous
study by Ortiz-León et al. (2021) using masers in the Cygnus X region.

While some of the earliest detections of Class II methanol masers were made toward
ultra-compact Hii regions (Batrla et al. 1987; Menten et al. 1992), it was found that
in fact very few of these methanol masers have radio continuum counterparts (Walsh
et al. 1998; Beuther et al. 2002; Urquhart et al. 2013a, 2015; Hu et al. 2016; Billington
et al. 2019). To further study the connection between 6.7 GHz methanol masers and
radio continuum sources, we compare our maser catalogue with the GLOSTAR VLA
D-configuration radio source catalogue and find a 12% association rate. This is smaller
than previous studies (e.g., Hu et al. 2016) that find association rates of ∼30% towards
UC Hii regions. Our result is not unexpected as the resolution of the D-configuration
continuum catalogue is not as well suited to sample UCHii and HC Hii regions.

We calculate the luminosity function of our sample of methanol masers using dis-
tances determined from the Bayesian distance estimator (Reid et al. 2019) as well as
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ATLASGAL clump distances that have been verified from HI self-absorption. We deter-
mine a completeness level of 6.9×10−7 L⊙. We find a median luminosity of 3×10−6 L⊙
which is in agreement with previous studies (e.g., Pandian et al. 2009).

4.5 Conclusions

With a typical noise level of ∼18 mJybeam−1, we have conducted the most sensitive
unbiased survey for methanol masers to date. We present the first study of 6.7 GHz
CH3OH masers that use GLOSTAR data in the Galactic plane. Methanol absorption
sources have also been detected, and a systematic search is forthcoming. We detected
554 masers where 84 of them are new detections. We find that over 50% of the new
detections have fluxes of < 0.5 Jy. In searching for dust continuum associations, we
used the 870µm ATLASGAL compact source catalogue and found that 65% of the
CH3OH masers are associated with dense gas. Many of the newly detected maser
have no associations. However, in comparing to the dust emission map instead, we
are able to find associations with dust emission (> 5σ) that were below the sensitivity
limit needed for sources to be included in the CSC. This gives us an expected higher
association rate of 97%. Additionally, we found that newly detected masers in general
have weaker maser emission and weaker associated dust emission. This might suggest
that these sources are more distant or associated with less evolved stars.

In comparing the associated dust clump properties, we confirm the picture where
6.7 GHz methanol masers are associated exclusively with the early stages of high-mass
star formation as there is a high correlation between methanol masers and dust emission
and the high bolometric luminosities. We derived a L/M threshold for the onset of the
methanol maser emission of ∼1 L⊙ M−1

⊙ , which is consistent with values determined by
Ortiz-León et al. (2021).

Furthermore, we find that only 12% of the masers are coincident with radio contin-
uum emission. While we are biased by the resolution of our data, the lack of association
of 6.7 GHz methanol masers with radio continuum emission, however, indicates that
these masers trace the earliest stages of high-mass star formation. We additionally
compare the radio and maser flux distribution and find no correlation as a function of
angular offset. This might indicate that the underlying mechanisms that power maser
and continuum emission are unrelated.

Lastly, we have constructed a luminosity function from our sample of masers by
using a broken power law. Our results agree with previous studies in that the distri-
bution has a median luminosity 10−6 L⊙. We note, however, that while we can sample
well the high-luminosity maser population, we find that we are sensitivity limited with
respect to the lower-luminosity bins.
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“A global view on star formation: The GLOSTAR Galactic plane survey.
IX. Resolving regions of 6.7 GHz methanol maser emission and the search
for variability in the Galactic longitude range of 28◦ < l < 36◦” by:

H. Nguyen, M. R. Rugel, C. Murugeshan, K. M. Menten, A. Brunthaler,
J. S. Urquhart, R. Dokara, S. A. Dzib, Y. Gong, S. Khan,

S-N. X. Medina, G. N. Ortiz-León, W. Reich, F. Wyrowski,
A. Y. Yang, H. Beuther, W. D. Cotton, and J. D. Pandian

in preparation

5.1 Overview

In Chapter 4, we presented the GLOSTAR methanol spectral line observations that
were obtained with the VLA in the D-configuration. From this data set, we produced
a catalogue of 6.7GHz methanol maser detections. We compared these maser sources
with the GLOSTAR radio continuum data from the same VLA configuration and found
an association rate of ∼12% which is lower than previously reported in literature (∼30%
e.g., Hu et al. 2016). This, however, is to be expected as the D-configuration is not well
suited to probe the more compact Hii regions such as UC Hii regions or HCHii regions.
Fortunately, the GLOSTAR project also observed the Milky Way in the B-configuration
of the VLA which provides an order of magnitude higher angular resolution (∼1′′ ). At
this time, not all of the observations in this configuration are complete and so in this
chapter, we present the B-configuration data for just the pilot region of GLOSTAR. In
this way, we are better able to test the association of methanol masers with GLOSTAR
radio continuum sources. Furthermore, in having observed these masers at a second
point in time, we are able to search for maser sources that would be ideal for long
term observations in order to study maser variability. The following chapter consists
of the current manuscript titled above, which is in preparation and will be submitted
to A&A.
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5.2 Introduction

The 51 − 60A
+ CH3OH (methanol) transition at 6.7 GHz was first detected in the

interstellar medium by Menten (1991b). Second only to 22.2GHz H2O masers, it is
one of the highest intensity and one of the most widespread maser lines observed (e.g.,
Caswell et al. 1995). In particular, radiatively pumped (Class II) CH3OH masers have
already proven to be one of the clearest signposts of high-mass star formation (HMSF)
(Menten 1991b, 1993; Walsh et al. 1997, 1998; Minier et al. 2003; Xu et al. 2008).
As such, many previous studies, both targeted (e.g., Menten 1991b; MacLeod et al.
1992; Caswell et al. 1995; Caswell 1996a; Ellingsen et al. 1996; van der Walt et al.
1996; Walsh et al. 1997; Ellingsen 2007; Yang et al. 2019b) and unbiased (Rickert et al.
2019; Pestalozzi et al. 2005; Pandian et al. 2007; Caswell et al. 2010; Green et al. 2010;
Caswell et al. 2011; Green et al. 2012; Breen et al. 2015; Ortiz-León et al. 2021; Nguyen
et al. 2022), have been performed to obtain a census of early high-mass star formation
in the Milky Way.

This is one of the driving goals behind the Global View On Star Formation survey
in the Milky Way (GLOSTAR) (Brunthaler et al. 2021). Using the Karl G. Jansky
Very Large Array (VLA) in D- and B-configurations and the Effelsberg 100m radio
telescope, an unbiased survey was performed to identify and characterise star-forming
regions in our local Galaxy.

The recent work in Nguyen et al. (2022) used the GLOSTAR data to produce a
catalogue of the 6.7 GHz methanol masers in the region from −2◦ < l < 60◦ and
|b| < 1◦ in Galactic longitude and latitude respectively, using the D-configuration to
detect 554 masers, of which 84 were new detections. Similarly, Ortiz-León et al. (2021)
performed a search for methanol masers in the Cygnus X region with GLOSTAR data
and detected 13 masers. Two of the masers are newly detected, and new velocity
components were discovered towards a few known maser sources. Supplementing the
VLA D-configuration data, Ortiz-León et al. (2021) also used the higher resolution
B-configuration data to obtain better positional accuracy and established associations
to radio continuum, (sub)millimetre, and infrared emission with a ∼1′′ accuracy.

Furthermore, our access to multiple epochs allows us to observe potential maser
variability that is not yet well understood. Maser variability typically occurs with peri-
ods of ∼20 to 200 days and with sinusoidal patterns or intermittently with a quiescent
phase (Goedhart et al. 2004; Szymczak et al. 2018; Olech et al. 2019). There are two
kinds of models to explain the observed variability. The first explains the variation
through cyclic variations in the seed photon flux from a colliding-wind binary (CWB;
van der Walt et al. 2009, van der Walt 2011). The second type of model assumes
changes in the temperature of the dust grains in the environment of the masing region.
This affects the infrared radiation flux and thus the pump rate. There are multiple
hypotheses for the origins of the changes in the temperature, such as periodic accre-
tion from a circumbinary accretion disk (Araya et al. 2010), stellar pulsation (Inayoshi
et al. 2013; Sanna et al. 2015), and spiral shock waves in the disk of a binary system
(Parfenov & Sobolev 2014; Szymczak et al. 2018).

Here we present first results of the VLA B-configuration 6.7GHz methanol obser-
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Figure 5.1: Methanol maser detections plotted as white crosses on top of the D-
configuration continuum images from GLOSTAR where the flux has been limited to
be between 0.2 and 2mJy beam−1 for visibility. The red ‘x’s show the positions of all
new methanol masers as discussed in Nguyen et al. (2022).

vations of the pilot region (28◦ < l < 36◦, |b| < 1◦). The B-configuration data allows
a higher astrometric precision of the positions of the 6.7GHz methanol masers cov-
ered in GLOSTAR and the separation of the maser emission into multiple maser sites.
Moreover, these observations also provide an additional epoch for which maser vari-
ability studies can be performed. We structure this work as follows: In Sect. 5.3 we
give a summary of the data used in this work along with its calibration and imaging.
Section 5.4 details the production of our methanol maser catalogue and their general
properties. Section 5.5 discusses our comparison with other surveys and associations
with other wavelengths. We present the conclusions and summary in Sect. 5.6.

5.3 Observations and data reduction

Using the VLA interferometer and the Effelsberg 100m single-dish telescope in the
frequency range of 4–8GHz, the GLOSTAR survey (Medina et al. 2019; Brunthaler
et al. 2021) is an ongoing survey of the Galactic mid-plane from −2◦ < l < 60◦ and |b| <
1◦, and the Cygnus X star-forming complex. The VLA observations used in this work
were conducted in D- and B-configuration with a typical angular resolution of 18′′ and
1.5′′ respectively at 6.7 GHz and focus only on the pilot region (28◦ < l < 36◦ and
|b| < 1◦) which is shown in Fig. 5.1 with the D-configuration CH3OH maser detections
overlaid. In order to study various stages of early star formation, the survey aims to
detect tracers of these stages using methanol, formaldehyde, and radio recombination
lines as well as radio continuum data, in order to better understand the evolutionary
process of massive stars. The full details of the survey techniques and specifications can
be found in Brunthaler et al. (2021). The observations used in this work were carried
out using ∼40 hours during the time period from April 2013 until January 2014 where
the program IDs and details are summarised in Table 5.1.
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Table 5.1: Summary of the VLA observations

Observing Config. Galactic coverage Program Calibrator
Date ID
2013-04-09 D 28◦ < l < 29◦ ; |b| < 1.0◦ 13A-334 J1804+0101
2013-09-29 B 28◦ < l < 29◦ ; |b| < 1.0◦ 13A-334 J1804+0101
2013-04-06 D 29◦ < l < 30◦ ; |b| < 1.0◦ 13A-334 J1804+0101
2013-11-04 B 29◦ < l < 30◦ ; |b| < 1.0◦ 13A-334 J1804+0101
2013-04-11 D 30◦ < l < 31◦ ; |b| < 1.0◦ 13A-334 J1804+0101
2014-01-10 B 30◦ < l < 31◦ ; |b| < 1.0◦ 13A-334 J1804+0101
2013-04-15 D 31◦ < l < 32◦ ; |b| < 1.0◦ 13A-334 J1804+0101
2013-10-03 B 31◦ < l < 32◦ ; |b| < 1.0◦ 13A-334 J1804+0101
2013-04-16 D 32◦ < l < 33◦ ; |b| < 1.0◦ 13A-334 J1804+0101
2013-11-03 B 32◦ < l < 33◦ ; |b| < 1.0◦ 13A-334 J1804+0101
2013-04-20 D 33◦ < l < 34◦ ; |b| < 1.0◦ 13A-334 J1804+0101
2013-10-02 B 33◦ < l < 34◦ ; |b| < 1.0◦ 13A-334 J1804+0101
2013-04-29 D 34◦ < l < 35◦ ; |b| < 1.0◦ 13A-334 J1804+0101
2014-01-05 B 34◦ < l < 35◦ ; |b| < 1.0◦ 13A-334 J1804+0101
2013-05-02 D 35◦ < l < 36◦ ; |b| < 1.0◦ 13A-334 J1804+0101
2014-01-04 B 35◦ < l < 36◦ ; |b| < 1.0◦ 13A-334 J1804+0101

5.3.1 VLA data calibration

The calibration procedure is outlined in Sect. 2.2.2. We use a modified version of the
VLA scripted pipeline1 (version 1.3.8) for CASA2 (version 4.6.0) which was adapted
to work with spectral line data. The relevant changes are: no Hanning smoothing
was performed on the first pass when producing the preliminary images to preserve
the spectral resolution where possible; Hanning smoothing is performed on the sources
that showed considerable Gibb’s ringing after an initial inspection; the rflag flagging
command, which is used to automatically remove RFI, was only applied to the calibra-
tion scans to avoid flagging spectral lines erroneously; statwt was not used to modify
the statistical weights because that sometimes affects particularly bright sources. The
complex gain calibrator used is J1804+0101, and the flux calibrator is 3C 286.

5.3.2 Spectral line data imaging

The methodology is the same as in Nguyen et al. (2022), we describe here the differences
in parameters used during various stages of the data reduction. For the D-configuration,
full dirty (unCLEANed) image cubes were produced for each longitude range in order to
blindly search for methanol masers. Given the computing resources, this was already
a heavy computational endeavour that took ∼200 days. Since the angular resolution
of the B-configuration is one order of magnitude higher, this means that dirty images

1https://science.nrao.edu/facilities/vla/data-processing/pipeline/scripted-pipeline
2https://casa.nrao.edu/

https://science.nrao.edu/facilities/vla/data-processing/pipeline/scripted-pipeline
https://casa.nrao.edu/
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would need more pixels to cover a similar spatial coverage and thus even more time.
However, we do not need to image each longitude range in its entirety for the B-
configuration data as wherever there is a maser detected in B-configuration, it should
already have been detected in the D-configuration data. As such, we opt to only
produce the final CLEAN images centred on the location of detected masers from the
D-configuration data.

The imaging of the individual masers was performed using the CLEAN algorithm on
small subsets of the data. The imaged cubes have a spatial coverage of ∼0.2◦ × 0.2◦ or
∼0.06◦ × 0.06◦ with a cell/pixel size of 2.5′′ and 0.2′′ for the D- and B-configuration re-
spectively. The spectral coverage is ∆v≈ 55 km s−1 with channel widths of 0.18 km s−1.
This is a spectral extent of 300 channels centred on the peak maser feature’s velocity
and spatial extents of 350× 350 pixels or 750× 750 pixels. The synthesized beams are
on average 16′′× 11′′ and 1.4′′× 1.1′′ in the D- and B- configuration, respectively. The
average 1σ root-mean-noise (rms) in emission-free channels is 0.018 Jy beam−1 per chan-
nel for both configurations. For deconvolution, a CLEANing threshold of 38mJy beam−1

was chosen (∼2σ of final cubes). Using the tclean task of CASA (version 5.4.0),
the images were made with parameters: gridder=‘mosaic’, deconvolver=‘hogbom’,
weighting=‘uniform’, restfreq=‘6668.518MHz’, and a variable niter, which is the
number of minor CLEAN cycles. The niter parameter was set to either 1000, 5000
or 10000 to reflect the need for more rigorous cleaning which is dependent on the
strength of the maser involved. In imaging the D-configuration masers, we found that
these iteration values optimised the automatic cleaning by maximising image fidelity
while avoiding over-cleaning for masers and we adopt this procedure also for the B-
configuration. The weighting parameter was set to ‘uniform’, since it gives a better
angular resolution and thus more accurate positional information which is of high im-
portance for the B-configuration data.

5.3.3 Complementary continuum data

A comparison of the D-configuration methanol maser catalogue with the GLOSTAR
VLA D-configuration 5.8GHz radio continuum catalogue was performed in Nguyen
et al. (2022) to study their association rate. Here we focus on the B-configuration data
using the GLOSTAR radio source catalogue from Dzib et al. (2022). As the goal of the
B-configuration observations were to sample more compact sources, all radio emission
on angular scales larger than ≈ 4.′′13 were discarded during the imaging process by
excluding the shorter baselines. In this way, emission from poorly mapped extended
structures that introduced artefacts in the images were rejected while having only a
minor impact in the overall sensitivity. The images were convolved with a circular beam
1 arcsec. The mean measured noise in the images used is 60µJy beam−1, however, it
can be higher in some areas where the extended emission was not properly recovered or
around very bright radio sources that produce imperfectly cleaned sidelobe emission.
The full details are found in Brunthaler et al. (2021) and Dzib et al. (2022).



68 Chapter 5. GLOSTAR: Resolving masers and variability studies

5.3.4 Catalogue creation

To produce the D-configuration VLA methanol maser catalogue, a straightforward
Search Extraction Code (SEC) was developed to produce a list of methanol maser
candidates from the dirty cubes (see Nguyen et al. 2022, for the full details). The code
uses as its main criteria a minimum signal-to-noise ratio (S/N) threshold and that the
emission meets the S/N criteria for at least two channels in a row. There are additional
filters to avoid false positives based on the proximity of tentative detections from other
tentative detections. Once completed, the candidate list is visually inspected to produce
a list of masers for individual CLEANing. The SEC is run again on the CLEANed images
to identify lower intensity (weaker) masers that would have been missed due to its
proximity to higher intensity (stronger) masers. A final catalogue of masers is compiled
after a final visual inspection.

The same procedure is performed to produce the B-configuration VLA methanol
maser catalogue. However, we run the SEC directly on the CLEANed images towards
the positions of detected masers from the D-configuration catalogue.

Following the procedure done in Nguyen et al. (2022) to obtain the flux density of
each maser source in the D-configuration, we similarly perform a 2D Gaussian fit of
the brightness distribution for every channel whose peak intensity is above 4σ in the
velocity range of the maser. The CASA task imfit was used on a 20 × 20 pixel box
(∼3× the restoring beam) where the centre of the box was the pixel with maximum
intensity. We visually verify the result of the source fits, as well as determine the
individual peaks of each maser site. We refer to each velocity peak as a maser spot
inside one maser site (Walsh et al. 2014). Table 5.2 lists a few examples of masers sites
while the complete catalogue can be found in the Appendix.

The error in maser position can be determined by the astrometric uncertainty
θres/(2×S/N), where θres is the (VLA) restoring beam, and S/N is the ratio between
source intensity and rms (Thompson et al. 2017). For the B-configurations, taking an
average beamsize of 1.2′′, and a maser detection with S/N=10, the precision in position
is ≈ 0.′′06. However, as discussed in Ortiz-León et al. (2021) and Nguyen et al. (2022),
additional errors in the calibration process likely worsen the positional accuracy. As
such, a better estimate of the positional errors can be obtained by comparing with very-
long-baseline interferometry (VLBI) observations which is discussed in Section 5.5.1.

5.4 Survey results

5.4.1 Detections

In the area covered by the pilot region, we detected 116 CH3OH masers in the D-
configuration as presented in Nguyen et al. (2022). In making the D-configuration
catalogue, we required that for a source to be detected, a minimum of two adjacent
channels must meet our S/N threshold and as such, our estimated completeness level
may be higher than the 4σ noise level. We have overlaid the detections on top of
the GLOSTAR D-configuration continuum emission in Fig. 5.1 to provide an overview



5.4. Survey results 69

70 80 90 100 110 120
LSR Velocity [km s 1]

0

2

4

6

8

10

12

14

Br
ig

ht
ne

ss
 [J

y 
be

am
1 ]

G31.4122+0.3070
D-conf
B-conf

Figure 5.2: Spectra of 6.7 GHz methanol masers detected with GLOSTAR extracted
at the peak pixel. The B-configuration data is the green dashed line while the D-
configuration data is the black solid line. The vertical red dashed line indicates the
ATLASGAL clump velocity (Urquhart et al. 2018b, 2022) in case of an associated
870µm compact source catalogue (CSC) source.

of the area. These markers show the locations where the B-configuration cubes were
focused on. From this, we have detected again every maser from the D-configuration
catalogue with the B-configuration data. The properties of a few example detections
are listed in Table 5.2, and we refer the reader to the Appendix for the full list of
detections. Each maser source is identified by its galactic coordinates as its name. The
equatorial coordinates for the maser spot with the highest peak flux, is given while the
remaining maser spots (if any) are given as an offset to this main maser spot. This main
maser spot is the main velocity component. The velocity of each maser spot as well
as its peak flux and integrated flux are listed in the table. The fluxes were determined
using 2D Gaussian fitting (see Section 5.3.4). Additionally, we report in Appendix C
every velocity channel where emission was detected above the 4σ level for a given
maser. We show in Fig. 5.2 the 6.7 GHz CH3OH maser of G31.4122+0.3070 in both
the D-configuration and B-configuration. The rest of the spectra are in Appendix C.

5.4.2 Flux densities

The brightest 6.7 GHz CH3OH maser we detect in the pilot region using the B-
configuration has a peak flux density of ∼148 Jy (G35.1973–0.7428). The weakest
maser by comparison is 0.11 Jy for the source G34.8221+0.3518. The median flux is
3.8 Jy and we detect a total of 22 masers above 20 Jy. Of the 84 masers that were
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newly detected using the D-configuration data, 17 are in the pilot region. Of these new
detections, the B-configuration fluxes range from 0.12 Jy and 11.2 Jy corresponding to
G34.2839+0.1837b and G32.1176+0.0906 respectively.

5.4.3 Luminosity

Given that all of the B-configuration maser sources were detected in D-configuration,
the distances for all the masers were already discussed in Nguyen et al. (2022). This
was done using a Bayesian distance estimator Reid et al. (2019) and using ATLASGAL
sources which have had their distances checked for HI self-absorption (e.g., Schuller
et al. 2009a; Urquhart et al. 2018b, 2022) in order to resolve the kinematic distance
ambiguity (see e.g., Roman-Duval et al. 2009). As such, we use the same distances
assigned to the associated maser source to calculate the luminosity for a given maser.

With the distances, the isotropic maser luminosity is estimated across all the ve-
locity channels in which we have emission > 4σ. We use the velocity integrated flux
density, SInt in units of Jy km s−1 to determine the luminosity:

Lmaser = 4πD2SIntf/c (5.1)

where D is the heliocentric distance to the source, f is the rest frequency of the maser
line (51−60A+, 6668.5192 MHz) and c is the speed of light. The total velocity covered,
∆VD, the estimated distance, the velocity integrated flux density, SInt, and the final
isotropic maser luminosity, Lmaser, are listed for a few example sources in Table 5.3
and the rest are listed in the Appendix.

5.5 Discussion

5.5.1 Comparison with other maser surveys

The Methanol Multibeam (MMB) survey (Green et al. 2009) is an unbiased survey
that covers a section of the Galactic plane ranging from 186◦ ≤ l ≤ 60◦ and |b| < 2◦.
Using the Parkes 64 m radio telescope, the MMB made preliminary detections which
are followed up using higher resolution interfermometers — the Australia Telescope
Compact Array (ATCA) or the Multi-Element Radio Linked Interferometer Network
(MERLIN, Thomasson 1986) — to improve the accuracy in their reported positions to
be better than < 1′′ . The sensitivity of the survey is ∼0.2 Jy. The MMB catalogues
∼1000 sources (Caswell et al. 2010; Green et al. 2010; Caswell et al. 2011; Green et al.
2012; Breen et al. 2015), where 99 lie within the pilot region of the GLOSTAR data
presented here. Of these, all of them were detected in our survey. As GLOSTAR is also
an unbiased survey, it is useful to compare the catalogues resulting from these surveys.

We show the comparison in the GLOSTAR B-configuration and the MMB po-
sitions in Fig. 5.3. We use the equatorial coordinates of right ascension (RA) and
declination (Dec.). The mean offsets are δRA = −0.08 ± 0.39 arcsec and δDec. =

−0.11 ± 1.31 arcsec. We see that there is a larger spread in the declination. This is
due to the higher declination errors in the MMB catalogue. Otherwise, there is no
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Table 5.2: Properties of methanol maser spots from B-configuration maps for a selection
of sources.

Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes
h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy

(1) (2) (3) (4) (5) (6) (7)
G29.2815–0.3295 18:45:56.8521 -3:23:56.312 92.26 3.46±0.03 3.55±0.05 YANG19
G29.2815–0.3295 0.09 0.13 91.72 0.13±0.02 0.17±0.04
G29.2815–0.3295 0.03 0.01 91.90 0.30±0.02 0.32±0.04
G29.2815–0.3295 0.01 -0.03 92.08 1.60±0.02 1.65±0.04
G29.2815–0.3295 -0.01 -0.01 92.44 2.48±0.02 2.63±0.04
G29.2815–0.3295 0.04 -0.03 92.62 0.77±0.02 0.79±0.04
G29.2815–0.3295 0.02 0.01 92.80 0.57±0.02 0.63±0.04
G29.2815–0.3295 0.01 -0.08 92.98 0.44±0.02 0.51±0.04
G29.3197–0.1619 18:45:25.1509 -3:17:16.896 48.83 4.15±0.04 4.39±0.08 MMB
G29.3197–0.1619 0.08 0.22 42.17 0.17±0.02 0.23±0.05
G29.3197–0.1619 -0.01 0.11 42.89 0.39±0.02 0.43±0.04
G29.3197–0.1619 -0.04 0.08 43.07 0.96±0.02 0.97±0.04
G29.3197–0.1619 -0.03 0.06 43.25 1.11±0.03 1.10±0.05
G29.3197–0.1619 -0.05 -0.06 43.43 0.21±0.02 0.34±0.06
G29.3197–0.1619 -0.07 0.12 43.61 0.31±0.02 0.24±0.03
G29.3197–0.1619 0.01 0.07 43.79 0.14±0.02 0.08±0.02
G29.3197–0.1619 0.04 0.05 44.15 0.15±0.02 0.22±0.05
G29.3197–0.1619 -0.08 0.02 45.23 0.14±0.02 0.16±0.04
G29.3197–0.1619 -0.02 -0.13 47.57 0.14±0.02 0.20±0.05
G29.3197–0.1619 0.05 0.01 47.93 0.57±0.02 0.64±0.05
G29.3197–0.1619 -0.00 -0.01 48.11 2.37±0.04 2.58±0.07
G29.3197–0.1619 0.00 0.02 48.29 1.62±0.04 1.74±0.07
G29.3197–0.1619 0.01 0.00 48.47 2.41±0.04 2.63±0.07
G29.3197–0.1619 -0.00 0.01 48.65 2.43±0.03 2.57±0.06
G29.3197–0.1619 0.01 -0.00 49.01 2.03±0.03 2.19±0.06
G29.3197–0.1619 0.00 0.02 49.19 1.48±0.03 1.64±0.06
G29.3197–0.1619 0.01 -0.01 49.37 1.41±0.03 1.47±0.06
G29.3197–0.1619 0.03 0.05 49.55 0.08±0.02 0.29±0.09
G29.3197–0.1619 -0.11 -0.05 50.09 0.55±0.02 0.57±0.04
G29.3197–0.1619 -0.03 -0.01 50.27 0.35±0.03 0.44±0.06
G29.5810+0.1323 18:44:50.9298 -2:55:17.744 31.88 0.31±0.02 0.40±0.04 NEW
G29.5810+0.1323 -0.29 -0.68 31.70 0.06±0.02 0.31±0.10
G29.5810+0.1323 0.65 -1.11 32.06 0.05±0.01 0.36±0.11

Notes. Column (1) gives the GLOSTAR source name based on the GLOSTAR Galactic coor-
dinates. Columns (2) and (3) are the GLOSTAR equatorial coordinates of the position of the
maser velocity component with the highest intensity. For sources with multiple components, we
list their position offsets with respect to the component with the highest intensity. The position
uncertainties are ′′ (see Sect 5.5.1). Column (4) gives the LSR radial velocity of the peak of the
component. Columns (5) and (6) give the peak and integrated fluxes at the peak velocity, given
by (4). Column (7) Source references.
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Table 5.3: Estimated distances and maser luminosities from B-configuration maps for
the maser sources listed in Table 5.2. Refer to Table C.2 for a complete list of sources.

Name ∆VB Dist. Note SInt Lmaser,B

(glon, glat) (km s−1) (kpc) (Jy km s−1) (L⊙)
(1) (2) (3) (4) (5) (6)
G29.2815–0.3295 1.44 5.60±0.62 A 10.25±0.11 2.2× 10−6

G29.3197–0.1619 3.96 3.00±0.43 A 25.13±0.26 1.5× 10−6

G29.5809+0.1320 0.54 12.30±0.27 B 1.07±0.16 1.1× 10−6

Notes. Column (1) is the GLOSTAR source name. Column (2) gives the
total velocity extent of maser emission above the local 4σ level. Column (3)
gives the distance obtained from the Bayesian distance estimator (Reid et al.
2019) or from the ATLASGAL compact source catalogue (CSC) (Urquhart
et al. 2018b, 2022) as marked in column (4) with a B or A respectively. Col-
umn (5) and (6) give the maser integrated flux and luminosity, respectively.

systematic offset in the astrometry with respect to the MMB catalogue for this smaller
region of the GLOSTAR survey. However, the MMB does not have the same level of
positional accuracy as the VLA in B-configuration so we use a different catalogue for
comparison.

As mentioned in Section 5.3.4, ancillary maser observations with high precision
positions would be able to give us a better measure of the precision of our B-
configuration positions. To this end, we use the BeSSel survey (Brunthaler et al. 2011)
to meet these goals. In particular, 16 of our sources have matching observations that
were observed with the VLBA by Reid et al. (2019) which have milliarcsecond resolu-
tion, which exceeds by far our ∼1 ′′ resolution. A full comparison is not straightforward
as our maser spots are mostly spatially unresolved in comparison to the BeSSel posi-
tions (see Appendix A from Ortiz-León et al. 2021), however, we can still use the
reported positions from BeSSel to determine the offsets between the two measurements
which is shown in Fig. 5.4. We obtain mean offsets of 0.01 ′′ and 0.04 ′′ for the RA and
Dec. respectively with rms values of 0.03 ′′ and 0.05 ′′ which is smaller than that of the
offsets with the MMB. The statistical error in the determined maser positions is given
by θres/(2×S/N), which is the astrometric uncertainty where θres is the FWHM size of
the restoring beam and S/N is the familiar signal-to-noise ratio. As such, for a typical
B-configuration observation, the formal error for a 10σ detection given our noise level
is 0.06′′. Taking into consideration our comparison with BeSSel, we take our positional
errors to be ∼ 0.1′′.
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Figure 5.3: Comparison of the positions of matching MMB and GLOSTAR B-
configuration methanol maser sources. The red shaded ellipse is centred on the mean
offsets of δRA = −0.08 arcsec, and δDec. = 0.11 arcsec. It shows the half-axes standard
deviations in Galactic Longitude and Latitude which are 0.39 arcsec and 1.31 arcsec,
respectively. The B-configuration beamsize is represented by the blue ellipse in the
bottom left corner.
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Figure 5.4: Comparison of the positions of matching BeSSel sources and GLOSTAR
methanol maser sources. The red shaded ellipse is centred on the mean offsets of δRA =

0.01 arcsec, and δDec. = 0.04 arcsec. It shows the half-axes standard deviations in right
ascension and declination which are both 0.03 arcsec and 0.05 arcsec respectively.
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Figure 5.5: Comparison of GLOSTAR B-configuration vs. D-configuration peak flux
densities for masers detected in both surveys. The black line indicates the 1:1 equality
line. Red circles denote sources that have split into multiple components in the B-
configuration maps.

5.5.2 Comparison between D and B configuration

Maser variability is not yet fully understood and thus comparing multiple epochs of data
for a given maser would help to understand the general properties of maser variability.
In the context of GLOSTAR, we have two epochs since the D-configuration and B-
configuration data were taken as much as ∼8 months apart. As a sanity check, we
first investigate if there are systemic differences between the fluxes of the masers from
the two VLA configurations. To do this, we compare the fitted peak fluxes of each B-
configuration maser’s main velocity component (also its highest intensity component)
to its D-configuration counterpart. We show in Fig. 5.5 this comparison between the
peak fluxes. In general, there is no clear systematic deviation from equality, except
for a few sources, giving us more confidence in detecting potential maser variability.
The majority of the sources that differ largely from the equality line are the sources
that are seen as two nearby masers in the B-configurationand have been resolved into
multiple spatial components (highlighted with red circles in Fig. 5.5). We note that
in this comparison, we used the D-configuration maser’s main velocity component to
compare with each of the resolved B-configuration masers’ main velocity component.
This leads to the large flux differences as we did not account for the different resolved
B-configuration masers having different peak velocities. We investigate these masers
that have been resolved into multiple components in Sect. 5.5.2.1 and account for the
different velocity peaks in investigating maser variability in Sect. 5.5.4.
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Figure 5.6: Presented are peak intensity maps (PIM) over the velocity range of the
methanol maser source G28.8421+0.4938 and spectra obtained from VLA data. On
the left is the VLA D-configuration data, which has an average beamsize of ∼ 18 arcsec.
When observed in the B-configuration (with beamsize ∼ 1.5 arcsec, middle panel), one
can see that the higher resolution allows us to resolve the maser into two sources.
Viewing the spectra on the right, we see that the third peak at 85.7 km s−1 belongs
only to the left source while the rest belong to the source on the right. The white
contours mark the -3, 3, 5, and 7σ levels of the GLOSTAR radio continuum emission
in their respective configurations.

5.5.2.1 Multiple components

As discussed above, we are able to resolve a few maser sources from the D-
configuration into multiple maser sources in the B-configuration. We discuss briefly
the results of these particular sources. An example figure is shown in Fig. 5.6 while the
remainder are found in the Appendix C.1.

G28.8421+0.4938 has four main velocity peaks that we can see in the D-
configuration data in Fig. 5.6. When seen in the B-configuration, we find that the
velocity component at 85.69 km s−1 comes only from the western maser spot. This
seems to be at the same velocity that an associated 22 GHz water maser also peaks
(e.g., Szymczak et al. 2005). It is reported by Hu et al. (2016) that the source is
associated with an UCHii region.

G29.9556–0.0156 is one of the masers, that are a part of the W43 high-mass star form-
ing complex (along with G29.8621–0.0441, G31.2805+0.0617, and G31.5811+0.0769).
Using trigonometric parallax from 12GHz methanol and water maser emission, Zhang
et al. (2014) found an average distance of 5.49±0.4 kpc compared to the 4.90±, 0.7 kpc
we used from ATLASGAL crossmatch. The spectra are shown in the top panel of
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Fig. C.1. We find that the velocity component at 100.31 km s−1 comes solely from
a southern maser spot that we resolved in the B-configuration data. Higher EVN
observations by Surcis et al. (2019) were targeted towards the rotating disk of the as-
sociated protostar at VLBI scales which were distributed perpendicularly to the SiO
outflow jet. They state that further observations would be required to determine if the
methanol maser spots are exclusively associated with the rotating disk or if there are
some associated with the outflowing gas.

G30.7880+0.2039 has two main maser spots. The strongest velocity feature is at
84.98 km s−1 which is not seen in the southern maser spot. The velocity feature at
75.8 km s−1 is seen in both maser spots and is not a sidelobe feature. However, it is
clear that the southern source has a higher flux density at this position, making it
distinct from the northern source.

G32.7443–0.0753 shows evidence for three main distinct maser spots. The northern-
most component shows the 38.49 km s−1 component the strongest at roughly ∼40 Jy
while it is < 1 Jy for the other components. Conversely, the southern component is
similarly strong but at the other velocities from 30-37 km s−1. Most other observations
seem to not detect the component at 44.07 km s−1 but was originally seen in the spectra
by Caswell et al. (1995) also.

G34.2582+0.1534 is shown in the top panel of Fig. C.2. This source was observed by
Slysh et al. (2001) using space-VLBI instruments targeting OH maser lines (1665 MHz
and 1667 MHz) with 1 milliarcsecond resolution where they also detected multiple com-
ponents. It is associated spatially with an UCHii region of the same name. The much
weaker CH3OH maser component is only seen in the north at 60.57 km s−1, compared
to the maser spot at 57.51km s−1. It was similarly detected with two components by
Breen et al. (2016) using the 12.2 GHz methanol maser line.

G34.2839+0.1837 is already one of the weaker sources that were detected in
GLOSTAR at 0.25 Jy in the D-configuration. It is associated to a YSO matched from
ATLASGAL (Urquhart et al. 2018b). We observe potentially two components split
spatially and in velocity as the northern component is not detected at the peak veloc-
ity of 52.02 km s−1. This target would benefit from even higher angular resolution data
to better resolve the two components.

G35.1973–0.7428 was already shown to have two components by the MMB (Breen
et al. 2015). Both components are relatively strong masers, but the strongest feature
at 28.51 km s−1 is seen only in the southern component and is more than double the
strength of its northern counterpart.
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5.5.3 Association with radio continuum

As discussed in Nguyen et al. (2022), the relationship between methanol masers and
radio emission from Hii regions is still unclear. It has been proposed (e.g., Beuther et al.
2002) that one would not expect to see an association between them as Hii regions are
considered a later stage of a high mass star’s development than the early protostar
stage where methanol maser emission may be exhibited. However, Hii regions are
diverse and have classifications of their own. The more compact they are, the earlier
the evolutionary stage and it may be possible for maser emission to be detected (Walsh
et al. 1998; Yang et al. 2019a, 2021). A previous study by Hu et al. (2016) which
used the VLA in C-configuration (θHPBW ∼ 3.5′′) in frequency range of 4–8 GHz has
a comparable sensitivity (∼45µJy beam−1) and showed an association rate of ∼30%
between methanol masers and UCHii regions. In our previous work where we used
the full GLOSTAR sample of D-configuration data, we found an association rate of
∼12%. This lower association rate is not unexpected as the angular scales we probed
are not well suited for the more compact Hii regions. We now, however, have access to
the B-configuration data which has a higher angular resolution. We perform a similar
analysis to see if new insights can be obtained for the pilot region.

Using an angular separation association of 1.5′′ , we find 13 masers that have com-
pact radio continuum source associations from a radio continuum catalogue produced
by Dzib et al. (2022) using the BLOBCAT software package (Hales et al. 2012). This
is in contrast to the D-configuration in the pilot region, where there were no asso-
ciations. However, in visually inspecting the masers that have an association in the
B-configuration, we do see associations in the D-configuration as well. An example
is shown in Fig. 5.7 where the left panel shows the D-configuration radio continuum
image and the right panel shows the zoomed in B-configuration image. This discrep-
ancy can be attributed to a few possibilities. For some cases, the stringent cutoffs
used to produce the D-configuration radio continuum catalogue where a high signal-
to-noise ratio was required resulting in some of the weaker sources not meeting the
chosen threshold. Furthermore, some sources show compact radio emission in the B-
configurationbut extended emission in the D-configurationwhich may have been too far
from the D-configurationradio continuum peak position. A third scenario is that there
is a clear D-configuration radio continuum source that was missed in the original anal-
ysis. However, in comparing with the B-configuration continuum data, it gives more
credibility to the detection of these radio sources.

Overall, our association rate is similar to our previous study (Nguyen et al. 2022)
which considered the entire GLOSTAR coverage. As such, it is possible that the asso-
ciation rate of the B-configuration GLOSTAR catalogue for the full GLOSTAR survey
would also increase. It reinforces the idea that we need high angular resolution and
sensitivity to probe the hyper-compact (HC) Hii regions to properly investigate the
association between Hii regions and methanol masers. Indeed, this has already been
observed in the study by Yang et al. (2021) where their observational results have shown
a maser detection rate of 100% when looking at a sample of HC Hii regions. They fur-
ther found that the detection rate decreases as Hii regions evolve from HC Hii regions
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Figure 5.7: 5.8GHz radio continuum cutouts of maser associated sources in the pilot
region. The red triangle marks the position of detected masers in the region. Left :
Cutout of 1.5 × 1.5 arcminute square from D-configuration data. Right : Cutout of
0.15× 0.15 arcminute square from B-configuration data.

to UC Hii regions.

5.5.4 Potential variability candidates

To study potential variability in the methanol maser flux we start with known variable
masers that have been previously studied with many observations over a long period of
time. However, in the pilot region, there are not many sources to choose from. From
the literature, we find sources G30.4006–0.2958 and G33.6412–0.2276 to be known
variable masers where we have data that has been analysed in both of GLOSTAR’s
D-configuration and B-configuration. To increase our sample size, we went outside
of the pilot region and reduced some of the available VLA B-configuration data to in-
clude a few more sources, namely G9.6213+0.1961, G12.6807–0.1823, G12.8888–0.4892,
G14.2298–0.5093, G22.3564+0.0663, and G37.5536+0.2007. We first analyse this sam-
ple to compare our data with known variable sources.

To obtain a meaningful comparison, we have smoothed the B-configuration data to
the D-configuration beamsize and extracted the spectra from the same corresponding
pixel. As usual, the pixel chosen is the pixel of greatest intensity at the strongest veloc-
ity feature of the maser. The spectra are shown in Figs. 5.8, 5.9, 5.10, and 5.11. The
smoothing avoids the situation where the higher resolution data has resolved multi-
ple maser spots where individual maser spots correspond to different velocity features.
For example, in Fig. 5.9, we have shown the spectra of the D-configuration data, the
smoothed B-configuration data, and the spectra from the B-configuration data at the
positions of the individual maser spots, whereby looking only at these spectra, one
would naively assume strong variability without taking into account the spatial po-



5.5. Discussion 79

sitions of the maser. We note that the smoothing also introduces an increased noise
level by a factor of ∼10. This behaviour is, however, expected as the noise in units
of brightness temperature decreases with the square root of the beam area, but at the
same time affects the conversion of brightness temperature to flux density as it is mul-
tiplied with the beam area. The end result is that the noise increases linearly with the
beam size. To account for this, we do not consider peak fluxes of < 1 Jy beam−1 as we
cannot be sure that the variation in peak fluxes are not entirely due to the noise.

G9.6213+0.1961 has been observed extensively in the past, also because it is one
of the brightest methanol masers observed to date (e.g., Goedhart et al. 2004, 2007;
van der Walt et al. 2009, 2016). The mechanism powering the variability is still highly
debated. A period of 244 days was found, where it was noted that the maximum
amplitude of the variations also changes between periodic cycles. While many velocity
components were previously studied, the main velocity component at 1.3 km s−1 shows
an increase in the brightness by a factor of ∼1.24 while for the other components we
detected in our data, the variation is negligible over a time span of 139 days between
the two sets of GLOSTAR observations.

G12.6807–0.1823 was studied by Goedhart et al. (2004) and found to have a period of
307 days. The time between our observations is 232 days with the B-configuration data
being observed first. For this maser, it is obvious that not all maser components vary
the same way. We find that the velocity components at 51.91 km s−1, and 58.8 km s−1

have decreased by a factor of 1.2 and 1.3. Conversely, the velocity components at
57.5 km s−1, 58.4 km s−1, and 59.8 km s−1have increased by a factor of 1.2, 1.3, and 1.5
respectively.

G12.8888–0.4892 was studied by Goedhart et al. (2009) and was found to have one of
the shorter periods of 29.5 days. This source was the example source of why smoothing
the data is necessary. As this source was observed at the same time as G12.6807–0.1823,
the time between observations is also 232 days. Only the weaker velocity component
at 31.3 km s−1 showed an increase of a factor of 1.8.
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Figure 5.8: Comparison of the spectra taken from two epochs in GLOSTAR. In all
frames, the D-configuration data (D - solid black) is shown and the smoothed B-
configuration data (BsD - dashed red) is shown on top of the D-configuration for a
clearer comparison. The green vertical dashed lines show the velocity components that
were studied by the literature during long term observations of these maser sources.
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Figure 5.9: Continued from Fig. 5.8. In this case, we have plotted the unsmoothed B-
configuration spectra from the unblended maser spots showing that the velocity peaks
correspond to different spatial features and are not the true cause of the apparent
variability.
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G14.2298–0.5093 has the shortest periodicity at 23.9 days as studied by Sugiyama
et al. (2017) with observations spanning 2013-01-05 to 2016-01-21. Our D-configuration
observations take place 219 days after the B-configuration observations (2017-02-19
and 2016-07-15, respectively). This source is known to flare, where it fell to below the
detection limit in the study of Sugiyama et al. (2017) (3σ = 0.9 Jy). Since our detection
threshold is lower (3σ = 0.054 Jy), it was detected to have changed from 2.9 Jy to 0.3 Jy
which is a decrease by a factor of ∼ 10. The increase in noise in the smoothed spectra
is not enough to account for this variation. Sugiyama et al. (2017) found that during
flares, it could increase by a factor of more than 180 over a timescale of 2 days.

G22.3564+0.0663 has a period of 179.2 days, where it was seen that all the velocity
components vary at the same time (Szymczak et al. 2011, 2015). In our case, the B-
configuration data was taken 272 days after the D-configuration data where all of the
velocity components increased. The factor by which they increased however was not
uniform. The peak velocity component at 80.26 km s−1 increased by a factor of 2.2. The
velocity components at 78.8 km s−1 and 83.3 km s−1 increased by a factor of 1.4 and 3.4
respectively. An interesting feature is for the velocity component at 81.51 km s−1 where
the change is on the order of six times higher intensity. Not only that, but the peak
seems to be shifted in velocity compared to the peak seen in the D-configuration.

G37.5536+0.2007 was studied by Araya et al. (2010) at the same time as a formalde-
hyde maser and found that while the two masers were spatially separated, they both
flared in sync with a period of 237 days. We have a long time in between our two data
points with a separation of 749 days. In our data, we see that the velocity component
at 74.7 km s−1 seems to be the only component that has decreased over time while all
the other components have increased (by a factor of ∼1.7), however, the peak flux for
this velocity component for the smoothed data is ∼ 1 Jy beam−1 which makes a com-
parison unreliable due to the increase in noise. Furthermore, the velocity components
at 83.67 km s−1 and 84.93 km s−1 were not previously studied in detail.
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Figure 5.10: Continued from Fig. 5.8.
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Figure 5.11: Continued from Fig. 5.8 for the masers found in the pilot region of
GLOSTAR.

G30.4006–0.2958 shows a periodicity of 222.9 days (Olech et al. 2019). In their study,
they found that the velocity components at 98.05 km s−1 and 100.39 km s−1 did not
vary significantly but that the components at 103.63 km s−1 and 105.1 km s−1 varied
by a factor ∼ 2. This is in contrast with our results where the first two velocity
components are the ones that are varying by a factor ∼ 2. The velocity component
at 103.63 km s−1 does not change significantly between our two data points which are
separated by 274 days. Lastly, the velocity component at 105.1 km s−1 would not be
considered to be detected as a peak at all in the B-configuration data whilst it is seen
clearly in the D-configuration. As such, we see almost a 90% change in the intensity.

G33.6412–0.2276 was also studied by (Olech et al. 2019) where they could not make
definitive conclusions about its periodicity. Their analysis showed only quasi-periodic
variability over for a range of possible periods from 586 to 675 days. Our observations
are 165 days apart. Kojima et al. (2017) also studied this maser, which is known
to burst, and found that the bursts had periods ranging from 0.24 to 5 days. The
velocity component that showed this bursting variability was at 59.57 km s−1. In our
data, the B-configuration data shows a different shape than the D-configuration, where
two originally distinct peaks seem melded into one. The reason for this behaviour is
unclear. The other velocity component that we can study at 60.84 km s−1 varies by a
factor of 1.3 whilst the other components show negligible variability.
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Figure 5.12: Comparison of the fitted fluxes for all main velocity components of all
masers in D-configuration and their associated B-configuration velocity component.
Given that all D-configuration data in the pilot region was obtained before the B-
configuration, the green line shows the sources that increased in flux by a factor of 1.7,
while the magenta line shows the threshold where it has decreased by the same factor.

From this sample, we can see that the study of maser variability is quite complicated
as it requires many observations over a long period of time in order to determine a
period for the variability. Furthermore, not all velocity components may vary, and not
all components may vary at the same time. Even in this sample of known masers, having
just our two data points, our observations may be at a phase where strong variability is
not observed as we see that many of the velocity components changed only by a factor
of ∼ 1.7 on average. Nevertheless, we can use this as a minimum threshold to highlight
maser sources in our full sample that would be ideal for long term observations as
potential variable maser candidates. As a first approach, we search in each maser, all
the detected velocity peaks. In doing so, we find velocity components from masers
sources that show a variation of a factor 1.7 or more. We have plotted these results in
Fig. 5.12 where the median ratio of all the compared components is 0.92. In contrast
to Fig. 5.5, which only considered the main velocity peak, we have now included all
the velocity components of a maser.

In Fig. 5.13 we show the distribution of the relative change for the peak fluxes
of the main velocity components relative to the D-configuration epoch at their native
resolutions, i.e, not smoothed. In fitting a Gaussian to the distribution we compute a
mean of −7.56± 1.11% and standard deviation of 20.01± 1.11% which is in agreement
with our mean variation factor (1.7 > 3σ). In combination with our previous finding
that the average ratio of the fluxes is 0.92, there is indeed a slight offset from what
we would expect in that there are slightly more sources that have decreased in flux
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Figure 5.13: Distribution of the relative change for the fitted peaks relative to the D-
configuration epoch. The normal distribution is described by a mean of −7.56± 1.11%

and standard deviation of 20.01± 1.11%.

over time. One possible source of this discrepancy is that we have not performed yet
the convolution of all the B-configuration data to the D-configuration beamsize for
the full pilot region. As such, by excluding velocity components whose peak flux are
< 1 Jy beam−1 in consideration of the noise, we are left with 29 velocity components
that fit our criteria. Of these, there are 16 velocity components that have increased
and 13 that have decreased. Furthermore, the average flux ratio increases to 0.96,
getting closer towards unity which is similar to the results found by Breen et al. (2015)
when comparing their two epochs of data for the MMB. We propose these velocity
components to be prime targets for additional long term observations and list them in
Table 5.4.
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Table 5.4: Velocity components with a variation factor >1.7.

Name Velocity Sp,D Sp,B Ratio
km s−1 Jy Jy

G28.6079+0.0180 106.33 0.42 3.3 7.9
G28.8621+0.0660 104.89 1.82 1.05 0.6
G28.3972+0.0803 68.74 0.59 1.17 2.0
G28.3972+0.0803 70.36 1.37 3.22 2.4
G28.3972+0.0803 72.16 1.62 2.94 1.8
G28.3972+0.0803 72.52 2.59 5.21 2.0
G28.3972+0.0803 80.8 3.1 5.75 1.9
G28.5228+0.1270 39.48 2.92 5.75 2.0
G29.9556–0.0156 97.79 4.42 1.94 0.4
G29.9556–0.0156 99.05 6.84 2.72 0.4
G30.7880+0.2039 75.8 10.71 3.09 0.3
G30.7880+0.2039 76.34 4.85 1.73 0.4
G30.2244–0.1803 111.23 4.31 7.78 1.8
G30.4006–0.2958 100.39 2.36 4.95 2.1
G32.0446+0.0593 94.06 8.55 2.96 0.3
G33.6412–0.2276 58.86 38.23 19.0 0.5
G33.3930+0.0097 107.46 0.8 1.89 2.4
G34.3957+0.2215 60.39 1.37 3.02 2.2
G34.3957+0.2215 61.29 0.76 1.35 1.8
G35.7927–0.1744 58.77 0.87 3.27 3.8
G35.7927–0.1744 59.49 0.67 1.41 2.1
G35.7927–0.1744 62.37 8.99 4.65 0.5
G35.7927–0.1744 62.91 1.29 4.3 3.3
G35.0248+0.3497 43.3 4.86 1.74 0.4
G35.0248+0.3497 46.18 4.77 2.48 0.5
G35.1327–0.7440 36.56 10.63 22.18 2.1
G35.1973–0.7428 27.07 6.46 2.06 0.3
G35.1973–0.7428 27.79 10.64 6.19 0.6
G35.1973–0.7428 28.87 51.51 8.01 0.2
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5.6 Summary and Conclusions

In reducing the available GLOSTAR VLA B-configuration data, we have produced
a catalogue of 6.7 GHz methanol masers for the GLOSTAR pilot region using higher
angular resolution data. We calculate the fluxes, positions, and luminosities of the
detected masers. With the benefit of this increased angular resolution, we are able
to distinguish maser spots that were previously blended in the GLOSTAR VLA D-
configuration data for 7 maser sources and show that certain velocity components
are attributed to specific maser spots. Additionally, we compared our catalogue with
the GLOSTAR radio continuum source catalogue for the B-configuration and found a
similar association rate (12%) with our maser catalogue. This motivates the need for
high angular resolution and high sensitivity to adequately investigate the association
between methanol masers and HC Hii regions. Furthermore, in having two epochs of
observations, we used a small sample of known periodic masers to find a mean variation
of a factor 1.7 for the velocity components of these masers. Using this threshold we
produce a sample of more masers that would be ideal candidates for future long term
monitoring projects of maser variability. Once more B-configuration data becomes
available, we can provide better statistics in determining sources of potential variability.



Chapter 6

Concluding remarks

6.1 Summary

This PhD thesis presented an investigation into the environments of massive young
stellar objects at two main periods of their evolution, the earliest stage and the final
stage. Sources from the centre of the Milky Way as well as the majority of the 1st

quadrant of our Galaxy were studied. To facilitate these studies, observations were
taken using the VLA radio interferometer as part of the GLOSTAR survey. These ob-
servations were made possible due to the improvements made to the VLA by increasing
its bandwidth and having a more flexible correlator. We used both radio spectral line
and continuum data from GLOSTAR in conjunction with ancillary submillimetre data
from ATLASGAL to identify regions of high-mass star formation and also to determine
the properties of these regions and their tracers.

Part 1

The Central Molecular Zone is a ∼200 pc sized region around the Galactic Centre that
is peculiar as it shows a star formation rate that is suppressed with respect to the
available dense gas. To investigate the SFR in the CMZ, one can use the population of
young stellar objects to characterise the SFR. If these infrared sources are indeed sites
of current star formation, we expect them to be currently associated with Hii regions,
which can be seen at radio wavelengths.

As part of the GLOSTAR survey, D-configuration VLA data were obtained for the
Galactic Centre, covering −2◦< l < 2◦ and −1◦< b < 1◦ with a frequency coverage
of 4–8 GHz. We used these radio observations to search for radio counterparts of 334
2.2µm infrared sources that have been identified as YSO candidates by Nandakumar
et al. (2018). By using selection criteria, we matched this sample of YSOs with ra-
dio continuum sources and classified these radio sources as potential Hii regions. An
example of such an association is shown in the left panel of Fig. 6.1. Of the 334
YSO candidates, we found 35 with compact radio continuum counterparts. We also
compare these YSO candidates with the 870µm ATLASGAL survey and find that 94
YSOs are associated with dense dust condensations where 14 of these sources also have
a GLOSTAR radio continuum counterpart. For those without both dust emission and
radio emission, this lack of emission at these wavelengths suggests that they are poten-
tially much older, having already dispersed their natal clouds. They are also perhaps
not high-mass YSOs.
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To characterise the radio sources that we do detect, we calculate their spectral
indices and find that 11 are confirmed as Hii regions. We also compared these ra-
dio sources to the WISE catalogue and found five without counterparts, making them
potential new Hii regions. We also determined the fluxes, sizes, and shapes of these
Hii regions allowing us to determine the Lyman continuum photon flux of the ion-
ising zero-age-main-sequence star and determined its mass. We found masses be-
tween 10M⊙< M∗ < 40M⊙ and used their distribution (see right panel of Fig. 6.1)
to estimate the total mass of all ZAMSs in the CMZ. In assuming an average for-
mation timescale, we calculated their contribution to the SFR in the CMZ to be
0.04 ± 0.02M⊙ yr−1. This is consistent with the results of Nandakumar et al. (2018)
as well as with other independent investigations that used different methods. However,
our result is limited by an inherent bias, where we have used only the radio bright
sources in our sample, neglecting possible star forming regions that are not yet radio
bright. To account for this, we adapted the formulation of the SFR from Kauffmann
et al. (2017a) and used the total ionising flux of Hii regions to also estimate the SFR
in the CMZ to be 0.068 M⊙ yr−1.
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Figure 6.1: Left : Detection of a GLOSTAR 5.8GHz counterpart for source 140
from Nandakumar et al. (2018). The GLOSTAR 5.8 GHz continuum map is shown
in colour with positions of the peak radio emission and the YSO marked with a
black X and red cross, respectively. White contours correspond to 3, 5, and 10σ
(σ = 0.634mJy beam−1). The magenta contour outlines the area from which the flux
density was calculated. The colour bar maximum was chosen to be 1.5× the peak
intensity of the coinciding 5.8 GHz source. The beamsize is shown in magenta in the
bottom left corner. Same as Fig. 3.1. Right : Mass distribution of calculated zero age
main sequence (ZAMS) masses for the Hii regions with associated YSOs. The black
line represents the fitted Kroupa IMF (Kroupa 2001). Same as Fig. 3.2.
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Figure 6.2: Distribution of detected 6.7GHz methanol maser velocity with respect
to Galactic longitude. Black crosses represent detections of known sources in the
GLOSTAR survey and red crosses represent new detections. The dashed lines represent
the updated spiral arm models of Taylor & Cordes (1993) as used in, e.g. Schuller et al.
(2021) while the solid lines are the spiral arm descriptions from Reid et al. (2019). The
background shows the CO emission from Dame et al. (2001). Same as Fig. 4.1.

Part 2

While the previous project looked at Hii regions which are posited to be closer to
the end stages of the MYSO evolution cycle, this project used spectral line data from
GLOSTAR to look at sites of star formation associated with the earliest stages of the
MYSO evolution. To this end, we have produced the most sensitive, unbiased survey
of Class II 6.7 GHz CH3OH masers to date in the region of −2◦ < l < 60◦ in Galactic
longitudes and |b| < 1◦ in Galactic latitudes.

We developed a source extraction code to efficiently detect masers to address the
challenges we faced due to the large datasets provided by the GLOSTAR survey. We
detected a total of 554 masers, with 84 of them being new detections. Over 50% of
the new detections have fluxes of < 0.5 Jy which were detectable due to the improved
sensitivity of GLOSTAR as compared to other unbiased surveys. We show an overview
of their position relative to the spiral arms of the Milky Way in Fig. 6.2.

We compared our maser detections with the ATLASGAL Compact Source Cata-
logue and find that 65% of the CH3OH masers are associated with dense gas. This
leaves many of the newly detected masers unassociated, which is contrary to previous
studies that show association rates > 90% (e.g., Billington et al. 2019). We rectify
this discrepancy with a visual inspection and find that many of the new masers are
associated with weak dust emission that is below the sensitivity required for inclusion
in the ATLASGAL CSC, raising our true association rate to be 97% which is consistent
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with other studies.
While it was shown in previous studies that ATLASGAL clump properties differ

for different evolutionary stages (e.g., Urquhart et al. 2022, and that maser associated
sources have higher dust temperatures, bolometric luminosities, and luminosity-to-mass
ratios (Billington et al. 2019), we wanted to determine if the newly detected masers,
were distinct from the total maser population as whole. Given that the newly detected
masers often have weaker emission we compared the properties of their associated clump
properties. Using an Anderson-Darling test (see Fig. 6.3), we find that only the bolo-
metric luminosity of the dust clumps show a correlation (3σ) with the maser emission
where the newly detected masers are weaker both in terms of their maser emission and
associated dust emission. We made the hypothesis that weaker maser emission would
trace earlier HMSF. However, given the lower range of maser luminosities and that
the luminosity-to-mass ratio (a proxy for MYSO evolutionary stage) is consistent with
the total maser population, this suggests that weaker masers do not necessarily trace
earlier HMSF, but may trace less massive stars being formed.

Using the 5.8 GHz radio continuum D-configuration catalogue from GLOSTAR, we
find that 12% of the masers are coincident with radio continuum emission (i.e. < 12′′).
This association rate is lower than previous studies (∼ 30% e.g., Hu et al. 2016) but can
be accounted for when we note that the D-configuration catalogue is not optimised to
sample UC Hii regions and HC Hii regions. However, when we compare the radio and
maser flux distribution for sources that do have an association, we find no correlation
as a function of angular offset. This suggests that the mechanisms powering maser and
continuum emission are unrelated, despite their being a positional correlation.

The methanol maser luminosity function is of interest to HMSF as it is related
to maser microphysics as well as the environment around the exciting massive YSO.
However, lower luminosity ranges for the luminosity function to date have been under
sampled. We used our sample of masers and a broken power law to construct a luminos-
ity function. We determine a median luminosity 10−6 L⊙ for the distribution which is
in agreement with previous studies. We sampled the high-luminosity maser population
with success, but we find we are still limited with respect to the lower-luminosity bins.
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Figure 6.3: CDFs for various properties of ATLASGAL clumps associated with
GLOSTAR methanol masers. We compare the sample clumps associated with new
methanol maser detections (red) to the sample of clumps with associations to the full
methanol maser catalogue (blue). The results of the Anderson-Darling (AD) test are
shown above each plot. Same as Fig. 4.2.

Part 3

Given that the GLOSTAR survey also takes B-configuration data, this gives us access
to higher resolution data of the methanol masers we detected in the D-configuration.
We reduced and analysed these data for the pilot region of the GLOSTAR survey,
namely 28◦ < l < 36◦ in Galactic longitude and |b| < 1◦ in Galactic latitude. The aim
of this follow-up project is two-fold:

• To provide better astrometry of the 6.7 GHz methanol masers we detected using
the VLA in D-configuration and search for multiplicity.

• To determine potential candidates of methanol maser variability as we have access
to two epochs of data within one survey.

To reduce the data, we follow the same procedure as outlined in Chapter 4. The
data were calibrated in a similar fashion using CASA. However, full 2◦×1◦ dirty cubes
were not produced as they are even more computationally expensive as the higher
angular resolution requires even more pixels for the same area coverage. Instead, we
image only sub-cubes centred on the masers we detected in the D-configurationas any
maser we are able to detect in the B-configuration should already have been detected
in the D-configuration. We then used the source extraction code we developed to
search for any maser that have now been resolved into multiple sources. We calculate
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Figure 6.4: Presented are peak intensity maps (PIM) over the velocity range of the
methanol maser source G28.8421+0.4938 and spectra obtained from VLA data. On
the left is the VLA D-configuration data, which has an average beamsize of ∼ 18 arcsec.
When observed in the B-configuration (with beamsize ∼ 1.5 arcsec, middle panel), one
can see that the higher resolution allows us to resolve the maser into two sources.
Viewing the spectra on the right, we see that the third peak at 85.7 km s−1 belongs
only to the left source while the rest belong to the source on the right. The white
contours mark the -3, 3, 5, and 7σ levels of the GLOSTAR radio continuum emission
in their respective configurations. Same as Fig. 5.6.

maser properties such as their position, flux density, and luminosity for the 116 6.7 GHz
methanol masers in the pilot region.

In our previous work, we reported positional uncertainties of ∼1.1 arcsecond. For
the smaller sample size of the pilot region, we report positional uncertainties of ∼0.1
arcsecond after comparison with the BeSSel survey, which uses VLBI to obtain very
high precision results. We then inspected the B-configuration maser images and found
7 masers that separated into multiple components when imaged at higher angular
resolution. We are able to distinguish which velocity peaks correspond to which maser
spots. An example of such a source is shown in Fig. 6.4.

Analogously to Nguyen et al. (2022), we searched for associations to Hii regions
using the radio continuum source catalogue from Dzib et al. (2022) which also uses the
GLOSTAR VLA data in the B-configuration. We find a similar association rate and
conclude that we would benefit from higher sensitivity radio continuum data in order
to better detect UCHii regions and HCHii regions.

In having access to two data points in time, we are able to see how the brightness
of the masers differ over time. We first look at a sample of known periodic masers and
analyse the variation for the velocity components we are able to detect in our data. We
first smooth the B-configuration images to the beam size of the D-configuration images.
This increases the noise and so we only consider velocity components > 1 Jy beam−1 .
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Figure 6.5: Comparison of the fitted fluxes for all main velocity components of all
masers in D-configuration and their associated B-configuration velocity component.
Given that all D-configuration data in the pilot region was obtained before the B-
configuration, the red line shows the sources that increased in flux by a factor of 1.7,
while the blue line shows the threshold where it has decreased by the same factor.

We find that for these known periodic masers, there is a mean variation of a factor 1.7
for the detected velocity components. We then looked at all the velocity components
we detected in the B-configuration for the pilot region and compared the peak flux
with their corresponding match in the D-configuration(as shown in Fig. 6.5). Based
on this variation threshold, we find an average flux ratio (Speak,B/Speak,D) of 0.96 and
detected 29 velocity components that would be potential sources of maser variability.
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6.2 Outlook

This thesis focused on using modern radio wavelength data to better understand various
phases of high-mass star formation. While we did our best to exploit the data to its
fullest, there are interesting questions that we look forward to addressing in the future.
When we first used the GLOSTAR radio continuum data to search for associations
with the list of YSO candidates from Nandakumar et al. (2018), we performed this
task visually and only analysed sources with simple and compact morphologies. As a
next step, it would be useful to produce a full catalogue of radio continuum sources
in the CMZ to better perform this analysis on a statistical basis. In this way, a more
robust picture of the association of YSOs and developing Hii regions can be formed.

Our 6.7 GHz methanol maser catalogue represents the most sensitive blind survey
to date and has the best position accuracy. However, it only covers a portion of the
Milky Way’s plane. Naturally, a full coverage would provide a more complete picture
of the masers in the Galaxy and thus a more complete census of the sites of exclusively
early high-mass star formation. For the regions that are covered by GLOSTAR, once
the reduction of the B-configuration data is completed, it will provide an upgrade
in our measured positions as well as pinpoint sources of potential maser variability.
For the sources we proposed as being variable methanol masers, dedicated long term
observations would help to vindicate our assertion. Furthermore, methanol absorption
can also be studied from the GLOSTAR data. Methanol absorption has been seen
against radio continuum sources (e.g., Menten 1991b; Impellizzeri et al. 2008) but has
also been detected against the CMB (e.g., Menten 1991b; Pandian et al. 2008; Ortiz-
León et al. 2021). Having a catalogue of absorption detections would help to better
understand the physical properties of this phenomenon. Pandian et al. (2008) did a
modelling study to understand the conditions under which this absorption can occur.
Having a larger sample size would allow for a more robust analysis. To this end we can
use our source extraction code to search for this methanol absorption across a large
area as part of the GLOSTAR survey.
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ABSTRACT

Context. The Central Molecular Zone (CMZ), a ∼200 pc sized region around the Galactic Centre, is peculiar in that it shows a star
formation rate (SFR) that is suppressed with respect to the available dense gas. To study the SFR in the CMZ, young stellar objects
(YSOs) can be investigated. Here we present radio observations of 334 2.2 µm infrared sources that have been identified as YSO
candidates.
Aims. Our goal is to investigate the presence of centimetre wavelength radio continuum counterparts to this sample of YSO candidates
which we use to constrain the current SFR in the CMZ.
Methods. As part of the GLObal view on STAR formation (GLOSTAR) survey, D-configuration Very Large Array data were obtained
for the Galactic Centre, covering −2◦ < l < 2◦ and −1◦ < b < 1◦ with a frequency coverage of 4–8 GHz. We matched YSOs with
radio continuum sources based on selection criteria and classified these radio sources as potential Hii regions and determined their
physical properties.
Results. Of the 334 YSO candidates, we found 35 with radio continuum counterparts. We find that 94 YSOs are associated with
dense dust condensations identified in the 870 µm ATLASGAL survey, of which 14 have a GLOSTAR counterpart. Of the 35 YSOs
with radio counterparts, 11 are confirmed as Hii regions based on their spectral indices and the literature. We estimated their Lyman
continuum photon flux in order to estimate the mass of the ionising star. Combining these with known sources, the present-day SFR in
the CMZ is calculated to be ∼0.068 M� yr−1, which is ∼6.8% of the Galactic SFR. Candidate YSOs that lack radio counterparts may
not have yet evolved to the stage of exhibiting an Hii region or, conversely, are older and have dispersed their natal clouds. Since many
lack dust emission, the latter is more likely. Our SFR estimate in the CMZ is in agreement with previous estimates in the literature.

Key words. Galaxy: center – Galaxy: stellar content – stars: formation – stars: massive – stars: pre-main sequence – Hii regions

1. Introduction

The study of high-mass stars is vital to the understanding of the
evolution of star formation in galaxies. They directly influence

? Member of the International Max Planck Research School
(IMPRS) for Astronomy and Astrophysics at the Universities of Bonn
and Cologne.

their surrounding environments by feeding energy through vari-
ous feedback processes back into the interstellar medium (ISM).
This can alter the efficiency of the remaining gas to form new
stars and thus directly impact the evolution of their host galax-
ies. It is therefore important to understand the formation of high-
mass stars themselves. Observations of star forming sites in our
own galaxy, the Milky Way, are easier to resolve due to their
proximity. Their study allows us to extend our understanding of
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high-mass star formation (HMSF) to those in other galaxies as
well (Kennicutt & Evans 2012).

The term massive young stellar object (MYSO) has been
used for sources in a wide range of evolutionary stages. They
start as objects that are still deeply embedded in their parental
dense molecular cloud core and that are powered by accretion,
often forming in clusters. Once nucleosynthesis commences,
they start to ionise their surroundings (e.g., Zinnecker & Yorke
2007; Hoare et al. 2007; Breen et al. 2010), develop into hyper-
and later ultra-compact Hii regions that further evolve into
compact Hii regions (such as the Orion Nebula). The most lumi-
nous O-type stars therein clear their surroundings of obscuring
dust and eventually make them and the much more numer-
ous lower-mass members of the young stellar clusters, whose
centres they occupy, visible (predominantly) in nearby parts
of the Galaxy that do not suffer heavy line of sight and local
visual extinction. The 1–2 million year old Orion Nebula Clus-
ter (ONC; Genzel & Stutzki 1989) at a distance of only ∼400 pc
(Menten et al. 2007; Kounkel et al. 2017) is a nearby prominent
example. Observations of the earliest stages of development are
difficult because of the embedded nature of YSOs, as well as by
the comparatively short lifetime of massive stars and their short
formation timescales (∼105 years). The Hii region phase, how-
ever, gives a clear indication that, in particular, ‘high-mass’ star
formation has recently occurred (Wood & Churchwell 1989).

High-mass star formation occurs in dense clumps within giant
molecular clouds (GMCs). Thus, one would expect a high con-
centration in the so-called Central Molecular Zone (CMZ), which
contains about 3–10% of the molecular material in our Galaxy
(e.g., Güsten et al. 1989; Rodríguez-Fernández et al. 2004). The
CMZ (Morris & Serabyn 1996) is a roughly∼200 pc sized region
that covers a range of−0.◦7 < l < 1.◦8 and−0◦.3< b< 0◦.2 in Galac-
tic coordinates at a distance of 8.2 kpc (GRAVITY Collaboration
2019)1. The CMZ’s physical conditions are extreme in compari-
son to other GMCs in the Milky Way as the gas temperature, the
pressure, and magnetic field strengths are a few to several orders
of magnitude higher (Morris & Serabyn 1996). It is clear that the
question of present-day star formation in the CMZ is an important
one, in particular given the presence of a few massive star clusters,
the Arches and the Quintuplet clusters, and the central cluster in
the immediate vicinity of the super-massive black hole Sgr A∗ in
the centre of the Galaxy (e.g., Cotera et al. 1996; Kobayashi et al.
1983). Theses clusters have ages of 2–4 Myr, while the massive
‘(mini-) starburst’ region Sagittarius B2 (Sgr B2), which has
a mass of 8 × 106 M�, is a prominent active star factory
(Figer et al. 2002; Schneider et al. 2014; Lis & Goldsmith 1990;
Schmiedeke et al. 2016). On the other hand, the infrared dark
cloud M025+0.11, termed ‘the Brick’, contains a comparable,
if not somewhat lower, mass to Sgr B2 (∼105 M�), but it shows
few signs of active star formation (e.g., Lis & Menten 1998;
Henshaw et al. 2019 and references therein). Recent observa-
tions by Walker et al. (2021) show unambiguous signs of low-
to intermediate-mass star formation and potential evidence for
future high-mass star formation, however, to a much lesser degree
than Sgr B2.

The star formation rate (SFR) of galaxies has been shown
empirically to follow the Kennicutt–Schmidt relation (Schmidt
1959; Kennicutt 1998), which infers a power law relation
between the SFR per unit area and the total gas mass. One
can further correlate the SFR with the amount of dense (n >
104 cm−3) molecular gas in our Galaxy to also show a linear

1 GRAVITY determines a geometric distance of 8178 ± 26 pc to the
central super-massive black hole Sgr A*.

relation (e.g., Lada et al. 2010, 2012). Despite the amount of
dense gas available, the SFR is a factor of 10–100 lower than
expected in the CMZ and it does not follow the Kennicutt–
Schmidt relation (e.g., Longmore et al. 2013; Csengeri et al.
2016), although it may have done so in the past (Kruijssen et al.
2014). Various investigations of the SFR in the CMZ have been
performed using different methods such as YSO counting (e.g.,
Yusef-Zadeh et al. 2009; An et al. 2011; Immer et al. 2012b;
Nandakumar et al. 2018), free-free emission (Longmore et al.
2013), and infrared luminosity (Barnes et al. 2017). System-
atic uncertainties in various methods used for determining the
SFR as the cause for the much lower value were ruled out
by Barnes et al. (2017) as they obtained similar average SFRs
by comparison of the above YSO counting and free-free emis-
sion measurements. Low SFRs have also been found in specific
high-density clouds in the CMZ (e.g., Kauffmann et al. 2017;
Lu et al. 2019b). While not applicable to clouds that already
show traces of star formation at later stages, as in Sgr B2, some
theoretical models suggest that the lower SFR is due to these
clouds being in an early evolutionary stage where active star
formation is not yet observable (see also, e.g., Kruijssen et al.
2014; Krumholz & Kruijssen 2015; Krumholz et al. 2017). In
stark contrast, the mini-starburst region Sgr B2 is one of the most
prolific star formation factories in the Galaxy (Ginsburg et al.
2018).

Various hypotheses exist for this difference in SFRs between
the CMZ and typical star forming environments: On the
one hand, the formation of high-mass stars may require a
higher critical density threshold than that of low-mass stars
(Krumholz & McKee 2008); on the other hand, the turbulent
environment of the CMZ itself is increasing this density thresh-
old (e.g., Kruijssen et al. 2014; Rathborne et al. 2014). Further
studies of HMSF in the CMZ and the physical processes therein
are therefore crucial for our understanding of star formation in
our Galaxy as well as other galaxies. The question of why star
formation in the CMZ is so unevenly distributed and why it is
absent in so much of its volume is still open to this day. Obtain-
ing a census of and characterising YSOs in the CMZ will help to
address these points and is the focus of this paper.

Searching for YSOs is a direct way of identifying on-going
and recent star formation and to determine the current SFR. The
low number of YSOs identified in some parts of the Galac-
tic Centre motivates new searches. Finding YSOs in the CMZ
requires studies in multiple wavelengths. Very recently formed
YSOs are surrounded by dense envelopes of gas and dust
(Zinnecker & Yorke 2007) and as they begin to heat this nearby
dust, the energy is re-emitted in the infrared regime and as such,
most studies of YSOs have been performed with infrared pho-
tometry (Schuller et al. 2006; Yusef-Zadeh et al. 2009). How-
ever, the large and spatially variable extinction in the CMZ
(AV = 20–40 mag; Schultheis et al. 2009) can cause confusion
regarding the identification of YSOs. Furthermore, the extinction
in dense regions can be of the order of ∼100 mag making proper
counts of forming stars impossible in these clusters, thus missing
a large fraction of the stars currently forming. Studies classi-
fying YSOs with near-infrared (NIR) photometry cannot iden-
tify YSOs uniquely since AGB stars, red giants, and even super
giants can have similar photometric colour signatures similar to
YSOs due to foreground extinction (Schultheis et al. 2003). To
distinguish them, spectroscopic observations are required, with
ambiguities in the classification schemes remaining even with
this method (e.g., An et al. 2011; Immer et al. 2012b).

Recently, Nandakumar et al. (2018) presented a study aimed
at identifying YSOs in the CMZ. They conducted K-band
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(2.2 µm) spectroscopic NIR observations of photometrically
identified YSOs in the CMZ and detected 91 viable sources
that they used to develop a new photometric YSO classifica-
tion scheme that tries to eliminate contamination from late-type
and evolved stars as those revealed by their spectroscopic obser-
vations. To estimate the SFR, a larger sample was needed and
thus, in combining the photometric catalogue of YSO candi-
dates from SIRIUS (J(1.25 µm), H(1.63 µm), and KS(2.14 µm)
filters; Nishiyama et al. 2006) and the point-source catalogue
of the Spitzer IRAC survey (3.6–8.0 µm; Ramírez et al. 2008),
they produced a final sample of 334 YSO candidates using
their new classification scheme. The estimated masses from
spectral energy distribution (SED) fitting models obtained from
Robitaille (2017) range from 2.7 to 35 M� and furthermore peaks
at ∼8 M�, suggesting that >50% of these sources are already in
the high-mass regime. To further investigate if these sources are
indeed sites of HMSF, we used sub-millimetre and radio wave-
lengths to constrain the evolutionary stage.

In this paper, we used the sample of 334 YSO candidates
from Nandakumar et al. (2018) to search for radio continuum
counterparts at 4–8 GHz obtained with the Karl G. Jansky Very
Large Array (VLA) as part of the GLObal view of STAR for-
mation (GLOSTAR; Medina et al. 2019; Brunthaler et al. 2021)
survey. Radio continuum sources can be signposts of free-free
emission from Hii regions. As of yet, it is unknown how many of
the NIR-identified YSOs trace Hii regions and so a census of the
association between YSOs and Hii regions would shed light on
this. We produced a catalogue of radio continuum counterparts
and investigated their nature by calculating their spectral indices.
We used spectral indices to distinguish source types depending
on whether the emission is thermal or non-thermal which helps
to classify sources as bona fide Hii regions or otherwise. We fur-
ther determined the fraction of YSOs that have counterparts and
physical reasons for the absence of an Hii region. We also cross-
matched these YSO candidates with the APEX Telescope Large
Area Survey of the Galaxy (ATLASGAL; Schuller et al. 2009)
870 µm dust emission data, which trace the early natal environ-
ments of high-mass stars. If the YSO is still very young, we
would expect to see it embedded in a compact cold dust envelope
traced by sub-millimetre wavelengths. In this way, we investi-
gated if there is any clear association of these YSOs with either
the earliest or the latest stages of massive star formation in order
to shed light on the complete spread of evolutionary stages of
this census of YSOs. Lastly, we infer the SFR from the free-free
emission of the Hii regions detected in our field.

We structure this paper as follows: in Sect. 2 we give a short
summary of the data used in this paper. Section 3 details our
source selection criteria in finding radio continuum counterparts
and the determination of their physical parameters needed to cal-
culate the SFR. Section 4 discusses our comparison with other
surveys and other prominent regions in the Galactic Centre and
the properties of the YSO-sample with radio continuum counter-
parts as well as the SFR in the CMZ. We present the conclusions
and summary in Sect. 5.

2. Observations

The GLOSTAR survey (Medina et al. 2019; Brunthaler et al.
2021) is an on-going survey with the VLA and the Effelsberg
100 m telescope between 4–8 GHz of the Galactic mid-plane from
−2◦ < l < 60◦ and |b| < 1◦ as well as the Cygnus-X star-forming
complex. VLA observations were mainly conducted in D- and
B-configurations whose angular resolutions correspond to 18′′
and 1.5′′ at 5.8 GHz, respectively, to detect various tracers of

different stages of early star formation using methanol, formalde-
hyde, and radio recombination lines as well as radio continuum
to describe the stellar evolution process of massive stars.

This work is a targeted search for continuum sources towards
YSOs identified with NIR photometry (Nandakumar et al. 2018)
using only the continuum data obtained from the VLA in D-
configuration for the Galactic Centre (|l| < 1.5◦ and |b| < 1◦).
We briefly summarise the data properties (for details see, e.g.,
Medina et al. 2019; Brunthaler et al. 2021; Dzib et al., in prep.).
Observing in the C-band (4–8 GHz), the correlator setup consists
of two 1-GHz-wide sub-bands centred at 4.7 and 6.9 GHz. Each
sub-band was further divided into eight intermediate frequency
windows of 128 MHz with each window consisting of 64 chan-
nels with widths of 2 MHz. Approximately 2520 pointings were
used to cover an area of 2◦ × 4◦. Flux calibration was done using
3C 286 which was used as the band-pass calibrator and J1820-
2528 as the phase calibrator. We used the Obit package (Cotton
2008) for the calibration as well as the imaging of the contin-
uum data. The data were rearranged into nine different frequency
bands (spectral windows) of a similar fractional bandwidth. Each
pointing was first cleaned individually and then combined into a
large mosaic for each frequency band. The final mosaic at the
reference frequency was created by combining the individual,
primary beam corrected images of each of the frequency bands.

The effective frequency of the averaged image is 5.8 GHz
with a FWHM of 18′′. The average noise level increases from
∼0.07 mJy beam−1 to ∼1 mJy beam−1 as one moves closer to
the Galactic mid-plane, which is as expected since the major-
ity of emission is in the plane of the disk such as the black
hole in the centre of our galaxy. In comparison to other regions
studied in GLOSTAR, emission-free regions typically have
noise levels of around ∼0.06 mJy beam−1, but they can steeply
increase to ∼0.45 mJy beam−1 towards the Galactic mid-plane
(Medina et al. 2019). We note that the VLA B-configuration and
Effelsberg data have not yet been imaged and will be analysed in
future works.

3. Results

3.1. 2.2µm sources as equivalent ONCs in the CMZ

We would like to understand the nature of the 2.2 µm sources
investigated in Nandakumar et al. (2018) but have the prob-
lem that they are far away and suffer from heavy extinction.
As such, we make a comparison to a nearby known 2.2 µm
star cluster. Due to its close distance of ∼400 pc (Menten et al.
2007; Kounkel et al. 2017; Großschedl et al. 2018), the ONC
(Genzel & Stutzki 1989) is often used as the template environ-
ment for studying HMSF. It contains multiple massive stars that
are easily detectable at this distance and also shows bright 2.2 µm
and radio emission. The YSOs that we use as targets in our
investigation are, however, located at a much farther distance
of ∼8.2 kpc (GRAVITY Collaboration 2019) in the Galactic
Centre. Therefore, to put the environment into perspective and
to see how the YSO candidates compare to a cluster of massive
stars similar to the ONC, we discuss what the ONC would look
like if it was placed in the CMZ at similar infrared wavelengths.

The Cosmic Background Explorer2 (COBE) space-based
mission (Boggess et al. 1992) was developed to measure the dif-
fuse infrared and microwave radiation from the early universe.
The Diffuse Infrared Background Experiment’s (DIRBE) objec-
tive is to search for Cosmic Infrared Background by making
2 The National Aeronautics and Space Administration/Goddard Space
Flight Center (NASA/GSFC).
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Fig. 1. GLOSTAR 5.8 GHz detections towards YSOs from Nandakumar et al. (2018, red circles). Non-detections are shown as white dots. The
background image shows the GLOSTAR 5.8 GHz D-configuration continuum image restricted to the region studied by Nandakumar et al. (2018).
The image has been clipped with minimum and maximum limits of −0.1 mJy beam−1 and 5 mJy beam−1, respectively, to better emphasise vis-
ibility of the low intensity radio features. The main GMCs presented in the CMZ are highlighted with purple circles with effective radii from
Kauffmann et al. (2017) and the references therein.

absolute brightness measurements of the diffuse infrared radi-
ation in ten photometric bands from 1 to 300 µm. We obtained
the map corresponding to 2.2 µm and plotted the intensities for
each pixel near the ONC in Galactic coordinates (see Fig. 2).
Given the size of a DIRBE pixel (0.32◦) and the size of the ONC
(∼5′), it is unclear which pixel is correctly associated. We carried
out calculations for both the nearest singular pixel as well as the
sum of all four surrounding pixels. The resultant peak flux and
integrated flux density are 93.18 mJy and 630.22 mJy, respec-
tively. Now if we were to place the ONC at a distance of 8.2 kpc,
this woud scale the fluxes to 0.22 mJy and 1.49 mJy respectively,
diminishing them by ∼400 times.

To compare to the YSO sample, we converted this photo-
metric flux into photometric magnitude units given that Fv =
F0 × 10−m/2.5 where m is the magnitude, Fv is the flux in Jy,
and F0 is the zero point for a given filter system (for 2.159 µm,
F0 = 666.7 where this corresponds to the KS filter system used
for the SIRIUS catalogue containing the YSOs). Using the con-
version tool3,4 for photometry, the resultant apparent magni-
tudes for the peak and integrated flux densities are 16.2 mag and
14.1 mag, respectively. When comparing with only the YSOs
selected from spectroscopic KMOS observations (see Table 2
in Nandakumar et al. 2018), the magnitude values are at the
lower range but are still possible to be observed, suggesting that
KMOS would be able to observe ONC-like sources at the dis-
tance of the Galactic Centre.

3.2. GLOSTAR source selection

Nandakumar et al. (2018) provide a catalogue of 334 YSO can-
didates made with the new colour-colour diagram selection cri-
teria aimed at disentangling YSOs from late-type stars. Using
spectral line data, they first separated NIR sources as YSOs or
cool, late-type stars through the absence of 12CO (2,0) absorp-
tion and the presence of Brγ emission. They found that in a
H − KS versus H − [8.0] colour-colour diagram, they could dis-

3 https://irsa.ipac.caltech.edu/data/
SPITZER/docs/spitzermission/missionoverview/
spitzertelescopehandbook/19/
4 http://ssc.spitzer.caltech.edu/warmmission/propkit/
pet/magtojy/index.html
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Fig. 2. COBE 2.2 µm data of the ONC plotted in equatorial coordi-
nates (CSC; COBE quadrilateralised spherical cube projection). The ×
marker denotes the position of the ONC with the surrounding red square
signifying a 5′ width, which is the estimated angular size of the ONC.
The size of a DIRBE pixel is 0.32◦. The blue circle highlights the four
pixels selected for the flux determination.

tinctly separate the two groups of stellar objects. This gives us
a sample with very few contaminants even if not all of them
have been spectroscopically identified as YSOs. Given this list of
YSOs, we searched the GLOSTAR data to see if there are asso-
ciations with 5.8 GHz continuum emission. The region that we
study in this work is shown in Fig. 1, where we have also over-
laid the complete sample of YSO candidates investigated and
highlighted the sources coinciding with radio emission. One can
already see that there is a statistical bias present from the YSOs
as they are not evenly distributed across the Galactic Centre.
We see that in some of the known massive star forming regions
such as Sgr D, we do not find a large number of YSOs from
Nandakumar et al. (2018). As such, we do not provide a com-
plete census of all Hii regions in this work.

A88, page 4 of 25

101



H. Nguyen et al.: GLOSTAR: YSOs in the Galactic Centre

We first investigated if there is a spatial coincidence between
the YSO sample and the GLOSTAR continuum emission by
using a radius for the angular separation of ∼10′′, which is
approximately equal to half of the GLOSTAR continuum data
synthesised beamsize, corresponding to ∼0.4 pc at a distance of
8.2 kpc (GRAVITY Collaboration 2019). We find close to ∼100
YSOs which have potential 5.8 GHz counterparts that match
this spatial selection criterion. We note that for certain extended
regions (e.g., Sgr B2), it can be difficult to associate a single
YSO to them. We used a sensitivity threshold to select the clos-
est possible YSO as its counterpart, which is described below.

We examined the validity of these candidate radio sources
by looking at their intensity, shape, and the likelihood of being
a radio artefact. Taking the root-mean-square (rms) of a nearby
emission-free region as the noise level, we considered sources
that have peak pixel intensities of at least 5σ. To confirm the
detection of the radio source, we used eight of the nine spec-
tral windows from the GLOSTAR-VLA data since the ninth
spectral window has a much higher noise level. We have kept
sources that have clear and consistent structure in at least half
of their spectral windows. The data can be strongly influenced
by the strong emission from powerful sources in the Galactic
Centre such as from Sgr A∗ that can lead to strong sidelobe
effects. This can manifest as a false detection or a source
appearing variable in intensity and shape across the multiple
spectral windows. In general, the observed field is known to
be extremely crowded and one needs to be wary of the sur-
rounding environment of each source. The rms ranges from
0.351 mJy beam−1 to 11.914 mJy beam−1 with median and mean
values of 0.709 mJy beam−1 and 1.558 mJy beam−1, respectively.
The lower noise value corresponds to regions which are located
in emission-free regions far offset from strong emission sources
and can act as a lower limit, while the higher end corresponds
to the average environment of a strong emission source. For our
investigation, we calculated the rms at each individual source
separately.

With these criteria for a continuum detection, we removed
roughly two-thirds of the candidates from our consideration as
they do not meet our intensity detection threshold (continuum
emission >5σ), are spatially separated with more than half a
beam, have an unclear association with an extended continuum
structure, or are most likely affected by sidelobes. The final list
of 35 sources that we investigate further is given in Table A.1.
For each radio source, we detail the position of the YSO and
the position of peak intensity of the associated radio source as
well as the peak intensity, S p. We calculated the integrated flux
density, S int, using 5σ contours or covering an area of at least a
GLOSTAR beam size. This also serves to estimate an effective
source diameter, Deff , where we assume the Hii region is spher-
ically symmetric. The rms used to define the detection limit for
each source is also given in the table. We note that for sources
88, 230, 241, and 311, we made a manual integration contour.
This was done as a 5σ contour does not perfectly capture just
the emission of the local compact source we are interested in. In
these cases, our flux estimation acts as a lower limit. The general
shape of the radio sources are classified as compact (C; ∼66%),
extended (E; ∼28%), or extended and complex (EC; ∼6%). An
example source of our final sample is shown in Fig. 3 (and the
rest in Fig. B.1). This illustrates an example association of a YSO
candidate with an extended radio feature as it satisfies our cri-
teria of being within 10′′ of the continuum radio and within
a 5σ contour. However, this is not always easily discernible
for all of our sources. For example, sources 307 and 311 were
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Fig. 3. Detection of a GLOSTAR 5.8 GHz counterpart for source 140
from Nandakumar et al. (2018). The GLOSTAR 5.8 GHz continuum
map is shown in colour with positions of the peak radio emission and the
YSO marked with a black X and red cross, respectively. White contours
correspond to 3, 5, and 10σ (σ = 0.634 mJy beam−1). The magenta con-
tour outlines the area from which the flux density was calculated. The
colour bar maximum was chosen to be 1.5× the peak intensity of the
coinciding 5.8 GHz source. The beamsize is shown in magenta in the
bottom left corner.

previously observed at 10.7 GHz with Effelsberg and listed as
sources 40 and 41, respectively (Seiradakis et al. 1989). These
single dish observations report higher flux densities of 28.5 Jy
and 4.3 Jy, respectively, compared to our ∼0.2 Jy and ∼1.2 Jy.
Furthermore, the sizes are of the order of 2 arcminutes compared
to our arcsecond scale. The fact that these properties are so dif-
ferent from our higher angular resolution data indicates that for
these sources in particular, they are sub-components of a larger
and complex multi-component source. The Effelsberg data from
(Seiradakis et al. 1989) capture the more extended emission that
is resolved out at the angular resolution of our GLOSTAR-VLA
data. This can be seen for other sources in our final sample as
well, where the radio source we associate with our YSO candi-
date may be a part of a much more complicated multi-component
source. For example, source 3 (see Fig. B.1) shows a continuum
feature at 5σ above the local noise and is consistent in all the
frequency bands of the GLOSTAR continuum data. However,
it might not be a completely isolated and compact source as it
is not distinctly 5σ above the local extended emission. In these
cases, we recognise that the Hii region associated with the YSO
might actually be larger in some cases and would require higher
resolution data to resolve the source.

We note that the distance to these radio counterparts is
assumed to be the same as the YSOs placing them in the CMZ.
Association with distance tracers such as Hi absorption or the
methanol maser to these radio sources as well as detected molec-
ular lines for the YSOs would be needed to clearly determine
their association along the line of sight.

3.3. Spectral index

We used the multiple spectral windows of the GLOSTAR obser-
vations at different frequencies to perform an estimate of the
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Fig. 4. Determination of the spectral index for source 140
(G359.784+0.040). Only frequency bands that meet the minimum
threshold of 3σ are considered. The solid blue line shows the best-fit
model determined by the linear regression. The fitted spectral index
is indicated in the upper right corner. The frequencies range from
4.45 GHz to 7.2 GHz. The spectral indices of the full sample are shown
in Appendix C.

spectral index of each continuum source. Following the same
procedure for spectral index calculations as Bihr et al. (2016),
we extracted the peak intensity from each individual frequency
plane at the same position, using the peak pixel of the contin-
uum emission in the averaged GLOSTAR image (see Fig. C.1).
We used the intensity at the peak pixel, since the integrated emis-
sion may be more heavily impacted by the frequency-dependent
spatial filtering of the interferometer. It should be noted that for
some sources, the shape of the source is inconsistent in every
spectral window. Some frequency planes show more extended
features or disappear entirely. We therefore limit the number of
frequency planes used for further analysis to those that have a
peak intensity greater than 3σ, which we note is lower than the
5σ limit used for integrated flux calculations as each spectral
window, from which we extracted the peak intensity, does not
benefit from the decreased noise from combining all the fre-
quency planes. We used this lower threshold for detection as
each of the individual frequency planes has a lower signal-to-
noise ratio (S/N) compared to the averaged image. From this,
we extracted a set of peak intensities from which to estimate
the spectral index. The possible missing flux, which is inherent
to interferometric observations, may affect spectral indices of
extended sources by frequency-dependant filtering. This is not
further addressed here but will be in the future with the inclu-
sion of GLOSTAR-Effelsberg observations. Assuming that the
relationship between the flux and frequency is S ν ∝ να where
α is the spectral index and S ν is the frequency-dependent inten-
sity at the associated frequency ν, we used scipy’s curve_fit to
perform a linear fit of the data in log-space in order to obtain the
slope, α (see Fig. 4), where the measured errors are only from
the fitting procedure.

Using the spectral indices, we classified the continuum
sources as Hii regions depending on whether the emission is
thermal or non-thermal. For indices between −0.1 and 2, the
emission corresponds to thermal emission that is associated with
Hii regions or planetary nebulae (PNe). If it is steeply negative,
that is ≤0.5, we consider it to be non-thermal, which means the

emission is synchrotron in nature and could come from super-
nova remnants (SNR) or extra-galactic sources such as active
galactic nuclei (AGN) (Condon 1984; Rodríguez et al. 2012;
Dzib et al. 2013; Chakraborty et al. 2020). We record the values
of the spectral indices in Table A.1. We conclude that we can
only use the spectral indices to propose sources as Hii region
candidates since a larger frequency coverage with greater accu-
racy would be needed in order to truly constrain the spectral
indices and thus their nature.

For 11 sources, the spectral index was in agreement with
thermal emission as defined above. For three sources of our sam-
ple, we could not determine reliable spectral indices, as they had
less than three spectral windows with a good enough S/N. Four
sources show steeply negative spectral indices of '0.5, which
we classify as non-thermal from our aforementioned definition.
However, the errors are quite large and not sufficient to defini-
tively exclude these candidates. The remaining 16 sources have
values in between −0.5 < α < −0.1 and are retained in the anal-
ysis that follows as Hii region candidates.

4. Discussion

4.1. YSOs and their counterparts

To explore the nature of the YSOs, we discuss the properties of
the sources that have a GLOSTAR-VLA radio continuum coun-
terpart. Fig. 1 shows that while the majority of detections are
in the Galactic mid-plane, which is also the case in Medina et al.
(2019), there is no clear separation between the sources that have
radio continuum counterparts and those that do not. We do a
full comparison with Hii region catalogues from Anderson et al.
(2014), radio source catalogues from Becker et al. (1994) and
Condon et al. (1998), and the MMB methanol maser catalogue
from Caswell et al. (2010). The associations are shown in the
last column of Table A.1.

We also performed a cross match for known sources in the lit-
erature. To date, the most complete and comprehensive catalogue
of Hii region candidates is presented in Anderson et al. (2014)
by using sources from the all-sky Wide-Field Infrared Survey
Explorer (WISE) satellite and investigating their mid-infrared
(MIR) morphology5, confirming candidates with existing liter-
ature. Of the ∼8000 sources in their catalogue, ∼450 are within
our region of study. These were used to confirm the nature of the
detected GLOSTAR sources. Of our 35 GLOSTAR sources, only
six sources do not have a WISE counterpart and six are classified
as, or are a part of, known Hii regions by Anderson et al. (2014).
The remaining 23 radio sources correspond to Hii region candi-
dates based on their MIR morphology. The strong correlation of
the infrared WISE sources to our radio sources can be expected
given that we selected these radio sources based on a catalogue
of NIR sources. The six radio continuum sources without WISE
counterparts have source IDs 66, 157, 230, 307, 315, and 323 as
listed in Table A.1 and are potentially new Hii regions due to the
lack of associations, except for source 157, as it is likely asso-
ciated with the ‘20 km s−1 cloud’. However, none of them show
any methanol masers from the MMB, which suggests that these
Hii regions are at a later stage of HMSF.

Additionally, we searched for counterparts with the
CMZoom survey (Battersby et al. 2020) as it searches the dust
continuum at 1.3 mm for signs of compact substructures known
to be sites of high mass star formation. We used the catalogue

5 http://astro.phys.wvu.edu/wise/
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Fig. 5. Non-detection of GLOSTAR 5.8 GHz emission and detec-
tion of ATLASGAL 870 µm emission towards source 84 from
Nandakumar et al. (2018). Top: GLOSTAR 5.8 GHz radio continuum
3′ × 3′ zoom-in. A red cross denotes the location of the YSO, and
the orange ellipse represents ATLASGAL sources from Contreras et al.
(2013). The GLOSTAR beam size is shown in the bottom left corner.
The white contour shows the 0.5 mJy beam−1 level, which is the aver-
age 5σ level for the GLOSTAR data. Bottom: ATLASGAL map, where
the contours are dynamical contours (as formulated by Thompson et al.
2006).

from Hatchfield et al. (2020) and find that of the 334 YSOs,
only 22 have potential counterparts within 45′′, where the angu-
lar separation criterion is chosen based on the CMZoom’s upper
sensitivity to structures on that scale. Of these 22 sources, only
two also have a GLOSTAR counterpart, sources 307 and 311
from Nandakumar et al. (2018).

The recent study by Lu et al. (2019a) observed a smaller
region of the CMZ also with the VLA in C-band, but with the
interferometer in B-configuration, yielding a higher spatial res-
olution (∼1′′). They detected 104 radio continuum sources of
a varying natures. Our radio continuum sources 140 and 241
overlap with the sources C54 and C29 from Lu et al. (2019a),
respectively, where C54 is a candidate ultra-compact Hii region.
However, a more in-depth analysis in the future with the upcom-
ing higher resolution GLOSTAR-VLA data will provide a more
complete comparison between the two data sets.

We additionally compared the YSO catalogue with the com-
pact sources from ATLASGAL to investigate if the YSO is
in the young protostar stage, as a young protostar needs to
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Fig. 6. Detections of GLOSTAR and ATLASGAL emission of
source 91. Labels and markers are the same as in Fig. 5. The GLOSTAR
image (top) instead has contours at 2.5 mJy beam−1. It is the singu-
lar YSO candidate with both an ATLASGAL and potential GLOSTAR
counterpart.

be embedded in compact dense gas, which is visible at sub-
millimetre wavelengths. The earliest stages of HMSF can be
observed in massive clumps of dust and gas that emit at
the optically thin (sub)millimetre regime through their ther-
mal emission. ATLASGAL (Schuller et al. 2009) observes ther-
mal dust emission at 870 µm which aids in the study of the
early natal environment of high-mass stars at their early pre-
stellar stages. With a resolution of 19′′ (FWHM), this unbi-
ased survey has produced a catalogue of ∼10 000 dense and
massive clumps (Contreras et al. 2013; Urquhart et al. 2014;
Csengeri et al. 2014).

Comparing the GLOSTAR-VLA data with ATLASGAL can
give insight into the nature of the observed potential Hii regions
as one would expect evolved dust clumps to have a radio con-
tinuum counterpart. However, of the ∼1000 compact sources
from ATLASGAL in the CMZ area (Contreras et al. 2013), only
eight have an angular separation of <10′′ to a YSO candidate
from Nandakumar et al. (2018) (see Fig. 5). Of these eight asso-
ciations, YSO candidate 91 has a potential radio continuum
counterpart at 5.8 GHz (see Fig. 6). At 870 µm, it has a peak
intensity of 0.54 ± 0.23 Jy beam−1, an integrated flux density of
1.89±0.5 Jy, and a S/N of 8. While we expect that ultra-compact
Hii regions have both dust and radio emission, this source hardly
classifies as an ultra-compact Hii region as its physical properties
(see Table A.2) do not meet the typical minimum requirements
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Fig. 7. Comparison of the bolometric luminosity of the YSOs to other properties (obtained from SED models Robitaille 2017 in the work done
by Nandakumar et al. 2018). Top left: histogram of the YSO luminosity. Top right: estimated age of the YSO obtained from stellar evolution
tracks. Bottom left: calculated extinction, Av. Bottom right: brightness at photometric band, KS. Shown in blue are all of the YSO sources which
Nandakumar et al. (2018) used in their determination of the SFR, while orange denotes only the YSO sources that have a GLOSTAR counterpart.

(<0.1 pc; Kurtz 2002). Furthermore, Fig. 6 shows that the radio
continuum source is offset from the main dust clump, suggesting
that the Hii region is of a more evolved state than the surrounding
dense clumps. For the remaining seven sources that do not have
a radio continuum counterpart, we suggest that these YSOs are
not yet sufficiently evolved as we expect MYSOs to be IR-bright
prior to being able to see the inner and developing Hii region
once it turns on (Motte et al. 2018).

This low YSO-ATLASGAL association rate is unexpected.
Using the empirical mass-size relation (under the assumption
that the sources fill the 19′′ ATLASGAL beam; Urquhart et al.
2018), it is generally accepted that a cloud mass of 500–1000 M�
is needed in order for at least one massive star to be formed
in the cluster. This corresponds to peak intensities of 0.75–
1.5 Jy beam−1. In comparison to the typical noise of ATLAS-
GAL in the CMZ of ∼0.2 Jy beam−1, we should be able to detect
these kinds of clumps. However, given the extended nature of
the dust emission seen in ATLASGAL and the limitations of
source extraction, our original <10′′ angular separation is likely
insufficient to describe the full possible connection between our
sample of YSOs and dust clouds. As such, we compare the
positions of the full sample of YSO candidates to an emission

map of ATLASGAL, which gives a total of 94 YSOs that lie
in the dust features at 870 µm. Of these YSOs with GLOSTAR
counterparts (35), 14 sources would then be classified as hav-
ing an ATLASGAL association in this way. These sources hav-
ing coincident associations are consistent with the picture that
these YSOs are embedded in their natal dust envelopes. For the
remaining sources without radio continuum or dust emission, it
may be that they are instead associated with lower-mass dust
clumps, suggesting that they may not be high-mass YSOs.

4.2. Properties of the YSO sub-sample

Of the 334 YSO sources we investigated to find GLOSTAR
counterparts, we found 35 confident candidates. To determine if
there are systematic effects, in Fig. 7 we plot a comparison of our
selected sub-sample of YSOs to the full catalogue. We compared
the modelled total stellar luminosities from Nandakumar et al.
(2018) with their derived age, extinction in the V-band, and
observed KS photometric magnitude to determine if only the
most powerful or luminous YSOs have radio-loud Hii regions.
The top left shows the distribution of the luminosities where the
median luminosity of the full sample is of the order of ∼ 103 L�,
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Table 1. Comparison of the GLOSTAR 5.8 GHz emission features from
the dust ridge with literature, specifically Immer et al. (2012a).

Source S i,8.4 GHz
(a) S i,5 GHz

(b) ΘR
(a) S i,5.8 GHz ΘR

[mJy] [mJy] [′′] [mJy] [′′]

A 180± 2 154 5.1 120± 10 15
B 9± 1 <9 1.8 16± 3 12
C 10± 1 <9 1.8 15± 3 15
D 145± 20 134 14.1 (b) 436± 42 30
E 886± 57 1417 32.0 1040± 10 33

Notes. Integrated flux densities as well as their angular radii, ΘR, are
shown. (a)From Immer et al. (2012a), (b)from Becker et al. (1994).

whereas the sample of sources with GLOSTAR counterparts have
a slightly higher median value, but it does not seem to be strongly
biased towards either the higher or lower limit of the distribution
of the luminosities. We compare the luminosities with the calcu-
lated age of the YSOs in the top right corner of this figure and we
see that our sub-sample covers only the young stars,<105 yr. This
could explain the low association rate of the YSOs and GLOSTAR
radio continuum data, as the YSOs would still be young and would
not have reached the point of developing an Hii region. However,
these ages were calculated from SED model fitting (Robitaille
2017) where there can be large uncertainties for the age estima-
tion. If they are truly in the early stages, one would expect to have
a correlation with ATLASGAL sources. However, as explored
in Sect. 4.1, there is limited ATLASGAL correlation, suggesting
instead that these sources are either much older or are non-massive
YSOs. As explained in the above section, we maintain that the
noise level of ATLASGAL does not allow us to use the absence
of sub-millimetre sources as a strict constraint on the evolutionary
stage in this work.

Using an assumed distance in the ranges of 7–9 kpc for
their SED models, Nandakumar et al. (2018) fitted values for the
visual extinction, AV, caused by the material along the line of
sight from the Sun to the CMZ. We see that most of the sources
fall under AV = 36 mag and that there are no evident trends in
comparing the luminosity with the photometric magnitude. In
addition to the large uncertainties, the small sample size inhibits
any defining conclusions from these results.

4.3. Notes on particular sources

4.3.1. The dust ridge

A known feature in the CMZ, the so-called dust ridge is a nar-
row string of massive clumps that connect the radio contin-
uum sources G0.18–0.04 and Sgr B1 (Lis & Carlstrom 1994).
Immer et al. (2012a) detected five radio continuum sources in
X-band (labelled A-E) on the periphery of the dust ridge, likely
hosting HMSF. This region is also covered in our GLOSTAR-
VLA data in C-band. We make a comparison of this region
between the X- and C-band studies and display the region and
cutouts in Fig. 8 with the same angular size as in Immer et al.
(2012a). The Immer et al. (2012a) observations were centred at
8.4 GHz using the VLA in CnB-hybrid configuration and have
a restored elliptical Gaussian beam with FWHM of roughly
3.′′6× 2.′′5. Compared to their VLA data, our D-configuration
VLA data are much coarser and trace the more extended fea-
tures that are likely resolved out in the Immer et al. (2012a)
observations. We calculated effective radii and integrated flux

densities and list them in Table 1 using CASA’s imfit task
which does Gaussian fitting of the sources. This was done to
compare them with the Gaussian fitted results from Immer et al.
(2012a). For sources A, B, and C, the source size is larger.
Source D shows the most striking difference in terms of the
flux and radius, which can be attributed to the fact that in our
VLA D-configuration data, we have a much lower angular res-
olution and trace more extended features while the source has
been resolved into multiple components in the work done by
Immer et al. (2012a). It shows significant extended emission in
a morphology that is offset from the position of the compact
source (potentially cometary). Source E is of a comparable size
in both this study and in Immer et al. (2012a). Upcoming com-
parison with GLOSTAR-VLA B configuration data can further
our investigation of these sources.

Furthermore, to put our GLOSTAR-VLA data into perspec-
tive, we are interested in what the Hii region associated with the
ONC would look like at radio wavelengths if placed in the CMZ.
Immer et al. (2012a), who present radio observations at similar
frequencies but with higher resolution, show that the radio size
of the Orion Nebula would only be slightly smaller than one
of their radio sources (their Source E; see Fig. 8, lower-right
panel). They also show that scaling the integrated flux density
of the ONC to the distance of the CMZ would result in a value
of 0.98 Jy, which is comparable to that of their Source E (see
our Table 1). Inspecting our list of YSOs with radio counterparts
(Table A.2), we find that YSO 234, with O7.5–O8, has a spectral
type that is closest, if slightly later, than that of θ1 C Ori (O7V),
which is the star that provides most of the UV photons that excite
the Orion Nebula. The radio flux we determine for this source,
0.44 Jy, is comparable and slightly lower than the 0.98 Jy quoted
above as one might expect. As such, it is clear that we are able to
detect the radio emission from Orion Nebula-like sources within
the GLOSTAR-VLA data.

4.3.2. The Arches cluster

The Arches cluster, otherwise known as G0.121+0.017, is a mas-
sive (7 × 104 M�) cluster of massive young (1–2 Myr) stars sit-
uated near the Galactic Centre that was identified by NIR imag-
ing (e.g., Cotera et al. 1996; Figer et al. 2002). It has also been
extensively studied at radio wavelengths (e.g., Lang et al. 2001,
2005; Yusef-Zadeh et al. 2002; Gallego-Calvente et al. 2021 and
references therein) in which it shows clear filamentary ‘arches’
surrounding it. These are thought to be ionised by hot stars in
the star cluster. High-resolution VLA observations (Lang et al.
2005) reveal ten radio sources on scales of <0.5′′ that are
believed to be due to stellar winds. With the D-configuration
VLA data from our GLOSTAR-VLA survey, we do not cur-
rently see any convincing detection of the Arches cluster itself,
but we do see the filamentary namesake arcs nearby as shown
in Fig. 9. The NIR sources of the cluster are spread over .30′′,
which is close to our beam size of ∼18′′. It is likely that the
extended emission from these nearby Hii regions or filaments
confuse the point-like emission of the stellar cluster. Filtering
out the extended emission during the imaging process may result
in a higher sensitivity to compact radio sources at the location of
the Arches cluster, but it is left for future analysis.

4.3.3. The Brick

G0.253+0.016, otherwise known as ‘the Brick’, is consid-
ered to be the prototypical infrared dark cloud (Lis & Menten
1998). It is one of the densest and most massive molecular
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Fig. 8. Maps of the dust ridge presented similar to Fig. 5 in Immer et al. (2012a). Top: ATLASGAL 870 µm dust emission towards the dust ridge
with GLOSTAR 5.8 GHz radio continuum contours overlaid with contour levels of 2%, 8%, and 13% of the maximum. Bottom: GLOSTAR VLA
cutouts of sources A-E cut to a larger angular size compared to Immer et al. (2012a). For sources A, D, and E, the contours are from 10σ to 50σ
in steps of 10σ. For sources B and C, the contour levels are 4σ, 12σ, and 20σ. Red crosses denote the positions of YSOs.

clouds within the Galaxy and the only one above 105 M� that
does not show significant star formation (e.g., Henshaw et al.
2019 and references therein). We only find a radio contin-
uum counterpart for one of the seven radio sources detected by
Rodríguez & Zapata (2013) at 5.307 GHz and 20.943 GHz using
the VLA in B- and C-configurations, respectively, where both
have an approximate beamsize of ∼1′′. The sources were deter-
mined to be Hii regions or non-thermal sources of an unknown
nature. These sources are displayed in Fig. 10 using their
names from Rodríguez & Zapata (2013). Except for source J3,
which is a known Hii region also detected in other surveys
(e.g., Anderson et al. 2014; Becker et al. 1994), the rest are not

easily identifiable in our data. While it does not seem to be
a result of sidelobe noise, it is unclear how to determine if
these sources are detected above the local noise. However, with
our own B-configuration data, we may be able to resolve these
sources in future works.

4.4. Star formation in the CMZ

4.4.1. Mass estimation

Star formation activity is integral in the evolution, both chem-
ically and structurally, of galaxies, and by extension, the

A88, page 10 of 25

107



H. Nguyen et al.: GLOSTAR: YSOs in the Galactic Centre

0.040.060.080.100.120.140.160.180.20
l [ ]

0.06

0.04

0.02

0.00

0.02

0.04

0.06

0.08

b 
[

]

9'× 9'

ARCHES: (0.121, 0.017)

3 pc

0

50

100

150

m
Jy

 b
ea

m
1

Fig. 9. GLOSTAR cutout of a 9′ × 9′ area centred on the Arches clus-
ter. Plotted in white contours are 3, 5, and 10 times the local rms
(8 mJy beam−1).
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Fig. 10. GLOSTAR cutout of a 9′ × 9′ area encompassing the region
known as ‘the Brick’. Plotted in white contours are 3, 5, and 10 times
the local rms (8 mJy beam−1). Labelled in orange are the positions and
names of the seven radio sources found by Rodríguez & Zapata (2013)
using the VLA B- and C-configuration.

large-scale structures of the universe. The rate at which the ISM
is converted into stars (SFR) is thus an important quantity in
studying star formation. Here we estimate a lower limit of the
current SFR in the CMZ, given that the Hii regions that we char-
acterise are associated with YSOs that trace the early stages of
star formation. In order to calculate the SFR in the CMZ from
these Hii regions, we need to estimate the masses of the indi-
vidual zero-age-main-sequence (ZAMS) stars that are ionising
the Hii regions. Knowing the flux and the size of these radio
sources, we can already calculate further properties as outlined
in Immer et al. (2012a) where our main interest is the number of
Lyman continuum photons, NLyc, associated with each source as
it can be used to determine the spectral type of a new-born star

if we assume each Hii region has only one star. This approxi-
mation generally holds as the most massive star dominates the
contribution of Lyman continuum photons. We relate NLyc with
our observables as follows:
[

NLyc

photons s−1

]
= 2.35 × 1035

[
S
Jy

] [ T
104 K

]2 [
Dist
kpc

]2

b(ν,T )5, (1)

with

b(ν,T ) = 1 + 0.3195 log
( T
104 K

)
− 0.213 log

(
ν

1 GHz

)
, (2)

where S is the flux density, T is the electron temperature, Dist is
the distance to the source, ν is the frequency of the observation,
and b(ν,T ) is taken from Panagia & Walmsley (1978). To obtain
this relation, we followed Tielens (2005) where they have related
NLyc to the emission measure, EM, of an Hii region assuming
that it is an idealised ionised source with spherical geometry,
assuming a constant electron density, ne, of the Hii region:

EM = 4.3 × 10−11
[ ne

103 cm−3

] 4
3
[

NLyc

photons s−1

] 1
3

cm−6 pc, (3)

and solved for NLyc by using expressions for EM and ne from
Panagia & Walmsley (1978):

EM = 5.638 × 104
[

S
Jy

] [ T
104 K

]
b(ν,T )θ−2

R cm−6 pc, (4)

ne = 311.3 ×
[

S
Jy

]0.5 [ T
104 K

]0.25 [
Dist
kpc

]−0.5

b(ν,T )−0.5θ−1.5
R cm−3.

(5)

While S and θR (the angular radius of the source in arcmin-
utes) were derived from the data, we assumed a temperature of
104 K and a distance of 8.2 kpc for all sources as they reside in
the same general area of the CMZ.

Finally, following again Tielens (2005), we can estimate the
mass, MHii, of the Hii region within which the ionising star
resides as

MHii ≈ 1.6 × 10−48
[ ne

103 cm−3

]−1
[

NLyc

photons s−1

]
M�. (6)

In order to determine the SFR, we determined the mass of
the ZAMS that are ionising the Hii regions by interpolating the
stellar masses given as a function of the Lyman continuum flux
in Davies et al. (2011), as shown in Fig. 11. The derived masses
of the stars range from 12 to 49 M� with a mean and median
of 16.5 and 15 M�, respectively. This corresponds to a spectral
type range of B1 to O6 with a mean of B0-B0.5. Derived stellar
properties are summarised in Table A.2.

We show the distribution of the masses of these stars in
Fig. 12 , where masses M∗ < 10 M� and M∗ > 40 M� are not
represented by our sample. The majority of the luminosity in a
given star cluster comes from the massive stars, the majority of
the mass of the star cluster, however, is distributed among the
low mass stars. Our distribution clearly shows that we do not
cover low mass stars and therefore need a way to infer the total
mass of stars by interpolating the distribution of low mass stars.
From this distribution of stellar masses, one can calculate the
SFR. To do this we used an initial mass function (IMF; Salpeter
1955; Kroupa 2001) to obtain an estimate of the total mass. As
our sample clearly does not represent all masses, especially the
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lower masses, we used the IMF (ξ(M)) from Kroupa (2001) that
better estimates the contribution of lower mass stars to the total
stellar population and is given by

ξ(M) = ξ0,1M−2.3 for 0.5 M� ≤ M ≤ 120 M� (7)

ξ(M) = ξ0,2M−1.3 for 0.08 M� ≤ M ≤ 0.5 M� (8)

ξ(M) = ξ0,3M−0.3 for 0.01 M� ≤ M ≤ 0.08 M� (9)

where ξ0,1, ξ0,2, and ξ0,3 are scaling factors. Following the
method detailed in Immer et al. (2012b), we determined the scal-
ing factor ξ0,1 by a non-linear least square fit to our data over
the mass range 10 M� < M∗ < 40 M� (Fig. 12). By requiring
ξ(M) to be continuous, we scaled ξ0,2 and ξ0,3 accordingly. For
the scaling factors, we obtained ξ0,1 = 6152, ξ0,2 = 12 304, and
ξ0,3 = 153 807.

The total mass of the stars was then calculated using

Mtot =

∫ 120

0.01
Mξ(M)dM, (10)

where ξ(M)dM is the number of stars in the mass range of M
and M + dM in units of M�. Therefore we estimate the mass
of all ZAMSs in the CMZ in the range of 0.01−120 M� to be
∼30 000 M�. While this is the standard approach, we recog-
nise that our sample is limited. Of all possible YSOs, we only
selected those that have an associated Hii region and, there-
fore, only the stars that are radio bright. This, however, is not
representative of the total number of stars in the CMZ. Thus,
we calculated the recent SFR in two methods to account for
this bias.

4.4.2. Average SFR

First, we derived the SFR based on the estimated total mass of
young stars. In order to calculate the SFR, we needed to deter-
mine the time over which the YSOs were formed. We estimated
this using the average age of a YSO. YSOs need to be embed-
ded in a surrounding envelope of dust in order to be visible in
the mid-infrared (Wood & Churchwell 1989). This phase is only
∼10% of the full lifetime for a typical O or early B star and for an
average B0 type star, this is ∼1 Myr (Wood & Churchwell 1989).
As such, YSO candidates that are observed are at most ∼1 Myr
in age. In following the more conservative estimation of the YSO
timescale from Nandakumar et al. (2018) of 0.75 ± 0.25 Myr,
we calculated the average ongoing SFR as ṀSF = Mtot/τYSO,
where τYSO is the considered timescale and Mtot is calculated
in Sect. 4.4.1. We obtain a SFR of 0.04 ± 0.02 M� yr−1, which
is consistent with the results obtained with the YSO counting
method by Nandakumar et al. (2018), which is interesting as we
have a much smaller sample size. If we instead use the Salpeter
IMF, we find a SFR of the order of ∼0.1 M� yr−1. Given that we
do not have a representative sample that covers low-mass stars,
the Salpeter IMF especially may overestimate the SFR from our
small sample and, in our case, the SFR is double what was esti-
mated by a Kroupa IMF.

Secondly, we considered the total ionising flux from
the Hii regions and followed the statistical approach from
Kauffmann et al. (2017) that relates the SFR to the number of
Hii regions. In their work, they also adopted a Kroupa (2001)
IMF, where the power law covering the largest masses is α = 2.7.
The distribution has a mean stellar mass of 〈m∗〉 = 0.29 M�.
They derived a relationship between the number of cluster mem-
bers of an Hii region, which includes masses of 0.01 M� and

greater, to the mass of the largest member as,

Ncl = 20.5 × (Mmax/M�)1.7. (11)

The total mass in the given Hii region is then 〈m∗〉 × Ncl.
To calculate the SFR contribution from a given Hii region, we
again need to consider an appropriate timescale over which
this mass is produced. Following Kauffmann et al. (2017), we
consider a timescale, τHii, of 1.1 Myr. This value is estimated
based on the comparison of the ratio between the number of
Hii regions and the statistical estimate of the number of high-
mass stars (here, the radio bright YSOs) and the ratio of their
respective timescales. A more detailed discussion can be found
in their appendix. Using this timescale, we calculated the SFR
as ṀSF = 〈m∗〉 × Ncl/τHii. Using our sample of Hii regions, we
used our calculated masses to find the number of cluster mem-
bers and then estimate the individual SFR. The sum of these rates
provides a total ongoing SFR of 0.023 M� yr−1. Knowing that the
sample does not cover all possible Hii regions within the CMZ,
we used ancillary values compiled in Table 7 of Kauffmann et al.
(2017) that considers the SFR in all the major GMCs in the
CMZ. We made sure to exclude two sources that overlap with
the Sgr B2 GMC, and one source with the ‘20 km s−1 cloud’,
and in these cases, we solely used the literature value. In this
way, we provide an update on the SFR from Kauffmann et al.
(2017) with a final estimate of ∼0.068 M� yr−1.

Other estimates using YSO counting (Yusef-Zadeh et al.
2009; An et al. 2011; Immer et al. 2012a) estimate SFRs of
at least a factor of two or more. A reference of calculated
SFRs using different methods is summarised in Table 4 of
Nandakumar et al. (2018). The numerous different methods for
calculating the observed ongoing SFR is consistent in that they
all point to a lower SFR than expected with respect to the
available dense molecular gas present (e.g., 0.78 M� yr−1; col-
umn density threshold, 0.41 M� yr−1; volumetric star formation
relations Longmore et al. 2013 also show lower SFR). While
it is not yet known what the definitive reason for this defi-
ciency of star formation is, Longmore et al. (2013) suggest
turbulence as a possible counteracting component to gravita-
tional collapse, which is supported from observations of the
large velocity dispersions found in the clouds in the CMZ
(Bally et al. 1987; Christopher et al. 2005; Shetty et al. 2012;
Kauffmann et al. 2013; Mills et al. 2015; Rathborne et al. 2015).
Kruijssen et al. (2014) discuss additional possible mechanisms
that work on different size scales. On larger scales, episodic
star formation from the accumulation of dense gas from spiral
instabilities and the gas not being self-gravitating may explain
the observed SFR and, on smaller scales, high turbulence likely
drives up the volume density threshold needed to form stars.
Alternatively, simulations by Sormani et al. (2020) suggest that
the SFR might indeed be variable and that such variability is a
reflection of changes in the mass of the CMZ instead of changes
in the star formation efficiency.

5. Summary and conclusions

To investigate HMSF in the CMZ, one can use YSOs, that is
to say tracers of on-going star formation to characterise the
SFR. YSOs are observed indirectly from the re-emission of their
energy from their surrounding natal dust cloud in the infrared. If
these infrared sources are indeed sites of current star formation,
we expect them to be currently associated with Hii regions or
for them to be in the future, which can be seen in the radio. We
used a set of 334 YSOs that Nandakumar et al. (2018) selected
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Fig. 11. ZAMS masses plotted against the Lyman continuum pho-
ton flux. The red line is interpolated from the data in Table 1 from
Davies et al. (2011). The derived masses for the NLyc values determined
in this work are highlighted as blue crosses.
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Fig. 12. Mass distribution of calculated ZAMS masses for the
Hii regions with associated YSOs. The black line represents the fitted
Kroupa IMF (Kroupa 2001).

using a new colour-colour-diagram selection criterion as targets
to look for radio sources to see how many of these YSO candi-
dates have already formed an Hii region. Using the GLOSTAR
5.8 GHz radio continuum data, we searched for YSO associa-
tion candidates and obtain a final sample of 35 YSO sources
that have a potential radio continuum counterpart. We also com-
pared the YSO sample with ATLASGAL and find 94 coinci-
dent associations, with 14 having a GLOSTAR counterpart. For
those without dust emission and radio emission, the lack of emis-
sion at these wavelengths suggests that they are potentially much
older or are perhaps not high-mass YSOs. A cross-match of the
334 YSOs with the CMZoom survey showed 22 potential coun-
terparts, and of these 22, two have radio counterparts in our data.

We used these 35 radio sources to estimate the SFR by first
characterising their properties. We calculated their flux, size,
shape, and their spectral indices. We also compared these radio
sources to the WISE catalogue and found that there are six with-
out WISE counterparts, where five of them are potential new

Hii regions. We determined the Lyman continuum photon flux
of the ionising ZAMS and determined its mass. For our sub-
sample, we found masses between 10 M� < M∗ < 40 M�.
We calculated their contribution to the SFR in the CMZ to be
0.04 ± 0.02 M� yr−1, which is consistent with the results from
Nandakumar et al. (2018) and other independent investigations
that used different methods. However, we note the limitations in
our approach of using, in essence, only the radio bright sources
in our sample. We therefore adapted the formulation of the
SFR from Kauffmann et al. (2017) and used the total ionising
flux of Hii regions to also estimate the SFR in the CMZ to be
0.068 M� yr−1.
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Appendix A: Additional tables

Table A.1. Positions and integrated flux densities of the candidate YSO–5.8 GHz radio continuum associations.

Source ID YSO Cont5.8 GHz S p S int δS i α(S ∝ να) Deff Separation rms Qshape Catalogues
l [◦] b [◦] l [◦] b [◦] [mJy beam−1] [mJy] [mJy] [′′ ] [′′ ] [mJy beam−1]

3 358.7918 0.0117 358.7920 0.0117 2.1 4.6 0.2 – 33.3 0.6 0.4 C WC
5 358.8437 0.0259 358.8444 0.0257 19.5 27.6 0.3 −0.2 ± 0.03 37.5 2.9 0.8 C WC,N
34 359.1581 −0.0363 359.1594 −0.0365 28.0 109.5 1.1 −0.3 ± 0.03 56.9 4.8 0.9 E WK, N
44 359.2365 −0.0364 359.2389 −0.0361 11.0 11.2 0.1 −0.1 ± 0.12 24.3 8.8 1.3 E WC
51 359.2777 −0.0618 359.2785 −0.0625 0.9 0.9 0.0 – <18.0 3.6 0.3 C WC
54 359.2796 −0.0407 359.2806 −0.0417 7.7 10.1 0.2 −0.2 ± 0.2 33.9 4.8 2.3 E WQ,A
64 359.3347 −0.0425 359.3361 −0.0438 8.7 9.1 0.1 −0.3 ± 0.2 26.6 6.6 0.8 C WC
66 359.3173 0.0771 359.3187 0.0764 2.7 3.4 0.1 0.5 ± 0.5 26.6 5.6 0.5 C –
78 359.4288 0.0353 359.4292 0.0347 6.7 8.0 0.1 1.3 ± 0.3 29.0 2.5 0.9 EC WC
80 359.4037 0.0016 359.4049 −0.0007 13.5 19.2 0.2 −0.4 ± 0.2 34.7 9.3 0.9 C WC,A
82 359.4225 0.0152 359.4236 0.0146 7.8 11.1 0.2 −0.02 ± 0.36 33.5 4.7 0.8 C WC
83 359.4348 0.0225 359.4319 0.0222 10.6 13.6 0.2 −0.5 ± 0.2 31.0 10.4 (a) 0.9 C WC
87 359.4673 −0.1713 359.4687 −0.1715 53.2 169.7 1.8 0.3 ± 0.05 72.1 5.4 0.8 EC WK,A
88 359.4665 −0.0735 359.4678 −0.0727 7.1 7.3 0.1 −2.3 ± 1.8 26.5 5.4 0.4 C WC
89 359.4554 −0.0663 359.4576 −0.0667 9.5 10.1 0.2 0.5 ± 0.3 29.9 8.2 1.4 C WC,A
91 359.4563 0.0199 359.4569 0.0194 4.3 5.2 0.1 – 27.6 2.9 0.5 C WC,A
93 359.4964 0.0387 359.4962 0.0378 4.0 5.9 0.2 0.05 ± 0.31 32.5 3.2 0.9 C WC
115 359.6436 −0.0389 359.6437 −0.0396 16.1 17.8 0.2 0.2 ± 0.2 30.8 2.4 1.6 C WC
135 359.7919 −0.0439 359.7917 −0.0458 9.9 10.6 0.1 −0.1 ± 0.5 28.1 7.0 1.4 C WC
140 359.7843 0.0400 359.7806 0.0417 39.5 71.0 0.7 0.2 ± 0.1 40.8 14.8 (a) 0.9 E WK
147 359.8428 −0.0144 359.8444 −0.0139 14.6 22.6 0.2 −0.5 ± 0.8 30.8 6.4 1.6 C WC
157 359.8651 −0.0860 359.8667 −0.0868 107.8 115.2 1.0 0.3 ± 0.2 34.3 6.3 1.3 C A, (b)

230 0.2883 0.0519 0.2896 0.0514 9.7 15.9 0.1 −0.2 ± 0.2 19.7 5.1 2.1 E A
234 0.3368 −0.0133 0.3358 −0.0108 89.2 330.0 3.0 −0.2 ± 0.05 63.0 9.9 1.9 E WK,A
235 0.3466 −0.0271 0.3472 −0.0278 63.0 73.2 0.6 −0.1 ± 0.02 27.5 3.4 2.0 C WC,A
241 0.3527 −0.0199 0.3554 −0.0201 12.5 14.0 0.1 −0.6 ± 0.23 25.4 9.8 1.7 C WC,A
262 0.4314 0.2617 0.4319 0.2611 32.1 34.8 0.3 −0.2 ± 0.05 33.3 2.8 0.4 C B
277 0.5294 −0.1061 0.5299 −0.1083 37.6 48.8 0.5 −0.3 ± 0.3 32.7 8.1 6.9 E WC
284 0.5332 0.1687 0.5347 0.1694 31.2 44.6 0.5 −0.2 ± 0.1 39.0 6.2 0.9 C WG,A
296 0.6050 −0.2017 0.6056 −0.2021 22.8 41.3 0.6 −0.4 ± 0.16 50.1 2.4 0.5 C WC,N
299 0.6331 −0.1152 0.6354 −0.1139 97.1 298.2 2.6 −0.2 ± 0.2 55.5 9.4 3.4 E WK
307 0.6673 −0.0911 0.6681 −0.0910 53.1 192.5 2.1 0.04 ± 0.19 55.3 2.6 4.9 E A
311 0.6879 −0.0325 0.6896 −0.0343 909.2 1175.1 8.1 0.3 ± 0.042 28.2 8.9 11.9 E WG,A
315 0.7369 −0.2908 0.7375 −0.2917 7.5 8.3 0.1 0.3 ± 0.2 26.8 3.7 0.4 C –
323 0.8439 −0.0538 0.8458 −0.0549 22.6 38.9 0.4 0.1 ± 0.3 37.1 7.8 1.2 E –

Notes. Grouped here are sources with a continuum detection and angular separation within a GLOSTAR beam. From left to right: source number
and YSO Galactic coordinates from Nandakumar et al. (2018). The Galactic coordinates of the pixel with the peak intensity of the 5.8 GHz
continuum (this work), the peak intensity (S p), the integrated flux density (S int) and error (δS i; Purcell et al. 2013), and the spectral index (α).
The effective diameter of the source (Deff) was obtained by assuming a circle with an equivalent area to the area enclosed by the contour used for
flux determination. The separation indicates the angular distance between the reported YSO position in Nandakumar et al. (2018) and the peak
intensity position of the radio continuum source where we are constrained by the pixel size (2.5′′). The root-mean-square (rms) indicates the noise
level that was obtained from a nearby emission-free patch. The general morphology (Qshape) of the source is classified as compact (C), extended
(E), and extended & complicated (EC). Previous classifications and detections (catalogues) include WISE candidate (WC), radio quiet (WQ),
group (WG), or known Hii regions for nearby sources (WK; all Anderson et al. 2014), as well as sources with counterparts in the NVSS survey
(Condon et al. 1998), Becker et al. (1994), or ATLASGAL (Sánchez Contreras et al. 2017). (a)Despite the slightly larger separation, the YSO lies
well within the main 5.8 GHz emission peak. (b)Associated to the ‘20 km s−1 cloud’.
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Table A.2. Physical parameters of the detected radio continuum sources that have candidate YSO associations (see Table A.1).

Source S 5.8 GHz Deff ne EM NLyc MHii Spectral type M∗
[mJy] [pc] [cm−3] [105 cm−6 pc] [log(photon s−1)] [M�] (single ZAMS star (a)) [M�]

3 2.8 1.0 62 0.029 46.3 0.50 B0-B0.5 12.8
5 26.9 1.4 127 0.158 47.3 2.35 B0-B0.5 16.2
34 69.6 2.0 115 0.192 47.7 6.66 O9.5-B0 18.4
44 10.7 0.9 142 0.136 46.9 0.83 B0-B0.5 14.5
51 2.1 0.8 71 0.032 46.2 0.33 B0.5-B1 12.4
54 10.1 1.1 104 0.088 46.8 1.07 B0-B0.5 14.5
64 7.7 0.8 140 0.119 46.7 0.61 B0-B0.5 14.1
66 4.5 1.1 73 0.042 46.5 0.67 B0-B0.5 13.4
78 5.4 0.9 106 0.074 46.6 0.56 B0-B0.5 13.7
80 13.4 1.1 115 0.110 47.0 1.29 B0-B0.5 14.8
82 6.8 1.1 87 0.061 46.7 0.86 B0-B0.5 13.9
87 190.1 2.6 126 0.302 48.1 16.66 O8.5-O9 21.3
89 16.8 1.3 108 0.110 47.1 1.71 B0-B0.5 15.2
91 5.2 1.1 76 0.047 46.6 0.76 B0-B0.5 13.6
93 5.8 1.2 69 0.042 46.6 0.94 B0-B0.5 13.7
115 13.9 0.9 170 0.189 47.0 0.90 B0-B0.5 14.9
135 9.7 0.9 134 0.122 46.8 0.80 B0-B0.5 14.4
140 60.5 1.4 185 0.345 47.6 3.61 O9.5-B0 18.1
157 120.9 1.2 326 0.922 47.9 4.10 O9-O9.5 19.6
230 15.9 1.2 115 0.117 47.0 1.53 B0-B0.5 15.1
234 436.9 2.6 195 0.712 48.5 24.79 O7.5-O8 25.5
235 73.6 1.1 297 0.691 47.7 2.74 O9.5-B0 18.5
262 33.8 1.2 162 0.237 47.4 2.31 O9.5-B0 16.8
277 54.6 1.2 222 0.424 47.6 2.72 O9.5-B0 17.8
284 43.3 1.4 147 0.227 47.5 3.25 O9.5-B0 17.3
296 40.8 1.9 92 0.120 47.5 4.87 O9.5-B0 17.2
299 240.2 1.9 236 0.754 48.2 11.24 O8-O8.5 22.4
307 87.0 1.5 186 0.391 47.8 5.17 O9.5-B0 18.9
311 1010.2 1.2 951 7.775 48.8 11.77 O6-O6.5 33.7
315 7.3 0.9 117 0.092 46.7 0.69 B0-B0.5 14.0
323 37.8 1.3 153 0.228 47.4 2.74 O9.5-B0 17.0

Notes. From left to right: source ID, 5.8 GHz integrated flux (S 5.8 GHz), effective diameter (Deff), electron number density (ne), emission measure
(EM), Lyman continuum photon flux (NLyc), Hii region mass (MHii), spectral type, and interpolated stellar mass from values (M∗) given by
Davies et al. (2011). We calculated these values using the same caveat as in Immer et al. (2012a), where we assume radio sources are spherically
symmetric Hii regions. In our study, however, we adopted this assumption for extended sources as well, which have been marked in Table A.1.
(a)Obtained from Panagia (1973).
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Appendix B: GLOSTAR cutouts

Contained in this section are cutouts similar to Fig. 3 for the
remaining sources in the selected sample using GLOSTAR-VLA
5.8 GHz D-configuration continuum data.
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Fig. B.1. Same as Fig. 3, but for the remaining sources in Table A.1.
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Fig. B.1. continued.
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Fig. B.1. continued.
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Appendix C: Other spectral index images

Here we provide an example of the different frequency chan-
nels used in the spectral index determination for a given source,

which shows how the morphology is slightly different in each
channel and therefore necessitates using only the peak flux for
calculations.
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Fig. C.1. GLOSTAR continuum images of source 140 used for the determination of the spectral index. The top-left image is the combined image
at 5.8 GHz, while the remaining 1–8 are from the individual frequency bands. Band 9 is omitted due to high noise. Shown also is the spectral index
map produced by OBIT. The contour corresponds to the 5σ level of the combined image (7.608 mJy beam−1) and used for comparison at each
frequency. The combined contour is also overplotted atop the spectral index map. The ‘x’ marker denotes the position of the peak pixel from the
combined image. The calculated spectral index for this source is α = 0.23 ± 0.09.
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Fig. C.2. Linear fits of the peak brightness against frequency in logarithmic scale to determine the spectral index of a source. To better appreciate
the error bars, all panels have a total range of 1 on the y-axis, centred on the mean brightness of that panel. The frequencies range from 4.45 GHz
to 7.2 GHz.
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Fig. C.2. continued.
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ABSTRACT

Class II methanol (CH3OH) masers are amongst the clearest signposts of recent high-mass star formation (HMSF). A complete cata-
logue outlines the distribution of star formation in the Galaxy, the number of young star-forming cores, and the physical conditions of
their environment, made possible by the Global View on Star Formation (GLOSTAR) survey. This blind survey of the radio regime
of 4–8 GHz maps the Galactic mid-plane in the radio continuum, 6.7 GHz methanol line, the 4.8 GHz formaldehyde line, and several
radio recombination lines. We present an analysis of the observations of the 6.7 GHz CH3OH maser transition using data from the
D-configuration of the Very Large Array (VLA). We analysed data covering Galactic longitudes from −2◦ < l < 60◦ and Galactic
latitudes of |b| < 1◦. We detected a total of 554 methanol masers, out of which 84 are new, and we catalogued their positions, velocity
components, and integrated fluxes. With a typical noise level of ∼18 mJy beam−1, this is the most sensitive unbiased methanol survey
for methanol masers to date. We also searched for dust continuum and radio continuum associations, finding that 97% of the sources
are associated with dust and 12% are associated with radio continuum emission.

Key words. masers – surveys – ISM: molecules – radio continuum: ISM – radio lines: ISM – stars: formation

1. Introduction

The Global View on Star Formation (GLOSTAR) survey
(Brunthaler et al. 2021) is an unbiased survey observing the
Galactic plane with the Karl G. Jansky Very Large Array (VLA)
in D- and B-configurations and the Effelsberg 100 m radio tele-
scope in order to find and characterise star-forming regions in the
Milky Way. Thanks to its sensitivity and high angular resolution,
the data contain a wealth of information that has already been
used to catalogue new radio sources (Medina et al. 2019), iden-
tify supernova remnants (SNR; Dokara et al. 2021), and find new
methanol (CH3OH ) masers in the Cygnus X region (Ortiz-León
et al. 2021).

In studying high-mass star formation (HMSF), methanol
masers have proven to be indispensable. Interstellar methanol

? Full Tables 2 and 3 are only available at the CDS via anonymous ftp
to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.
u-strasbg.fr/viz-bin/cat/J/A+A/666/A59
?? Member of the International Max Planck Research School (IMPRS)

for Astronomy and Astrophysics at the Universities of Bonn and
Cologne.

maser emission was first discovered by Barrett et al. (1971) at
25 GHz towards Orion-KL. Since then, many other methanol
maser lines have since been discovered, such as those at 6.7
and 12.2 GHz (Batrla et al. 1987; Menten 1991b). These are
divided into two types based on their pumping mechanism: col-
lisional (Class I: Batrla et al. 1987; Cragg et al. 1992; Voronkov
et al. 2010, 2014; Leurini et al. 2016) or radiative (Class II:
Menten 1991a,b; Caswell et al. 2010). In particular, Class II
CH3OH masers have already proven to be one of the clear-
est signposts of HMSF, with the 6.7 GHz transition being the
brightest and most widespread in the Galaxy (Menten 1991b,
1993; Walsh et al. 1997, 1998). Second only to the 22.2 GHz
H2O maser in its intensity and abundance, methanol maser
emission at 6.7 GHz is unique in that it exclusively traces high-
mass star forming regions (Minier et al. 2003; Ellingsen 2006;
Xu et al. 2008). The 6.7 GHz line from the 51−60A+ transi-
tion of the methanol molecule requires specific conditions in
order to begin masing. These are met in the surrounding dust
and gas of massive young stellar objects (MYSOs) with den-
sities greater than 106 cm−3 and temperatures > 150 K (e.g.
Sobolev & Deguchi 1994; Cragg et al. 2005) due to the intense

A59, page 1 of 47
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radiation of the MYSOs. While some of the earliest detections
of Class II methanol masers were made toward ultra-compact
HII regions, namely, the archetypical W3(OH) (Batrla et al.
1987; Menten et al. 1992), it was found that in fact very few
of these methanol masers have radio continuum counterparts
(Walsh et al. 1998; Beuther et al. 2002; Urquhart et al. 2013,
2015; Hu et al. 2016; Billington et al. 2019). It is thus clear that
most 6.7 GHz methanol masers probe MYSOs located in regions
of recent high-mass star formation. Locating and studying them
can provide further insights into the distribution of these regions
in the Galaxy and characterise their properties.

Given their usefulness in the study of high-mass star for-
mation, many targeted surveys (e.g. Menten 1991b; MacLeod
et al. 1992; Caswell et al. 1995; Caswell 1996; Ellingsen et al.
1996; van der Walt et al. 1996; Walsh et al. 1997; Ellingsen
2007; Yang et al. 2019b) and unbiased surveys (Rickert et al.
2019; Pestalozzi et al. 2005; Pandian et al. 2007; Caswell et al.
2010, 2011; Green et al. 2010, 2012; Breen et al. 2015; Ortiz-
León et al. 2021) have been performed, culminating in over 1000
Class II 6.7 GHz methanol masers being discovered in our Milky
Way Galaxy. However, with the technological upgrades to the
VLA (Perley et al. 2011), the methanol data from the GLOSTAR
survey provides the most sensitive and unbiased catalogue to
date.

Here, we report on the detection of 554 6.7 GHz methanol
masers in the region of l = −2◦ to 60◦ and |b| =< 1◦ (see
Fig. 1 for survey coverage), with 84 of these representing new
detections. We used an automated search algorithm to search
and verify all detections manually. We looked for associations
at other wavelengths to identify the physical properties of the
population of sources with detected maser emission and the
differences in these properties for newly detected sources with
respect to the total population.

In addition to the part of the Galactic plane listed above,
the Cygnus X star formation complex was also covered by the
GLOSTAR survey. The 6.7 GHz methanol maser content of
Cygnus X was discussed in a recent article by Ortiz-León et al.
(2021).

We structure this paper as follows: in Sect. 2, we give a
summary of the data used in this paper along with its calibra-
tion and imaging. Section 3 describes the algorithm used to
detect masers in the VLA data. Section 4 details the production
of our methanol maser catalogue and their general properties.
Section 5 discusses our comparison with other surveys and asso-
ciations with other wavelengths. We present our conclusions and
summary in Sect. 6.

2. Observations

The GLOSTAR survey (Medina et al. 2019; Brunthaler et al.
2021) is an ongoing survey with the VLA and the Effelsberg
100 m telescope between 4–8 GHz of the Galactic mid-plane,
from −2◦ < l < 60◦ and |b| < 1◦, and the Cygnus X star-
forming complex. The VLA observations used in this work were
conducted in D-configuration with a typical angular resolution
of 18′′ at 6.7 GHz. Using methanol, formaldehyde, and radio
recombination lines as well as radio continuum data, the sur-
vey aims to detect various tracers of different stages of early
star formation in order to gain information on the start of the
stellar evolution process of massive stars. The full details can
be found in Brunthaler et al. (2021). The observations used in
this work were carried out using ∼300 h during the time period
from December 2011 until April 2017, where the program IDs
and details are summarised in Table 1. Observations that were

Table 1. Summary of the VLA observations.

Observing date Galactic coverage Program Calibrator
D-conf. ID

2014-10-05 (a) −2◦ < l < −1◦ ; |b| < 1.0◦ 14B-254 J1820-2528
2014-09-26 (a) −1◦ < l < 0◦ ; |b| < 1.0◦ 14B-254 J1820-2528
2014-09-28 (a) 0◦ < l < 1◦ ; |b| < 1.0◦ 14B-254 J1820-2528
2016-01-09 (a) 1◦ < l < 2◦ ; |b| < 1.0◦ 15B-175 J1820-2528
2016-01-17 (a) 2◦ < l < 3◦ ; |b| < 1.0◦ 15B-175 J1820-2528
2016-01-21 (a) 3◦ < l < 4◦ ; |b| < 1.0◦ 15B-175 J1820-2528
2016-01-22 (a) 4◦ < l < 5◦ ; |b| < 1.0◦ 15B-175 J1820-2528
2016-01-16 (a) 5◦ < l < 6◦ ; |b| < 1.0◦ 15B-175 J1820-2528
2017-04-03 6◦ < l < 7◦ ; |b| < 1.0◦ 17A-197 J1820-2528
2017-03-31 7◦ < l < 8◦ ; |b| < 1.0◦ 17A-197 J1820-2528
2017-02-20 8◦ < l < 9◦ ; |b| < 1.0◦ 17A-197 J1820-2528
2016-01-24 (a) 9◦ < l < 10◦ ; |b| < 1.0◦ 15B-175 J1820-2528
2013-05-16 (a) 10◦ < l < 11◦ ; |b| < 1.0◦ 13A-334 J1811-2055
2013-05-17 11◦ < l < 12◦ ; |b| < 1.0◦ 13A-334 J1825-0737
2017-03-06 12◦ < l < 13◦ ; |b| < 1.0◦ 17A-197 J1825-0737
2017-04-04 13◦ < l < 14◦ ; |b| < 1.0◦ 17A-197 J1825-0737
2017-02-19 14◦ < l < 15◦ ; |b| < 1.0◦ 17A-197 J1825-0737
2014-07-14 15◦ < l < 16◦ ; |b| < 1.0◦ 14A-420 J1825-0737
2014-07-24 16◦ < l < 17◦ ; |b| < 1.0◦ 14A-420 J1825-0737
2014-08-05 17◦ < l < 18◦ ; |b| < 1.0◦ 14A-420 J1825-0737
2014-08-14 18◦ < l < 19◦ ; |b| < 1.0◦ 14A-420 J1825-0737
2014-07-12 19◦ < l < 20◦ ; |b| < 1.0◦ 14A-420 J1825-0737
2014-07-23 20◦ < l < 21◦ ; |b| < 1.0◦ 14A-420 J1825-0737
2014-07-28 21◦ < l < 22◦ ; |b| < 1.0◦ 14A-420 J1825-0737
2014-07-27 22◦ < l < 23◦ ; |b| < 1.0◦ 14A-420 J1825-0737
2014-08-26 23◦ < l < 24◦ ; |b| < 1.0◦ 14A-420 J1825-0737
2014-07-16 24◦ < l < 25◦ ; |b| < 1.0◦ 14A-420 J1825-0737
2014-07-29 25◦ < l < 26◦ ; |b| < 1.0◦ 14A-420 J1825-0737
2014-08-13 26◦ < l < 27◦ ; |b| < 1.0◦ 14A-420 J1825-0737
2014-08-28 27◦ < l < 28◦ ; |b| < 1.0◦ 14A-420 J1825-0737
2013-04-09 28◦ < l < 29◦ ; |b| < 1.0◦ 13A-334 J1804+0101
2013-04-06 29◦ < l < 30◦ ; |b| < 1.0◦ 13A-334 J1804+0101
2013-04-11 30◦ < l < 31◦ ; |b| < 1.0◦ 13A-334 J1804+0101
2013-04-15 31◦ < l < 32◦ ; |b| < 1.0◦ 13A-334 J1804+0101
2013-04-16 32◦ < l < 33◦ ; |b| < 1.0◦ 13A-334 J1804+0101
2013-04-20 33◦ < l < 34◦ ; |b| < 1.0◦ 13A-334 J1804+0101
2013-04-29 34◦ < l < 35◦ ; |b| < 1.0◦ 13A-334 J1804+0101
2013-05-02 35◦ < l < 36◦ ; |b| < 1.0◦ 13A-334 J1804+0101
2014-07-07 36◦ < l < 37◦ ; |b| < 1.0◦ 14A-420 J1907+0127
2014-07-04 37◦ < l < 38◦ ; |b| < 1.0◦ 14A-420 J1907+0127
2014-08-01 38◦ < l < 39◦ ; |b| < 1.0◦ 14A-420 J1907+0127
2014-08-25 39◦ < l < 40◦ ; |b| < 1.0◦ 14A-420 J1907+0127
2014-08-07 40◦ < l < 41◦ ; |b| < 1.0◦ 14A-420 J1907+0127
2014-07-21 41◦ < l < 42◦ ; |b| < 1.0◦ 14A-420 J1907+0127
2014-07-09 42◦ < l < 43◦ ; |b| < 1.0◦ 14A-420 J1907+0127
2014-07-17 43◦ < l < 44◦ ; |b| < 1.0◦ 14A-420 J1907+0127
2014-08-03 44◦ < l < 45◦ ; |b| < 1.0◦ 14A-420 J1907+0127
2014-06-29 45◦ < l < 46◦ ; |b| < 1.0◦ 14A-420 J1907+0127
2015-11-25 46◦ < l < 47◦ ; |b| < 1.0◦ 15B-175 J1922+1530
2015-11-13 47◦ < l < 48◦ ; |b| < 1.0◦ 15B-175 J1922+1530
2015-11-21 48◦ < l < 49◦ ; |b| < 1.0◦ 15B-175 J1922+1530
2015-11-14 49◦ < l < 50◦ ; |b| < 1.0◦ 15B-175 J1922+1530
2015-11-22 50◦ < l < 51◦ ; |b| < 1.0◦ 15B-175 J1922+1530
2015-11-11 51◦ < l < 52◦ ; |b| < 1.0◦ 15B-175 J1922+1530
2015-11-20 52◦ < l < 53◦ ; |b| < 1.0◦ 15B-175 J1922+1530
2015-11-10 53◦ < l < 54◦ ; |b| < 1.0◦ 15B-175 J1922+1530
2015-11-27 54◦ < l < 55◦ ; |b| < 1.0◦ 15B-175 J1922+1530
2015-12-17 55◦ < l < 56◦ ; |b| < 1.0◦ 15B-175 J1922+1530
2015-11-28 56◦ < l < 57◦ ; |b| < 1.0◦ 15B-175 J1925+2106
2015-11-08 57◦ < l < 58◦ ; |b| < 1.0◦ 15B-175 J1925+2106
2011-12-15 58◦ < l < 59◦ ; |b| < 1.0◦ 11B-168 J1931+2243
2011-12-29 59◦ < l < 60◦ ; |b| < 1.0◦ 11B-168 J1931+2243

Notes. (a)These observations were conducted with the VLA in DnC
configuration.
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Fig. 1. Methanol maser detections plotted as white crosses on top of the D-configuration continuum images from GLOSTAR where the flux
has been limited to be between 0.2 and 2 mJy beam−1 for visibility. The red “x”s show the positions of all new methanol masers as discussed
in Sect. 4.5.
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performed in the DnC hybrid configuration are marked in the
table.

2.1. VLA data calibration

As detailed in Brunthaler et al. (2021), a modified version of
the VLA scripted pipeline1 (version 1.3.8) for CASA2 (version
4.6.0) was adapted to work with spectral line data. We highlight
the relevant changes here: no Hanning smoothing was performed
on the first pass when producing the preliminary images to pre-
serve the spectral resolution where possible; Hanning smoothing
was performed on a select few sources after an initial inspection;
the rflag flagging command was only applied to the calibra-
tion scans to avoid flagging spectral lines erroneously; statwt
was not used to modify the statistical weights. The complex
gain calibrators used for different fields include: J1804+0101,
J1820-2528, J1811-2055, J1825-0737, J1907+0127, J1955+1530,
J1925+2106, and J1931+2243, and the flux calibrators are 3C 286
and 3C48.

2.2. Spectral line data imaging

To process the spectral line data, we imaged it in two steps.
We first produced a so-called “dirty” image (or unCLEANed),
which is simply the direct Fourier transform of the uv data with
the tclean task in CASA. We search these cubes for prelimi-
nary sources. We then properly carried out a CLEAN process on
smaller sub-cubes centred on these sources to search for addi-
tional sources. This approach was chosen to address the com-
putation limitations imposed by the sheer volume of data used.
With the available computing resources at the time, it would take
a month to produce a 2◦×1◦ CLEANed data cube for the methanol
data, where a dirty image would take only three days.

2.2.1. Imaging “dirty” cubes

Using the CASA task tclean, we were able to produce pre-
liminary, mosaicked, and primary beam corrected images with
the following task parameters: niter=0, a cube size (imsize)
of 2500 × 2500 pixels, and a pixel size (cell) of 2.5′′ for
the D-configuration data. The number of channels (nchan) and
the rest frequency (restfreq) were set to 1800 channels and
6668.518 MHz, respectively. We used a “natural” weighting
parameter for better sensitivity in detecting sources. On average,
the 1σ root-mean-square (rms) noise in the line free channels of
the dirty cubes is found to be ∼18 mJy beam−1 for a single chan-
nel (0.18 km s−1), which is better than the estimated noise for a
single pointing of ∼40 mJy beam−1 based on a 15-s integration
time. This is due to the mapping strategy where each field has
been overlapped by six neighbouring fields, resulting in sensitivi-
ties that are at least a factor of two better. The achieved sensitivity
is about a factor of 2 better than previous VLA targeted surveys
(e.g. Hu et al. 2016). We were able to detect weak and isolated
masers in the “dirty” image itself, which contributes to savings
in computational time. Weak masers that are in the vicinity of
strong masers and with similar velocity may be missed, but will
be found in the next stage of our imaging approach.

2.2.2. Imaging of individual masers

In order to find weaker masers that are hidden in the side lobes of
stronger masers, we used the CLEAN algorithm on small subsets

1 https://science.nrao.edu/facilities/vla/
data-processing/pipeline/scripted-pipeline
2 https://casa.nrao.edu/

of the data. We selected, on average, 16 pointings that cover the
positions of sources detected from the “dirty” images. They were
split out for further imaging and deconvolution to make smaller
cubes (∼0.2◦ × 0.2◦, ∆v ∼55 km s−1). These sub-cubes were then
imaged with a cell (pixel) size of 2.5′′ and the imaging was
restricted to the velocity ranges over which significant signal was
detected. The sub-cubes have a spatial extent of 350× 350 pixels
and spectral extents of 300 channels centred on the peak velocity.
Included at the beginning and end of the 300 channels, there are
line free channels to estimate the spectral noise. For deconvolu-
tion, a CLEANing threshold of 38 mJy beam−1 was chosen (∼2σ
of final cubes). Using the tclean task of CASA (version 5.4.0),
the images were made with parameters: gridder=“mosaic”,
deconvolver=“hogbom”, weighting=“uniform”, and a vari-
able niter. The number of minor CLEAN cycles was set to either
1000, 5000 or 10 000 depending on the strength of the maser
involved. These iteration values were found to optimize the auto-
matic cleaning for many sources by maximizing image fidelity
while avoiding over-cleaning. The weighting parameter was set
to “uniform,” since it gives a better angular resolution and thus
more accurate positional information.

2.3. Complementary continuum data

In addition to the methanol line data, we also used GLOSTAR-
VLA radio 5.8 GHz continuum data to search for associations
with methanol masers. Radio sources such as ultra-compact
HII regions (UCHII) are a clear indicator of HMSF, how-
ever, their relationship with methanol masers is not yet fully
understood. Thus, a study of the associations and the physi-
cal properties of these sources may give valuable insights into
the overall formation process of high-mass stars in this stage
of their evolution. The full analysis of continuum maps in the
D-configuration and B-configuration will be presented in forth-
coming papers (Medina et al., in prep; Dzib et al., in prep.;
Yang et al., in prep.), while the D-configuration continuum cat-
alogue for the pilot region is already complete (Medina et al.
2019). We also make use of the Co-Ordinated Radio “N” Infrared
Survey for High-mass star formation (CORNISH, Hoare et al.
2012; Purcell et al. 2013), which uses the VLA in the B and
BnA-configuration at 5 GHz, to supplement our comparisons.

3. Source extraction

Here we give a technical description of the algorithm
used for automatically selecting maser candidates from the
“dirty” images. A description of the final catalogue is given in
Sect. 4.1.

3.1. Source extraction code

As explained in Sect. 2.2, given the computational challenge
of imaging and deconvolving large mosaics, we adopted an
approach of searching for the methanol masers in the dirty
images. We wrote a simple source extraction code (SEC;
Murugeshan 2015; Nguyen 2015) to deal specifically with this
data in a rapid manner. This SEC was written to detect methanol
masers that have high brightness values in comparison to the
surrounding noise. It was also adapted for absorption searches
(see Brunthaler et al. 2021). It takes the “dirty” or fully CLEANed
images as input. The code was first used on the “dirty” images to
produce a preliminary catalogue of detections which were veri-
fied by visual inspection. The verified detections were CLEANed
over a small spatial and spectral extent (see Sect. 2.2.2). The code
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was then used again on these sub-cubes to find any other masers
that were previously not detected on account of their proximity
to stronger sources.

The code scans through the images, saving the coordinates
where the brightness meets two criteria. The first and foremost is
that the emission surpasses a certain signal-to-noise ratio (S/N)
threshold. Secondly, we require that the emission is above this
threshold for at least two consecutive channels. If these two
criteria are satisfied, the code considers such a detection as real.

We selected a 50 × 50 pixel “box” to start. Beginning from
the first channel, the root mean square (rms) of the box is cal-
culated by the code. This is then chosen to be the noise within
the box. Next, the code selects the pixel with the maximum flux.
The ratio between the maximum flux and the rms of the box then
defines the S/N. This is done iteratively for each channel within
the boundaries of the 50 × 50 pixel box for the entire spectral
extent of the given image. For a given channel, where the S/N
is above a user-defined threshold, we check if it continues for at
least another contiguous channel in order to satisfy our main cri-
teria described above. If it also passes through three additional
selection filters (defined below), it qualifies as a potential source.
We then record the pixel coordinates, right ascension (RA), dec-
lination (DEC), channel range, peak flux, the associated channel
of the peak flux, and the S/N. The code moves onto the next spa-
tial box and repeats the search along the spectral axis. After its
completion, a catalogue of the potential sources is produced. As
a final check, we always verify each source visually. A flow dia-
gram illustrating the algorithm is presented in the top of Fig. 2
and an illustration of the physical movements of the search algo-
rithm is shown in the bottom. In order to reduce false detections
and repeated detections, we describe the aforementioned filters
used to improve the quality of detections:

First filter (F1). This filter checks if the current potential
detection is within 200 pixels from the previous detection and
also appears in the same channel range. If these conditions are
met, it checks if the S/N of current detection is greater than
the previous detection. If this is the case, the current detection
is updated as the true detection and its coordinates kept as a
reference.

Second filter (F2). The next filter checks if the current
detection is within 200 pixels of the previous detection, but
appears in a different channel range. Since side lobe artefacts
appear in the same channel range as the source, we consider the
detection a potential source if the channel ranges are different.
This helps to differentiate multiple sources within the same box.

Third filter (F3). The final filter checks if the current detec-
tion is more than 200 pixels away from any previous detection.
An angular separation of 200 pixels (∼8.3′) is chosen as typically
this is the largest extent of any side lobe feature. If this criterion
is met, the code selects the pixel as a potential source.

We chose a S/N value of 6 when searching through the
“dirty” images. This choice is based on the general statistics
of the cube in order to balance dismissing artefacts as well as
picking up weak sources. For the CLEANed sub-cubes, we used a
lower S/N value of 4 as it was found to be the most efficient in
detecting the generally weaker sources that were initially hidden
in the side lobes of the nearby stronger sources.

Since the algorithm picks out just one maximum in a given
box, it is possible that real but weaker sources are missed if they
lie in the same box. It was found that a box size of 50 pixels (cor-
responding to ∼2′ ; in comparison, the primary beam of the VLA
at 6.7 GHz is 6.5′) substantially minimizes the run time without

Catalogue

Select 50x50 pixel box 
starting at the BLC of the 

image

Starting at Chan 1:
Find maximum value

Find root-mean-square
Compute S/N in the box

FILTERS:
Check if S/N > threshold 
for two or more channels
Check if F1, F2, F3 are 

passed

Store information: 
position, flux, velocity 

extent etc… in a 
preliminary catalogue

Iterate to 
subsequent 

channel

Shift 50x50 pixel 
box to right

Repeat loop 
until TRC of 

image is 
reached

Select pixel 
as potential 

source

YES NO

Fig. 2. Algorithm flow chart for the Source Extraction Code (SEC)
which details the selection of the positions and channels of maser can-
didates based on the signal-to-noise ratio S/N (top panel; for details,
see Sect. 3). Illustration of the process used by the SEC (bottom panel).
A 50× 50 pixel box that starts from the bottom left corner (BLC) iter-
ates first through channels to detect sources until it reaches the top right
corner (TRC).

losing too many additional sources. Furthermore, because we are
using a “dirty” image, there are noisy structures in the neighbour-
hood of strong sources. In the direct vicinity of a potential strong
source, the code will reliably pick out the pixel coordinates of the
real source as side lobe features will never have a higher flux than
the actual source. The spillage of side lobe features into adjacent
boxes is mitigated by the utilisation of the filters defined above.

Given the simple nature of the algorithm, the code can be
easily parallelized. The parallelization is done by splitting the
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Fig. 3. Example of the Source Extraction Code (SEC) on unCLEANed and CLEANed data sub-cubes. Left: example peak intensity map of a dirty
sub-cube towards l = 26.5270 deg, b = −0.2674 deg which is an example of the data used when making preliminary detection catalogues with our
SEC. Velocities of known sources are shown in red text, while pink squares highlight the final source detections. In this “dirty” image, the bottom
two sources would not have been detected. Right: once we CLEAN the image, we can see how the two bottom sources would indeed be detected by
our SEC and, as such, illustrates how running the SEC again on the cleaned sub-cubes can lead to new detections.

spatial extent of the image into smaller patches. The code is then
run individually on each of these patches. Each process creates
its own search catalogue, which is then combined when all pro-
cesses are finished. For a strong source, side lobe artefacts can
spill over onto the next patch and be picked up in a different
catalogue. We resolve this through a visual verification.

3.2. Catalogue creation

After performing the initial pass with the SEC on the
“dirty” images, we carried out a cross-check with all known
masers in the survey range in case there are weaker known
sources that do not pass our initial noise threshold criterion.
We further inspected all the potential SEC detections, looking
at their spectra and moment maps. We examined the positions,
velocities, and intensities of the detections to decide which SEC
candidates are to be considered real. We visually checked for any
velocity features that have very large offsets from other veloc-
ity features along the line of sight to also be considered as a
new maser. From this, we compile a list of candidates for further
cleaning.

For these maser candidates, we made smaller CLEAN images
(as described in Sect. 2.2). We ran our SEC code with modified
settings (box size of 5 pixels and no filters) in order to pick up
weaker sources that would have been hidden by a nearby strong
source. We visually inspected each cube at the end to ensure that
we picked up all possible masers in the data. In Fig. 3, we give
an example of two new methanol maser detections that were not
found in the ’dirty’ image cube due to the presence of nearby
strong sources.

From this final visual inspection, we compiled a final list of
detections. As we were interested in determining the methanol
masers’ properties, we performed a 2D Gaussian fit of the bright-
ness distribution in each channel whose peak intensity is above
4σ. We used the CASA task imfit on a 14 × 14 pixel box (∼2×
the restoring beam), which is centred on the pixel with maxi-
mum intensity. As discussed in Ortiz-León et al. (2021), the error

in maser position is determined by the astrometric uncertainty
θres/(2×S/N), where θres is the (VLA) restoring beam, and S/N
is the ratio between source intensity and rms (Thompson et al.
2017). Given that the average beam size in the D-configuration
methanol maps across the whole Galactic plane is 15′′, and a
maser detection with S/N=10, the precision in position is ≈ 0.′′7.
We further discuss the reliability of our position measurements
in Sect. 4.5. We visually verified the result of the source fits and
determined the peaks of each maser site. We refer to each veloc-
ity peak as a maser spot inside one maser site (Walsh et al. 2014).
A few examples of these, including new maser sites, are listed
in Table 2, while the complete catalogue can be found at the
CDS. The positions for all emission channels of a given maser
site are given as an offset to the position of the maser spot with
the strongest emission within the maser site.

4. Results

4.1. Detections

We detected a total of 554 CH3OH maser emission and 6 cases
of methanol absorption in the range of GLOSTAR survey cover-
age (−2◦ < l < 60◦, |b| ≤ 1◦; see Ortiz-León et al. 2021 for the
13 masers found in the Cygnus X region, or the CDS table for
all 567 GLOSTAR masers). Of these detections, we have deter-
mined 84 (∼15%) of them to be new detections. As we require
that for a source to be detected, a minimum of two adjacent
channels must meet our S/N threshold, our estimated complete-
ness level may be higher than the 4σ noise level. We overlay the
detections on top of the GLOSTAR D-configuration continuum
emission in Fig. 1 and display their spatial distributions in Figs. 4
and 5. We note that within the GLOSTAR Galactic longitude
range, the CH3OH 6.7 GHz maser source distribution seems to
peak towards l = 30◦, which is not surprising given the mul-
tiple crossings of spiral arms of the Milky Way, as is evident
from Fig. 6. The distribution in Galactic latitude is presented in
Fig. 5, which shows that the majority of sources are in the range
of |b| ≤ 0.5◦.
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Table 2. Properties of methanol maser spots from D-configuration maps for a selection of sources.

Name α/∆α δ/∆δ VLSR S v,Peak S v, Int Notes
(h:m:s/′′ ) (d:m:s/′′ ) (km s−1) (Jy beam−1) (Jy)

(1) (2) (3) (4) (5) (6) (7)

G35.2260–0.3544 18:56:53.2332 +01:52:47.068 59.49 0.38± 0.02 0.39± 0.04 YANG19
G35.2260–0.3544 –0.17 –0.34 59.13 0.12± 0.02 0.16± 0.04
G35.2260–0.3544 0.27 0.03 59.31 0.20± 0.02 0.19± 0.03
G35.2260–0.3544 1.32 0.84 59.67 0.14± 0.02 0.23± 0.04
G35.2476–0.2365 18:56:30.3917 +01:57:08.664 72.25 1.40± 0.02 1.47± 0.03 MMB
G35.2476–0.2365 –1.30 1.68 71.53 0.12± 0.02 0.14± 0.03
G35.2476–0.2365 –0.91 –0.42 71.89 0.08± 0.02 0.10± 0.03
G35.2476–0.2365 0.12 0.16 72.43 1.34± 0.02 1.33± 0.04
G35.2476–0.2365 2.08 1.03 72.79 0.10± 0.02 0.22± 0.05
G35.3974+0.0252 18:55:50.7873 +02:12:18.699 89.07 0.36± 0.01 0.36± 0.02 MMB
G35.3974+0.0252 –2.04 –2.05 88.89 0.12± 0.01 0.15± 0.03
G35.3974+0.0252 –0.29 0.39 89.25 0.27± 0.02 0.32± 0.03
G35.3974+0.0252 0.76 –0.28 89.43 0.19± 0.02 0.25± 0.04
G35.3974+0.0252 0.76 –0.50 89.61 0.11± 0.02 0.14± 0.04
G35.4166–0.2839 18:56:59.0536 +02:04:54.463 56.11 1.67± 0.02 1.69± 0.03 NEW
G35.4166–0.2839 –0.05 –0.49 55.75 0.21± 0.01 0.23± 0.02
G35.4166–0.2839 0.00 –0.02 55.93 0.73± 0.01 0.72± 0.03
G35.4166–0.2839 0.17 –0.07 56.29 1.35± 0.02 1.35± 0.03
G35.4166–0.2839 –0.04 -0.20 56.47 0.48± 0.02 0.55± 0.04
G35.4571–0.1782 18:56:41.0152 +02:09:57.411 56.11 0.26± 0.02 0.31± 0.05 NEW
G35.4571–0.1782 –1.16 0.92 54.67 0.12± 0.02 0.21± 0.04
G35.4571–0.1782 –0.08 –0.11 54.85 0.19± 0.02 0.30± 0.05
G35.4571–0.1782 –1.41 –2.16 55.21 0.09± 0.01 0.17± 0.04
G35.4571–0.1782 1.16 0.48 55.39 0.11± 0.01 0.09± 0.02
G35.4571–0.1782 –0.66 0.20 55.57 0.24± 0.02 0.32± 0.04
G35.4571–0.1782 –1.01 0.30 55.75 0.20± 0.02 0.21± 0.04
G35.4571–0.1782 –2.15 –0.36 55.93 0.23± 0.02 0.27± 0.04
G35.4571–0.1782 –0.45 –0.46 56.29 0.17± 0.02 0.21± 0.04
G35.4571–0.1782 –2.15 –2.03 56.65 0.12± 0.02 0.18± 0.04

Notes. Column (1) gives the GLOSTAR source name based on the GLOSTAR Galactic coordinates. Columns (2) and (3) are the GLOSTAR
equatorial coordinates of the position of the maser velocity component with the highest intensity. For sources with multiple components, we list
their position offsets with respect to the component with the highest intensity. The position uncertainties are ∼1.1′′ (see Sect. 4.5). Column (4)
gives the LSR radial velocity of the peak of the component. Columns (5) and (6) give the peak and integrated fluxes at the peak velocity, given by
Col. (4). Column (7): Source references.

0102030405060
Galactic Longitude [ ]

0

10

20

30

40

50

60

70

80

Nu
m

be
r o

f s
ou

rc
es

Total
New

Fig. 4. Distribution of detected masers along Galactic longitude. The
bin width used is 5◦ from l = 60◦ to 0◦ and 2◦ for the last bin.
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Fig. 6. Distribution of detected 6.7 GHz methanol maser velocity with respect to Galactic longitude. Black crosses represent detections of known
sources in the GLOSTAR survey and red crosses represent new detections. The coloured spiral arms are as follows: magenta is 3 kpc, red is
Norma-Outer, blue is Scutum Centaurus, green is Sagittarius Carina, and yellow is Perseus. The dashed lines represent the updated spiral arm
models of Taylor & Cordes (1993) as used in, e.g. Schuller et al. (2021) while the solid lines are the spiral arm descriptions from Reid et al. (2019).
The background shows the CO emission from Dame et al. (2001).

The properties of a few example detections are listed in
Table 2, and we refer to the catalogue at the CDS for the full
list of detections. We identify each maser source by its galac-
tic coordinates. The equatorial coordinates for the maser spot
with the highest peak flux, which is the main velocity compo-
nent, is given while the remaining maser spots (if any) are given
as an offset to this main maser spot. The velocity of each maser
spot as well as its peak flux and integrated flux are listed in the
table. The fluxes were determined using 2D Gaussian fitting (see
Sect. 3.2). Additionally, we report in the online catalogues every
velocity channel where emission was detected above the 4σ level
for a given maser.

4.2. Flux densities

The brightest 6.7 GHz CH3OH maser that we detected is the
well-known example of G9.6213+0.1961, with a peak flux den-
sity of ∼5700 Jy. This source is known not only as the methanol
maser that reaches the highest flux density, but also, given its dis-
tance of 5.2 kpc, it has the highest line luminosity (Sanna et al.
2015). Conversely, the weakest maser we detect is the source
G25.1772+0.2111 with a peak flux density of ∼0.09 Jy. For the
newly detected masers, the fluxes range from 0.16 Jy to 5.4 Jy.
The median peak flux density of the newly detected masers is
0.47 Jy. The surface density of new detections across the survey
coverage is ∼0.8 masers per sq. degree. We detected a total of
80 masers above 20 Jy, none of which are new detections.

4.3. Distance determination

To calculate the luminosity of a maser source, the distance infor-
mation is required. This can be obtained from the peak velocity
of the maser and comparing it to a Galactic rotation curve.

However, there is an inherent kinematic distance ambiguity that
affects all sources within the Solar Circle (see Roman-Duval
et al. 2009 for an overview). To resolve this, we used the dis-
tances obtained from associated ATLASGAL 870µm emission
sources (Schuller et al. 2009) from the compact source cata-
logue (Urquhart et al. 2018, 2022) as they have been individually
checked for HI self-absorption. However, not every maser source
has a dust clump association from ATLASGAL and in these
cases, we used the Bayesian distance estimator from Reid et al.
(2019) to help resolve the kinematic distance ambiguity. We
show the distribution of our maser sample overlaid on an artist’s
impression of the Milky Way3 in Fig. 7. We note that this method
is biased to the location of the spiral arms, which can be seen by
its very smooth distribution along curves.

4.4. Luminosity

The luminosity is estimated across all the velocity channels in
which we have emission of >4σ. In this way, we used the line
flux, that is, the velocity integrated flux density, S Int in units of
Jy km s−1 to determine the luminosity:

Lmaser = 4πD2S Int f /c, (1)

where D is the heliocentric distance to the source, f is the rest
frequency of the maser line (51 − 60A+, 6668.5192 MHz), and c
is the speed of light. The total velocity covered, ∆VD, the esti-
mated distance, the velocity integrated flux density, S Int, and the
final isotropic maser luminosity, Lmaser, are listed for a few exam-
ple sources in Table 3 and the rest are listed in a catalogue at
the CDS. As mentioned by previous studies (Breen et al. 2011;
Billington et al. 2019; Ortiz-León et al. 2021), a positive trend
3 https://photojournal.jpl.nasa.gov/catalog/PIA19341
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Table 3. Estimated distances and maser luminosities from D-configuration maps for the maser sources listed in Table 2.

Name ∆VD Dist. Note S Int Lmaser,D
(glon, glat) (km s−1) (kpc) (Jy km s−1) (L�)
(1) (2) (3) (4) (5) (6)

G35.2260–0.3544 0.72 9.43± 0.36 B 0.96± 0.07 5.8 × 10−7

G35.2476–0.2365 0.90 4.84± 0.61 B 3.26± 0.08 5.2 × 10−7

G35.3974+0.0252 0.90 5.90± 0.54 A 1.22± 0.07 2.86 × 10−7

G35.4166–0.2839 0.90 3.20± 0.37 A 4.53± 0.07 3.13 × 10−7

G35.4571–0.1782 1.80 4.10± 0.38 A 2.27± 0.13 2.58 × 10−7

Notes. Refer to the online table for a complete list of sources. Column (1) is the GLOSTAR source name. Column (2) gives the total velocity extent
of maser emission above the local 4σ level. Column (3) gives the distance obtained from the Bayesian distance estimator (Reid et al. 2019) or from
the ATLASGAL compact source catalogue (CSC) (Urquhart et al. 2018, 2022) as marked in Col. (4) with a B or A respectively. Columns (5) and
(6) give the maser integrated flux and luminosity, respectively.
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Fig. 7. Distances of 6.7 GHz methanol masers from GLOSTAR D-
configuration VLA observations plotted on top an artist’s rendition of
the Milky Way. We used the distance estimator (Reid et al. 2019) to
assign the near or far distance to a source (red stars) except for maser
sources with an ATLASGAL dust clump association, for which we used
the reported distance from Urquhart et al. (2018, 2022), shown as a
green triangle.

between the total velocity width, ∆VD, of a maser source and
its maser luminosity is shown in Fig. 8. Given that we can take
the velocity range of a maser as a proxy for line complexity,
that is, for many components, it might naively be expected that
stronger sources are more complex. However, it could also be
that for weaker sources, there may be other velocity components,
however, if these components do not meet the S/N threshold,
they are thus not considered. We have fit a power law in the
form of ∆VD ∝ Lαmaser to the relation and found α = 0.32 ± 0.01,
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Fig. 8. Total velocity range of maser emission vs. integrated maser lumi-
nosity as blue crosses. Here, we see a positive trend. The green line
represents a power law fit to the data with an exponent of 0.32 ± 0.01.
A Spearman correlation test yields a rank coefficient of r = 0.74 and
p-value� 0.0013, which indicates a positive correlation and is consis-
tent with previous studies using a smaller sample (e.g. Ortiz-León et al.
2021).

which supports the positive trend we see (a Spearman correlation
test yields a coefficient r = 0.74 and p-value � 0.0013, which
strongly supports the correlation).

4.5. Comparison with other maser surveys

The Arecibo Methanol Maser Galactic Plane Survey
(AMMGPS, Pandian et al. 2007), using the 305 m Arecibo
radio telescope to cover the ranges of 35.2◦ ≤ l ≤ 53.7◦ and
|b| ≤ 0.41◦, detected 86 masers. The survey has an rms noise
level of ∼85 mJy in each spectral channel after Hanning
smoothing and averaging both polarizations. Of these masers,
only G35.374+0.018 at 96.9 km s−1 and G36.952–0.245 at
61.7 km s−1 were not detected by our survey. This may be due to
the time variability of methanol masers, making these sources
candidates for long term observations.

The Methanol Multibeam (MMB) survey (Green et al. 2009)
is a comprehensive, unbiased survey that covers a large portion
of the Galactic plane, ranging from 186◦ ≤ l ≤ 60◦ and |b| < 2◦.
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Fig. 9. Comparison of the positions of matching MMB and GLOSTAR
methanol maser sources. The red shaded ellipse is centred on the mean
offsets of δl = −0.18 arcsec, and δb = 0.04 arcsec. It shows the half-
axes standard deviations in Galactic Longitude and Latitude, which are
1.21 arcsec and 1.03 arcsec, respectively.

It uses the Parkes 64 m radio telescope to make preliminary
detections which are followed up on using the higher reso-
lution interfermometers: Australia Telescope Compact Array
(ATCA) or Multi-Element Radio Linked Interferometer Network
(MERLIN, Thomasson 1986) to improve the accuracy in their
reported positions to be better than <1′′ . The survey sensitiv-
ity is ∼0.2 Jy. Of the ∼1000 sources in their complete catalogue
(Caswell et al. 2010, 2011; Green et al. 2010, 2012; Breen et al.
2015), 404 lie within the GLOSTAR data presented here. Of
these, 394 were detected in our survey. As GLOSTAR is an unbi-
ased survey, it is useful to compare the catalogues resulting from
these surveys.

To augment our comparison, we also used the Yang et al.
(2019b) catalogue of 6.7 GHz CH3OH masers that were obtained
through a targeted search towards sources from the Wide Field
Infrared Survey Explorer (WISE) point source catalogue using
the 65 m Shanghai Tianama Radio Telescope (TMRT). These
surveys were used to help in the identification of our SEC detec-
tions (presented in Sect. 3) where weak sources that were close
to the 4σ threshold were conclusively kept as a detection given
matching coordinates and velocities. This resulted in 113 detec-
tions that were not detected by Yang et al. (2019b). There are
some masers from Yang et al. (2019b) that were undetected in
the GLOSTAR survey, with the majority having fluxes below our
sensitivity limit. While the sensitivity of the observations done
by Yang et al. (2019b) with the TMRT is 1.5 Jy K−1, their cata-
logue also includes weaker masers that were previously included
in the literature.

We carried out a final check with the webtool, Maserdb4

(Ladeyschikov et al. 2019), which is an online collection of cat-
alogues of many maser species (e.g. OH, H2O). We find that our
catalogue has 84 new 6.7 GHz CH3OH maser emission sources
(see Fig. 1).

Next, we compared the GLOSTAR and the MMB posi-
tions. In Fig. 9, we show the position offsets to the GLOSTAR

4 maserdb.net
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Fig. 10. Flux distribution of detected masers. The vertical dashed
red line corresponds to the average 4σ noise level for the methanol
D-configuration data (∼70 mJy beam−1). We show the full set of
GLOSTAR fluxes, as well as the subset with MMB associations, and
all new detections. As expected, the bulk of the new detections peaks at
lower flux densities.

D-configuration detections. The mean offsets are δl = −0.18 ±
1.21 arcsec and δb = 0.04± 1.03 arcsec. This indicates that there
are no systematic offsets in the astrometry with respect to the
MMB catalogue. However, the standard deviation of the offsets
suggests that the astrometric uncertainty is closer to ∼1.1 arcsec-
onds, which is slightly higher than the statistical uncertainties of
0.7′′ determined for a 10σ detection.

We show in Fig. 10 the flux distributions of the GLOSTAR
methanol maser detections. We highlight the subset of sources
that have a MMB counterpart as well as the subset of new
sources. In comparison with the MMB catalogue, we directly
see that our increased sensitivity finds new, weaker sources.
However, there are 74 sources above the survey cube detection
threshold of 0.7 Jy that we would have expected to be detected by
the MMB. There are several possible reasons for this. Given that
these observations were taken years apart, it could be the result
of variability, making these sources possible candidates for long
term observations. Furthermore, close to 30 of these sources are
situated near bright sources and as such, they were not able to be
initially resolved by the MMB in their blind survey. Examples of
these are shown in Appendix A.

For masers with counterparts in both surveys, we compared
the peak fluxes in Fig. 11. The fluxes do not show a sys-
tematic difference. G9.6211+0.1956 is already known to be a
periodic Class II CH3OH maser with a period of ∼244 days
(e.g. Goedhart et al. 2007; van der Walt et al. 2009)5. We
detected two main velocity components for this source at
the known velocity of 1.3 km s−1and at a new velocity of
−88.7 km s−1. Given the large difference in velocity, we con-
sider these to be distinct entries in our catalogue. Both of these
spatially coincide with the known MMB maser at the same
position. The component at 1.3 km s−1 has a high peak flux den-
sity of >5700 Jy beam−1 in both the GLOSTAR and the MMB
5 In periodic methanol masers, certain velocity components show peri-
odic variability with a wide range of periods, ranging from 20 to
>500 days. As discussed in a future publication, the several epochs
at which the GLOSTAR data were taken and comparison with MMB
spectra will lead to the detection of new candidates of these interesting
sources (e.g. Goedhart et al. 2018, and references therein).
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Fig. 11. Comparison of GLOSTAR vs. MMB peak flux densities for
masers detected in both surveys. The black line indicates the 1:1 equal-
ity line. Red circles denote sources for which the percent difference was
greater than 50%.
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Fig. 12. Flux distribution of masers as reported in the GLOSTAR, the
MMB (Green et al. 2009) and the Yang et al. (2019b) catalogues. The
vertical dashed red line corresponds to the average 4σ noise level for
the GLOSTAR methanol D-configuration data (∼70 mJy beam−1). The
sources of the other surveys that were not detected in the GLOSTAR
survey are well below the sensitivity level of our unbiased search.

spectra with a matching velocity, which corresponds to the
velocity of the host source. As such we consider this the true
association for the following analysis. The component at the
velocity of −88.7 km s−1 is much weaker with a peak flux den-
sity ∼1 Jy beam−1. Emission at this velocity seems to not yet have
been detected towards this source and deserves further study.

In Fig. 12, we compare the flux distributions between the
GLOSTAR, MMB, and Yang et al. (2019b) catalogues for masers
within the GLOSTAR survey coverage. It is evident that there are
masers below our detection threshold that were not detected. The
detection comparison between the three maser surveys is shown
in Fig. 13 and details how many masers have been detected by
each survey and their overlap. There are 44 sources that we
did not detect, but that were detected by Yang et al. (2019b) or
by both Yang et al. (2019b) and the MMB. Of these, 14 have
reported fluxes below our sensitivity limit. Variability may also

112 01

34

53 10
388

GLOSTAR MMB

YANG19
Fig. 13. Venn diagram presenting the overlap between the GLOSTAR
methanol maser catalogue, the MMB (Green et al. 2009) and the Yang
et al. (2019b) catalogues over the same region as GLOSTAR. We
detected 112 masers that had not been detected by the MMB or the Yang
et al. (2019b) catalogues, while we did not detect 44 known masers.

account for some of the other non-detections, however, long term
observations would be needed to confirm this nature of maser
activity. We also see that while there are some known masers
that we do not detect, the majority of our new detections are in
the lower flux bins as expected.

4.6. Absorption detections

While detections of the 6.7 GHz 51 − 60A+ CH3OH line are
widespread, the absorption detections are comparatively more
sparse. Only a few studies have confirmed the 6.7 GHz line in
absorption thus far (e.g. Menten 1991b; Pandian et al. 2008;
Impellizzeri et al. 2008; Ortiz-León et al. 2021; Yang et al.
2022). Absorption in this line can occur towards radio contin-
uum emission and the cosmic microwave background (CMB).
In conjunction with maser emission detections, we are also sen-
sitive enough to detect absorption features and indeed we find
a few absorption sources (listed in Table 4), where an example
is shown in Fig. 14. A systematic search had not yet been per-
formed and thus a comprehensive list of all absorption detections
is not presented in this work. An in-depth analysis of the absorp-
tion sources detected in the GLOSTAR data will be performed
in a future work, for which we will use the complete GLOSTAR
D-configuration continuum source catalogue (Medina et al., in
prep.) to check for methanol in absorption.

5. Discussion

5.1. Association with ATLASGAL sources

Methanol masers are known tracers of star formation and the
Class II 6.7 GHz methanol maser is thought to exclusively trace
the early stages of HMSF (Minier et al. 2003; Ellingsen 2006; Xu
et al. 2008). Recently, Billington et al. (2019) used the MMB and
ATLASGAL surveys to do a comprehensive study on the phys-
ical environments of the regions these masers originate from.
They used newly available distances and luminosities to compare
with the clump properties as determined in ATLASGAL and JPS
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Table 4. Examples of absorption features detected.

Common name α δ vPeak S Peak

(h:m:s) (d:m:s) (km s−1) (Jy beam−1)

Sgr B2 17:47:18.71 –28:22:53.54 70.4 –2.0
G08.67-0.36 18:06:19.02 –21:37:30.29 35.6 –0.2
G10.62-0.38 18:10:28.62 –19:55:48.40 –1.3 –0.4
G012.81-0.20 18:14:13.95 –17:55:38.31 36.0 –1.6
G34.26+0.16 18:53:18.03 01:15:00.09 59.7 –0.2
W49 19:10:12.97 09:06:10.98 12.55 –0.3

Notes. The source is listed with equatorial coordinates (J2000), the
peak velocity feature, and the peak flux density.
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Fig. 14. CH3OH 6.7 GHz spectra of the maser source G0.677-0.025
near Sagittarius B2. Broad absorption can be seen between the velocity
range of 50 km s−1 and 90 km s−1.

(JCMT Plane Survey: Moore et al. 2015; Eden et al. 2017) to
determine correlations for maser associated sources. As seen in
previous studies (e.g. Urquhart et al. 2013, 2015; Billington et al.
2019), there is a ubiquitous association with the MMB masers
and dust continuum sources (99%), strongly correlating these
masers with the earlier stages of HMSF. Billington et al. (2019)
determined that values of clump masses and radii are not indica-
tive of a clump having a 6.7 GHz methanol maser, whereas the
measurement of clump density may be able to make this indi-
cation. Furthermore, these authors determined a lower density
threshold of n(H2) ≥ 104.1 cm−3 for the “turning on” of maser
emission. As such, with our sample, especially our new weaker
detections, it is interesting to see whether these correlations hold.

We performed a cross-matching with ATLASGAL sources
using an emission map and distance threshold of 12′′, which is
three times the pointing uncertainty of ATLASGAL and was
determined from analysing the surface density distribution of
matches. We use the ATLASGAL CSC from l = 3◦ to 60◦ as
the source properties for sources in the region of the Galactic
centre are not at the same confidence level. We find 363 associ-
ations within 12′′ (∼65%) between GLOSTAR masers and the
ATLASGAL compact source catalogue (CSC; Urquhart et al.
2018, 2022) for which the dust clump properties (e.g. clump
mass, clump temperature, bolometric luminosity) were calcu-
lated. The ∼65% association with dust emission is lower than
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Fig. 15. CH3OH 6.7 GHz maser peak flux density compared to 870µm
dust emission extracted from ATLASGAL maps towards the maser
position. Black crosses correspond to sources that were matched to the
ATLASGAL compact source catalogue (CSC). The remaining sources
are marked in blue. The red dashed line corresponds to the ATLASGAL
6σ noise level and the red circles highlight the new masers found in this
work.

expected from the studies mentioned above. For masers with-
out an ATLASGAL CSC association, it is possible that they
are still are associated with dust as they could be associated
with more distant clumps well below the ATLASGAL thresh-
old. They could also be situated at a closer heliocentric distance
to us, but are instead associated with low-mass clumps.

To address this discrepancy, we visually inspected ATLAS-
GAL cutouts centred on the positions of the masers (examples
can be found in Appendix B), using dust continuum contours
from 1σ to 5σ. We took this approach as the ATLASGAL CSC
uses a threshold of at least 6σ for the sources they report, but
there are still many potential dust continuum sources below this
limit. In this way, we find that there are an additional 72 maser
sources that show compact dust emission above 3σ. There are a
further 93 maser sources that can be associated to an extended
ATLASGAL feature above 6σ and 7 maser sources that are off-
set slightly further than 12′′. As such, we find that only 18 maser
sources have no dust continuum emission, which corresponds to
a methanol maser and dust continuum association of ∼97%. The
result is in agreement with previous studies (e.g. Billington et al.
2019). From Fig. 15, we find that there seems to be a cluster of
new maser detections that are centred on the lower end of the
dust emission around the 6σ noise level of ATLASGAL.

We compare the velocities of the maser’s median veloc-
ity and the velocities of the matched dust clumps in Fig. 16.
The ATLASGAL velocities were assigned by matching clump
positions with observations of molecular line transitions from
multiple molecular line surveys (see Urquhart et al. 2018,
Sect. 2.1 for details). A linear fit yields a slope and y-
intercept of 1.00 ± 0.13 and 0.01 ± 0.75, respectively, and with
Spearman’s rank coefficient of r = 0.98 and p-value� 0.0013
supporting the positive correlation. In fitting a Gaussian to
the distribution of the velocity offsets, we find a mean off-
set of 0.49 ± 0.18 km s−1 and dispersion of 3.69 ± 0.1 km s−1.
The result is in agreement with the results from Billington
et al. (2019), who compared the total MMB sample with
corresponding ATLASGAL sources, where they used sources
with offsets of <3σ. There are three sources, however, with
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Fig. 16. Comparison of the velocities of the methanol masers and their associated dust clumps. Left: the median methanol maser velocity plotted
as a function of the ATLASGAL clump velocity for sources with an association to an ATLASGAL compact source catalogue (CSC) source. The
black line is the fitted linear result, with a Spearman’s rank coefficient of r = 0.98 and p-value� 0.0013. Right: distribution of the offsets between
the median methanol maser velocities and the molecular line velocities from ATLASGAL. Fitting the distribution with a Gaussian yields a mean
of 0.49 ± 0.18 km s−1 and standard deviation of 3.69 ± 0.1 km s−1. We use 3σ (11 km s−1) as a confidence threshold to identify outliers.

greater velocity offsets: G3.5022−0.2005, G9.6211+0.1956, and
G10.3563−0.1484. These were all previously detected in the
MMB, with G3.5022−0.2005 being associated with millimetre
dust continuum (Rosolowsky et al. 2010) and G10.3563−0.1484
associated with a YSO candidate (Deharveng et al. 2015).
G9.6211+0.1956 is associated with the well-studied HII region of
similar name, where its shock fronts have been studied (e.g. Liu
et al. 2017, and references therein). As mentioned in Sect. 4.5,
there are two sources in our catalogue with vastly different
velocities associated with this ATLASGAL source. The maser
at 1.3 km s−1 is consistent with the well-studied clump veloc-
ity. This other velocity component at −88.7 km s−1 would be an
interesting target for future studies.

We show the cumulative distribution functions (CDFs) of
the clumps associated with GLOSTAR masers and clumps asso-
ciated with just the new detections in Fig. 17 for different
associated clump properties such as dust temperature, bolomet-
ric luminosity, clump mass, luminosity to mass ratio, clump size,
and H2 density. A comparison of a sample of 364 maser asso-
ciated clumps with that of 45 clumps associated with newly
detected GLOSTAR masers. Urquhart et al. (2022) shows CDFs
(in their Fig. 7) that compares the clump properties for different
evolutionary stages of ATLASGAL sources, indeed demonstrat-
ing that it is possible to distinguish evolutionary stages on the
basis of certain properties. Furthermore, Billington et al. (2019)
compared the properties of ATLASGAL clumps with the sub-
set that have MMB methanol maser associations. They found
that maser associated sources have higher dust temperatures,
bolometric luminosities, and luminosity-to-mass ratios, which
is expected as these are regions in the process of developing
high-mass stars (see Fig. 10 from Billington et al. 2019). In con-
trast to these works, we investigate the ATLASGAL sample of
sources that have GLOSTAR methanol maser associations with
the subset of those that are newly detected masers. We perform
Anderson-Darling tests for all CDFs instead of Kolmogorov–
Smirnov tests as the Anderson-Darling test is more sensitive
to changes at the boundaries, which is the subset of our sam-
ple that we are more interested in, given that most of our newly
detected masers are weaker. The results are shown on the plots

in Fig. 17. Clump luminosity is the only statistically different
sample to the 3σ level (p-value< 0.0013), while dust tempera-
ture and luminosity-to-mass ratio are significant only to the 2σ
level (p-value< 0.05). In obtaining more clump properties for
the masers without an ATLASGAL CSC counterpart, it will help
improve the determination of the significance of the Anderson-
Darling tests on these properties. Furthermore, we see that for
the dust temperature, bolometric luminosity of the clump, and
luminosity-to-mass ratio, the mean properties for the new maser
detections are slightly lower, but they do extend to similar limits
on the high end as the general population of masers. It is reason-
able to naively expect this as lower luminosity masers may trace
earlier stages of development.

We also compare the 6.7 GHz methanol maser luminosity
to the dust clump properties of luminosity and mass in the left
and middle panels of Fig. 18. To test whether these two dust
clump properties are correlated to the maser luminosity, we per-
formed a Spearman’s rank correlation test that yields values of
r = 0.28 and r = 0.18 respectively (with p-value� 0.0013) and
so, there is a weak but significant correlation. The left panels of
Fig. 18 shows the comparison between maser and clump lumi-
nosities and the distribution of the clump luminosities, where
we have plotted (for reference) the dust core luminosity value of
∼200 L� as found by Ortiz-León et al. (2021) to be the lower limit
of methanol maser associated clumps in the Cygnus X region.
There are a few sources in our sample that show luminosities
lower than this. The sharp cut-off does lie, however, close to
this value and not around 103 L�, as estimated by Bourke et al.
(2005). Our results are in agreement with other recent studies
such as Ortiz-León et al. (2021), who used similar data but for a
small sample in the Cygnus X region, Paulson & Pandian (2020),
who used a sample of 320 MMB masers, and Billington et al.
(2019) who used a sample of 958 methanol masers from the
MMB.

The middle panel in Fig. 18 similarly shows the inves-
tigation using the ATLASGAL full width at half maximum
(FWHM) masses (mass within 50% of the 870µm contour) for
the clumps. Ortiz-León et al. (2021) determined the minimum
core mass in Cygnus X for maser associated cores to be ∼10 M� ,
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Fig. 17. CDFs for various properties of ATLASGAL clumps associated with GLOSTAR methanol masers. We compare the sample clumps associ-
ated with new methanol maser detections (red) to the sample of clumps with associations to the full methanol maser catalogue (blue). The results
of the Anderson-Darling (AD) test are shown above each plot.
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Fig. 18. Maser-integrated luminosity measured in D-configuration GLOSTAR data as a function of ATLASGAL clump properties shown in
the top row: Bolometric luminosity (left), FWHM mass (middle), and luminosity-to-mass ratio (right). The black crosses represent masers with
ATLASGAL compact source catalogue (CSC) counterparts, while the crosses surrounded by magenta circles highlight masers that were newly
detected as part of the GLOSTAR survey. The bottom row shows the distribution of ATLASGAL molecular clump properties for the new masers
(hatched green) in comparison to the full sample (yellow) of clumps associated with masers. The red-dashed lines denote the lower limits of the
respective properties determined by Ortiz-León et al. (2021). The blue-dashed line denotes the upper bound at which maser emission is expected to
decline due to the disruption of the physical conditions required for maser emission (e.g. expanding HII regions and dispersion of the host clump;
Walsh et al. 1997, 1998; van der Walt et al. 2003).
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while Billington et al. (2019) used the FWHM clump masses of
the ATLASGAL sample to estimate a lower limit of ∼17 M� .
Paulson & Pandian (2020) determined a value similar to that
reported by Ortiz-León et al. (2021) of 11 M� for their sample.
These clump values are sufficient to produce high-mass stars
if one assumes a 10% star formation efficiency. We used the
FWHM clump masses of ATLASGAL and find a minimum mass
of 0.175 M� . Rather than being the true lower limit, we see that
it is likely an exception, since all but four data points have clump
masses above the lower limit estimated by Ortiz-León et al.
(2021). Since we use masses from the same sample as Billington
et al. (2019), we similarly see a cut-off at around ∼17 M� but the
first percentile of the mass is ∼10 M� .

In combining the clump properties of luminosity and mass,
the luminosity-to-mass ratio (L/M) has been shown to serve as
a statistical indicator of the evolutionary stage of high-mass star
forming clumps (Molinari et al. 2008). Furthermore, Billington
et al. (2019) found a weak correlation between the L/M ratio
of maser associated clumps and maser integrated luminosity.
In the right part of Fig. 18, we find a Spearman’s rank coef-
ficient of r = 0.3 with p-value � 0.0013, which suggests that
there is a weak correlation between the properties. We find that
90% of the data points lie between the values of 1 L� M−1

� and
102.2 L� M−1

� . These values estimate the lower and upper limits
of the L/M ratio, which depict the onset of maser emission and
the decline of the maser due to the formation of the HII region
having disruptive effects on the maser’s environment. Our results
are in agreement with previous studies (e.g. Breen et al. 2010;
Billington et al. 2019, 2020; Ortiz-León et al. 2021).

We also highlight the dust clumps that are associated with
newly detected masers in Fig. 18. Contrary to our hypothesis that
the newly detected and weak masers would strongly trace the ear-
liest stages of high-mass star forming clumps, we see that except
for clump luminosity, the histograms shown in Fig. 18 have sim-
ilar shapes. Furthermore, the Anderson–Darling tests in Fig. 17,
save for the bolometric luminosity, show no significant correla-
tion between the samples to the 3σ level. We note that many
newly detected masers have low maser luminosity (<10−6 L�)
and the lack of a strong correlation of this sample is in agree-
ment with Paulson & Pandian (2020); this suggests that other
properties, such as gas density and gas temperature, are perhaps
more important factors for the maser luminosity than the dust
clump bolometric luminosity. However, there are some of new
masers we report (53) that have ATLASGAL associations, but
for which we do not have the clump properties and, as stated
above, which are generally associated with lower 870µm emis-
sion dust clumps. As this is a significant portion of our new
detections, the outcome of the sample comparison presented here
may differ once we obtain the host clump properties for these
masers in future works. The results presented here are in agree-
ment with previous results (e.g. Billington et al. 2019) as the
majority of the values are derived from known methanol maser
and ATLASGAL clump associations.

5.2. Association with radio continuum

In general, we do not expect to see a close relationship between
methanol masers and radio emission from HII regions, as the lat-
ter is a more developed stage of HMSF where methanol maser
emission begins to decline (e.g. Beuther et al. 2002). However,
this may not necessarily be the case with regard to the properties
and early evolution of the more compact HII regions, (i.e. hyper-
compact (HC) and ultra-compact (UC) HII regions) as proposed,
for instance, by Walsh et al. (1998); Yang et al. (2019a, 2021).
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Fig. 19. Surface density plot of the offset of GLOSTAR radio contin-
uum sources associated with GLOSTAR 6.7 GHz methanol masers.

These more compact HII regions are younger sites of HMSF
and may still have maser emission in their surroundings as they
evolve. This is supported by the observational results seen in
Yang et al. (2021) from the largest sample of HC HII regions
showing a maser detection rate of 100%, and the detection
rate decreases as HII regions evolve from HC HII regions to
UC HII regions. However, radio continuum emission at this
stage is difficult to detect due to the compactness of the opti-
cally thick free-free radiation of HC HII, which results in low
fluxes.

We attempted a search for associations of masers with the
5.8 GHz GLOSTAR D-configuration continuum (from 3◦ < l <
60◦). We find there to be 111 sources within 20′′ , which is the
size of the VLA D-array beam dropping to 64 when we use an
angular distance threshold of 6′′ . This threshold value corre-
sponds to the 3σ level of the distribution shown in the source
surface density plot in Fig. 19. This 12% association rate is
smaller than that reported by Hu et al. (2016), with a better sensi-
tivity of ∼45µJy beam−1 in the Galactic mid-plane for the radio
continuum data; these authors found that ∼30% of masers were
associated with UC HII regions. This is not unexpected as the
resolution of the D-configuration continuum catalogue is not as
well suited to sampling UC HII and HC HII regions. The lack of
association of 6.7 GHz methanol masers with radio continuum,
however, indicates that these masers trace the earliest stages of
high mass star formation.

We show (again) in Fig. 20 the flux distribution of the masers
and their associations to continuum sources. By comparing the
fraction of masers with an associated continuum source for each
flux bin, there seems to be a trend in that the association with
continuum sources increases with maser flux density. In Fig. 21,
we show instead the flux distribution of the continuum sources
to see if weaker radio sources (that are HII regions) are more
correlated with methanol masers as it is possible to attribute
weaker sources to younger stages of development. Despite the
low association rate, we see that a Kolmogorov–Smirnov test
of the distribution (bottom panel of Fig. 21) results in a p-
value of� 0.0013, showing that there is a correlation with the
continuum source flux for sources that have methanol maser
associations. We see that radio sources with methanol masers
are significantly brighter than the general population of radio
sources.
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Fig. 20. As Fig. 10 except for subsets of GLOSTAR maser detections
that have GLOSTAR D-configuration continuum source detections.
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Fig. 21. Flux density comparison between maser associated contin-
uum sources and those without. Top: blue hatched histogram shows the
flux distribution of the GLOSTAR D-configuration continuum sources
(Medina et al. 2019, and in prep.). The orange histogram shows the
distribution of the radio sources that are associated with GLOSTAR
6.7 GHz methanol masers and has been rescaled for better visibility
(the axis is indicated on the right). Bottom: CDFs for the flux density of
radio continuum sources that have 6.7 GHz methanol maser associations
(blue) and those without (red). The result of the Kolmogorov-Smirnov
test is reported above the figure and indicates that both distributions
are distinct, with continuum sources associated with methanol masers
typically being stronger than the overall distribution of continuum
sources.
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Fig. 22. Maser flux density against radio continuum flux density.
Black crosses correspond to GLOSTAR D-configuration values for
the radio continuum whereas blue crosses correspond to CORNISH
B-configuration values. Blue circles show the sources that have counter-
parts in both continuum catalogues, but are plotted with the GLOSTAR
flux density. Red circles denote sources that are new maser detections.

The true nature of the radio continuum sources, however,
can be something other than HII regions, as they might be
planetary nebulae, for instance, or they may even be extra-
galactic in origin. Following Medina et al. (2019), who deter-
mined that for the GLOSTAR D-configuration sensitivity there
would be a source density of 0.0172 arcmin2, this suggests
that there would be ∼7600 extragalactic sources of this sort,
which is close to 60% of the sources in the catalogue. As
such, we need to take into account the likelihood of an extra-
galactic background source being inside our matching radius.
This is given by Nbg = (source density) × (search area). We
used a search radius of 6 arcsec around the maser positions,
which means that the estimated number of background sources
is then Nbg � 1. This implies that line-of-sight associations
between GLOSTAR 6.7 GHz masers and GLOSTAR 5.8 GHz
radio-continuum sources have a low probability of being purely
coincidental. We also used the CORNISH catalogue to supple-
ment our comparison. They have classified their sources which
helps us to determine the nature of the continuum sources we
have associated with our methanol masers. We find that 34
masers have CORNISH counterparts, which are all labelled as
UC HII regions. Of these associations, 15 do not have GLOSTAR
D-configuration radio catalogue counterparts. These are likely
involved in extended emission seen through the D-configuration .
Conversely, 45 sources have GLOSTAR radio counterparts but
no CORNISH counterparts. A future analysis of the sources’
spectral index can provide further insight on the astrophysical
nature of the remaining continuum sources (Medina et al., in
prep.).

We show in Fig. 22 the maser flux density as a function of
continuum flux density, using the CORNISH catalogue to sup-
plement the GLOSTAR radio continuum catalogue, where we
used the flux from GLOSTAR where available. The Spearman’s
rank coefficient is r = −0.11, with a p-value = 0.32, thereby
showing no correlation between the properties. As discussed
above, we know that there is a positional correlation between
radio sources and methanol masers, however in Fig. 23, we do
not see any relation between the flux of a maser and its proximity
to the radio continuum source (Kolmogorov–Smirnovtest results
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Fig. 23. Methanol maser flux as a function of offset to the peak flux
position of its associated radio continuum source.

of r = −0.11 and p-value = 0.3). If the methanol maser was inti-
mately connected with the radio source, one would expect to
see increasing maser strength with decreasing position offset.
Given that the maser flux and continuum flux show no cor-
relation and that there is no correlation with maser flux and
position offset, this suggests that the mechanisms powering the
two kinds of sources are unrelated as expected, despite there
being a positional correlation.

5.3. Luminosity function

Given that the 6.7 GHz methanol maser is a tracer of HMSF,
a luminosity function of these sources would allow us to com-
pare the amount of HMSF in the Milky Way and other nearby
Galaxies. Studies have shown that the luminosity function for
these masers cannot be fit by a single power law but may be
fit with a broken power law (Pestalozzi et al. 2007; Pandian
et al. 2009; Green & McClure-Griffiths 2011). As discussed in
Sect. 4.3, we have allocated distances to the maser sources using
a Bayesian distance estimator as well as ATLASGAL clump
velocities. However, if we were to use only the sources with an
ATLASGAL association to determine the luminosity function,
we would be biased towards sources with higher luminosities.
This is evident in Fig. 24, which shows a clear fractional dif-
ference in the number of sources in the lower luminosity bins
compared to the full sample to ATLASGAL CSC only sources.
While a CDF of these two samples would show that they are
not statistically distinct, which is to be expected, we do find
that in examining the right panel of Fig. 24, we see that there
is a statistical difference in maser properties between the sources
with ATLASGAL counterparts and those without (Kolmogorov–
Smirnov test result of r = 0.74 and p-value� 0.0013). As such,
we chose to use the full sample. In Fig. 25, we plot the luminos-
ity as a function of heliocentric distance. As expected, the new
maser detections cover the lower luminosity ranges for a given
distance. This also allows us to determine the completeness level.
Given a minimum flux, we can calculate the minimum luminos-
ity of a maser we can detect for a given heliocentric distance.
This, in turn, can be turned around to give the maximum dis-
tance at which a maser of a given luminosity can be detected.
Then, within the limits of the survey coverage, the fraction of
the Milky Way disk covered at a given distance will give us the

completeness that has been normalised over the survey area. This
is shown in the luminosity function in Fig. 26. We find that we
are 100% complete at 6.9 × 10−7 L�.

We also find that the median luminosity is 3 × 10−6 L� and
this is in agreement with previous studies (e.g. Pandian et al.
2009) that report that the distribution peaks around 10−6 L�.
Our sample size is about six times greater than that of Pandian
et al. (2007, 2009) and, therefore, our median luminosity is sta-
tistically more robust. To characterise the luminosity function,
we used only the luminosity bins for above which we are com-
plete. We simultaneously fit two power laws and found indexes
of 0.08 ± 0.05 for the lower luminosity range and −0.66 ± 0.05
for the higher luminosity range where the turnover has been
determined to be ∼2×10−5 L�. However, we see that while it is
possible to fit a broken power law to the data, we do not sample
well the lower luminosities, as our 100% completeness is around
6.9 × 10−7 L�.

6. Summary and conclusions

In this work, we conduct the most sensitive, unbiased survey
of Class II 6.7 GHz CH3OH masers to date in the region cov-
ered by the GLOSTAR survey in the Galactic plane. A total of
554 masers were detected, with 84 of them being new detections.
Over 50 % of the new detections have fluxes of <0.5 Jy and it
was possible to detect them thanks to the improved sensitivity of
GLOSTAR as compared to other unbiased surveys. A summary
of the main results of this work are as follows:

– In a comparing with the ATLASGAL Compact Source Cat-
alogue (CSC), we find that 65% of the CH3OH masers
are associated with dense gas, with many of the newly
detected masers remaining unassociated. However, a visual
inspection reveals a much higher association rate of 97%,
indicating that many of the new masers are associated with
weak dust emission that is below the sensitivity required for
inclusion in the ATLASGAL CSC.

– The newly detected masers are weaker both in terms of their
maser emission and associated dust emission. This might
indicate they are either more distant than the previously
detected masers or could be associated with lower mass stars
or less evolved stars. Given the lower range of maser lumi-
nosities and the fact that the L/M distribution of the new
masers is consistent with the previous masers, this indicates
that they are more likely to be associated with lower-mass
stars.

– The high correlation between methanol masers and dust
emission and the high bolometric luminosities are consistent
with the picture of methanol masers being associated with
the early stages of high-mass star formation. We derived an
L/M threshold for the onset of the methanol maser emission
of ∼1 L� M−1

� , which is consistent with values determined by
Ortiz-León et al. (2021) based on a study of the Cygnus X
region with GLOSTAR data as well as a previous work on
the MMB catalogue carried out by Billington et al. (2019).

– We find that 12% of the masers are coincident with radio
continuum emission (i.e. <12′′) but in comparing the radio
and maser flux distribution, we find no correlation as a func-
tion of angular offset. This suggests that the mechanisms
powering maser and continuum emission are unrelated.

– We used our sample of masers to construct a luminos-
ity function using a broken power law. Our results agree
with previous studies in that the distribution has a median
luminosity 10−6 L�. We sampled the high-luminosity maser
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Fig. 24. Comparison of the luminosities of sources with and without association with ATLASGAL sources. Left: shown is the distribution of the
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with ATLASGAL where the two samples are not distinct. Right: CDF comparing the sample of luminosities without an ATLASGAL association
to those with where they are seen to be statistically distinct.
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Fig. 25. Maser integrated luminosity as a function of heliocentric
distance marked as black crosses where red crosses highlight the
new maser detections from this work. The blue curve denotes the
5σ luminosity threshold and the dotted blue line corresponds to the
completeness level of 100%.

population with success, but we find we are limited with
respect to the lower-luminosity bins.

This work is the first step in our study of 6.7 GHz
CH3OH masers using GLOSTAR data in the Galactic plane.
Methanol absorption sources have also been detected and a sys-
tematic search is forthcoming. Further study of the properties of
these masers would be best served with higher resolution data
that we will present in future works.
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Appendix A: The strongest new sources

Cutouts of the strongest new 6.7 GHz CH3OH maser detections
at their respective peak velocities. We visually inspected these
sources that should have been detected by the MMB given their
high fluxes. While some sources were probably missed previ-
ously due to its proximity to a stronger maser source, it is likely
maser variability that plays a role in their previous non-detection.

Appendix B: Association of masers with weaker
ATLASGAL emission

We visually inspected all maser positions that were not automat-
ically matched with an ATLASGAL CSC counterpart for dust
emission and find that most of them are still associated with dust.

Appendix C: The spectra of CH3OH masers

Here, we present the spectra for each maser source.
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Fig. A.1: GLOSTAR 6.7 GHz emission maps at the velocity of the maser emission peak of the ten strongest new masers, denoted
by the magenta ‘X’. Red triangles denote the position of known MMB masers. The flux levels were limited to 75% of the maser peak
to better illustrate low intensity features. The white “+” signs show the positions of known compact ATLASGAL sources and the
white contours are from the ATLASGAL 870 µm dust emission map with contour levels at -3, 3, 5, 7, and 10 σ noise levels.
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Fig. A.2: Fig. A.1. continued.
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Fig. B.1: ATLASGAL 870 µm dust continuum cutouts centred on the position of a given maser, shown as a magenta ‘X’. The
white ‘+’ is the position of an ATLASGAL compact source from the compact source catalogue (CSC). The white contours are the
ATLASGAL 1, 2, 3, and 4σ levels, where the red contour is the 5σ level. The left panel shows an example where it is clear that the
methanol maser is associated with dust emission above 5σ, but farther than the 12′′ used for the association. The right panel shows
an example of a weak compact source that shows a maser association, but was not considered for the ATLASGAL CSC. However,
the association with the maser makes a strong argument for the veracity of the weak compact source.
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Fig. C.1: Spectra of 6.7 GHz methanol masers detected with GLOSTAR extracted at the peak pixel. The red dashed line indicates
the ATLASGAL clump velocity (Urquhart et al. 2018, 2022) in case of an associated 870 µm compact source catalog (CSC) source.
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Fig. C.2: Fig. C.1. continued.
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Fig. C.3: Fig. C.1. continued.
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Chapter 5 Appendix

C.1 Sources with multiple components

GLOSTAR 6.7 GHz methanol masers that show multiple maser spots when viewed with
the higher angular resolution B-configuration data are included here.

C.2 Methanol masers with continuum counterparts

Shown are the radio continuum counterparts for the methanol masers in the pilot region
in both the D-configuration and the B-configuration starting with Fig. 5.7.

C.3 The spectra of CH3H masers in B- and D-
configuration

Here, we present the spectra for each maser source in the pilot region using the B-
configuration data compared to the D-configuration data.

C.4 Tables of maser properties

Shown are the full versions of Table 5.2 of the individual maser spot properties in the
B-configuration and Table 5.3 of the calculated maser luminosities in Table C.1 and
Table C.2 respectively.
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Figure C.1: More examples similar to Fig. 5.6 for sources G29.9556–0.0156,
G30.7880+0.2039, and G32.7443–0.0753.
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Figure C.2: Continued from Fig. C.1 for sources G34.2582+0.1534, G34.2839+0.1837,
and G35.1973–0.7428.
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Figure C.3: Continued from Fig. 5.7.
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Figure C.4: Continued from Fig. 5.7.
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Figure C.5: Continued from Fig. 5.7.
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Figure C.6: Continued from Fig. 5.7.
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Figure C.7: Spectra of 6.7 GHz methanol masers detected with GLOSTAR extracted
at the peak pixel. The B-configuration data is the green-dashed line while the D-
configuration data is the black solid line. The vertical red dashed line indicates the
ATLASGAL clump velocity (Urquhart et al. 2018b, 2022) in case of an associated
870µm compact source catalogue (CSC) source.
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Figure C.8: Continued from Fig. C.7.
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Figure C.9: Continued from Fig. C.7.
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Figure C.10: Continued from Fig. C.7.
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Figure C.11: Continued from Fig. C.7.
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Table C.1: The complete version of Table 5.2.

Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes
h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy

(1) (2) (3) (4) (5) (6) (7)
G28.6079+0.0180 18:43:28.5227 -3:50:22.850 106.33 3.30±0.03 3.43±0.06 MMB
G28.6079+0.0180 0.46 0.27 99.49 0.06±0.01 0.19±0.06
G28.6079+0.0180 0.13 0.15 99.67 0.18±0.02 0.18±0.03
G28.6079+0.0180 0.11 0.14 99.85 0.41±0.01 0.40±0.02
G28.6079+0.0180 0.18 0.02 100.03 0.50±0.02 0.51±0.03
G28.6079+0.0180 0.15 0.09 100.21 0.22±0.02 0.40±0.05
G28.6079+0.0180 -0.01 0.15 100.39 0.20±0.02 0.25±0.03
G28.6079+0.0180 0.02 -0.04 100.57 0.23±0.01 0.21±0.02
G28.6079+0.0180 -0.01 0.07 100.75 0.11±0.01 0.12±0.03
G28.6079+0.0180 -0.12 0.00 101.11 0.10±0.02 0.13±0.04
G28.6079+0.0180 0.13 -0.05 101.29 0.15±0.01 0.10±0.02
G28.6079+0.0180 0.04 -0.07 102.37 0.10±0.02 0.21±0.05
G28.6079+0.0180 0.18 0.28 102.55 0.09±0.01 0.07±0.02
G28.6079+0.0180 0.02 -0.13 102.73 0.08±0.02 0.23±0.07
G28.6079+0.0180 0.24 0.10 103.09 0.08±0.02 0.14±0.04
G28.6079+0.0180 0.04 0.02 104.53 0.21±0.02 0.22±0.03
G28.6079+0.0180 0.11 -0.00 104.71 0.09±0.01 0.30±0.06
G28.6079+0.0180 0.00 0.03 106.51 1.63±0.02 1.69±0.04
G28.6079+0.0180 -0.06 0.05 106.87 0.18±0.02 0.26±0.04
G28.6079+0.0180 -0.03 -0.19 107.59 0.22±0.02 0.26±0.04
G28.6079+0.0180 0.02 0.08 107.77 0.30±0.02 0.35±0.04
G28.6079+0.0180 0.69 -0.04 107.95 0.05±0.02 0.10±0.04
G28.6079+0.0180 0.34 0.29 108.13 0.09±0.02 0.09±0.03
G28.7003+0.4065 18:42:15.5642 -3:34:46.822 93.47 0.79±0.02 0.75±0.03 MMB
G28.7003+0.4065 -0.00 0.04 87.89 0.30±0.01 0.27±0.02
G28.7003+0.4065 -0.04 -0.06 88.07 0.31±0.01 0.29±0.02
G28.7003+0.4065 0.04 -0.06 88.25 0.37±0.02 0.43±0.03
G28.7003+0.4065 -0.00 -0.08 88.43 0.19±0.01 0.20±0.02
G28.7003+0.4065 -0.09 -0.10 93.11 0.04±0.01 0.28±0.08
G28.7003+0.4065 0.04 -0.06 93.29 0.26±0.01 0.22±0.02
G28.7003+0.4065 0.02 0.05 93.65 0.35±0.02 0.35±0.03
G28.7003+0.4065 0.01 -0.20 93.83 0.16±0.02 0.16±0.03
G28.7003+0.4065 -0.02 -0.07 94.01 0.55±0.02 0.59±0.03
G28.7003+0.4065 0.00 0.04 94.19 0.47±0.02 0.51±0.03
G28.7003+0.4065 -0.11 0.32 94.37 0.10±0.02 0.31±0.07
G28.7003+0.4065 0.62 0.59 94.55 0.03±0.01 0.53±0.17
G28.7003+0.4065 0.03 0.04 95.45 0.15±0.01 0.15±0.03
G28.7003+0.4065 0.32 0.67 95.63 0.07±0.01 0.35±0.08
G28.8175+0.3649 18:42:37.3481 -3:29:40.907 91.09 5.93±0.03 6.02±0.05 MMB
G28.8175+0.3649 -0.11 -0.06 87.67 1.25±0.03 1.28±0.05
G28.8175+0.3649 -0.04 -0.06 88.03 0.99±0.03 1.09±0.05
G28.8175+0.3649 -0.08 0.02 88.21 0.33±0.02 0.43±0.05
G28.8175+0.3649 -0.13 -0.03 88.57 0.41±0.03 0.59±0.08
G28.8175+0.3649 -0.05 -0.02 88.75 0.23±0.02 0.37±0.04



184 Appendix C. Chapter 5 Appendix

Continuation
of Table C.1
Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G28.8175+0.3649 -0.18 0.10 88.93 0.07±0.01 0.16±0.04
G28.8175+0.3649 0.04 0.10 89.11 0.13±0.01 0.16±0.03
G28.8175+0.3649 0.01 0.05 89.29 0.10±0.01 0.11±0.03
G28.8175+0.3649 -0.10 -0.00 89.47 0.48±0.02 0.49±0.03
G28.8175+0.3649 0.04 -0.03 89.65 1.53±0.02 1.57±0.03
G28.8175+0.3649 -0.00 -0.02 89.83 1.87±0.02 1.93±0.04
G28.8175+0.3649 -0.01 -0.03 90.01 2.19±0.02 2.25±0.04
G28.8175+0.3649 0.01 -0.01 90.19 1.36±0.02 1.39±0.03
G28.8175+0.3649 -0.02 -0.00 90.37 1.68±0.02 1.67±0.04
G28.8175+0.3649 0.01 -0.02 90.55 3.96±0.02 4.02±0.04
G28.8175+0.3649 0.00 -0.01 90.73 5.13±0.02 5.23±0.04
G28.8175+0.3649 0.00 0.00 90.91 5.46±0.02 5.54±0.04
G28.8175+0.3649 0.00 -0.00 91.27 4.47±0.03 4.51±0.05
G28.8175+0.3649 -0.00 -0.00 91.45 5.21±0.02 5.33±0.04
G28.8175+0.3649 -0.00 -0.01 91.63 5.45±0.02 5.63±0.04
G28.8175+0.3649 -0.03 -0.01 91.81 1.89±0.02 1.96±0.03
G28.8175+0.3649 0.00 0.01 91.99 1.29±0.02 1.31±0.03
G28.8175+0.3649 -0.00 -0.00 92.17 1.25±0.02 1.29±0.04
G28.8175+0.3649 -0.00 -0.01 92.35 2.13±0.03 2.20±0.05
G28.8175+0.3649 -0.01 0.01 92.53 3.29±0.02 3.28±0.04
G28.8175+0.3649 -0.00 0.00 92.71 5.13±0.03 5.20±0.05
G28.8175+0.3649 -0.02 0.01 92.89 2.91±0.02 2.95±0.04
G28.8175+0.3649 -0.02 -0.02 93.07 0.52±0.02 0.56±0.04
G28.8175+0.3649 -0.04 0.22 93.25 0.12±0.02 0.26±0.06
G28.8195+0.3543 18:42:39.8201 -3:29:51.561 86.82 0.40±0.02 0.41±0.03 MMB
G28.8195+0.3543 0.16 0.24 86.46 0.10±0.01 0.12±0.03
G28.8195+0.3543 0.11 0.19 86.64 0.21±0.02 0.26±0.03
G28.8195+0.3543 0.04 0.27 87.00 0.19±0.02 0.21±0.03
G28.8195+0.3543 -0.05 0.12 92.76 0.17±0.02 0.38±0.07
G28.8195+0.3543 0.15 0.26 95.28 0.11±0.02 0.19±0.05
G28.8322–0.2528 18:44:51.0880 -3:45:48.372 83.53 63.69±0.20 64.90±0.35 MMB
G28.8322–0.2528 -0.33 0.52 79.39 0.06±0.02 0.30±0.10
G28.8322–0.2528 -0.05 -0.05 79.57 0.32±0.04 0.54±0.09
G28.8322–0.2528 -0.04 -0.11 79.75 0.37±0.04 0.74±0.11
G28.8322–0.2528 -0.06 -0.02 79.93 0.97±0.06 1.34±0.13
G28.8322–0.2528 -0.06 -0.02 80.11 1.90±0.05 2.14±0.10
G28.8322–0.2528 -0.07 -0.04 80.29 1.22±0.05 1.45±0.09
G28.8322–0.2528 -0.07 -0.04 80.47 1.01±0.05 1.26±0.10
G28.8322–0.2528 -0.06 -0.02 80.65 1.10±0.06 1.43±0.12
G28.8322–0.2528 -0.07 -0.03 80.83 0.98±0.05 1.22±0.10
G28.8322–0.2528 -0.02 -0.03 81.01 1.74±0.05 1.88±0.09
G28.8322–0.2528 -0.03 -0.04 81.19 4.57±0.06 4.73±0.12
G28.8322–0.2528 -0.03 -0.03 81.37 5.51±0.06 5.74±0.11
G28.8322–0.2528 -0.03 -0.03 81.55 2.25±0.05 2.41±0.10
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G28.8322–0.2528 -0.02 -0.02 81.73 4.29±0.06 4.46±0.10
G28.8322–0.2528 -0.03 -0.02 81.91 4.88±0.05 5.05±0.09
G28.8322–0.2528 -0.02 0.00 82.09 0.77±0.05 1.00±0.11
G28.8322–0.2528 -0.03 -0.01 82.27 0.42±0.04 0.89±0.13
G28.8322–0.2528 -0.00 0.00 82.45 0.83±0.05 1.04±0.11
G28.8322–0.2528 0.02 0.02 82.63 1.16±0.05 1.37±0.10
G28.8322–0.2528 -0.01 -0.00 82.81 1.87±0.05 2.07±0.10
G28.8322–0.2528 -0.00 -0.01 82.99 6.13±0.07 6.25±0.13
G28.8322–0.2528 0.02 -0.00 83.17 13.90±0.13 13.95±0.23
G28.8322–0.2528 0.01 -0.01 83.35 46.45±0.19 47.25±0.33
G28.8322–0.2528 -0.03 -0.01 83.71 34.74±0.17 35.25±0.30
G28.8322–0.2528 -0.07 0.00 83.89 20.64±0.14 20.71±0.24
G28.8322–0.2528 -0.06 0.01 84.07 6.17±0.09 6.22±0.16
G28.8322–0.2528 -0.08 0.00 84.25 8.10±0.09 8.23±0.15
G28.8322–0.2528 -0.09 0.01 84.43 9.88±0.08 10.09±0.15
G28.8322–0.2528 -0.09 0.01 84.61 3.70±0.07 3.83±0.12
G28.8322–0.2528 -0.12 0.05 84.97 17.28±0.12 17.57±0.21
G28.8322–0.2528 -0.19 0.13 85.33 4.77±0.07 4.89±0.12
G28.8322–0.2528 -0.21 0.15 85.51 6.30±0.08 6.35±0.14
G28.8322–0.2528 -0.21 0.14 85.69 14.73±0.12 14.77±0.22
G28.8322–0.2528 -0.21 0.14 85.87 22.54±0.14 22.81±0.25
G28.8322–0.2528 -0.19 0.11 86.05 4.53±0.06 4.46±0.10
G28.8322–0.2528 -0.08 0.03 86.41 0.14±0.02 0.11±0.03
G28.8322–0.2528 0.05 -0.56 90.01 0.13±0.02 0.53±0.11
G28.8322–0.2528 0.10 -0.29 90.19 0.38±0.04 0.54±0.09
G28.8322–0.2528 0.16 -0.31 90.37 1.88±0.05 1.98±0.08
G28.8322–0.2528 0.17 -0.30 90.55 5.13±0.08 5.19±0.13
G28.8322–0.2528 0.16 -0.30 90.73 21.41±0.14 21.46±0.25
G28.8322–0.2528 0.16 -0.30 90.91 30.05±0.17 30.10±0.30
G28.8322–0.2528 0.15 -0.30 91.09 31.98±0.17 32.20±0.30
G28.8322–0.2528 0.14 -0.30 91.27 23.82±0.15 23.81±0.26
G28.8322–0.2528 0.11 -0.29 91.45 17.29±0.15 17.28±0.26
G28.8322–0.2528 0.11 -0.29 91.63 35.32±0.18 35.71±0.31
G28.8322–0.2528 0.10 -0.28 91.81 62.88±0.21 64.02±0.38
G28.8322–0.2528 0.10 -0.29 91.99 18.54±0.12 18.58±0.22
G28.8322–0.2528 0.08 -0.28 92.17 4.67±0.07 4.67±0.11
G28.8322–0.2528 0.09 -0.30 92.35 2.59±0.06 2.80±0.10
G28.8322–0.2528 0.27 -0.20 92.71 0.09±0.02 0.47±0.10
G28.8322–0.2528 0.51 -0.26 93.97 0.05±0.02 0.31±0.12
G28.8322–0.2528 0.31 0.12 94.33 0.09±0.02 0.07±0.03
G28.8322–0.2528 0.98 -3.10 114.49 0.04±0.01 0.37±0.13
G28.8421+0.4938 18:42:12.5412 -3:24:48.815 82.99 2.64±0.02 2.62±0.04 MMB
G28.8421+0.4938 0.60 -0.33 78.85 0.07±0.01 0.37±0.09
G28.8421+0.4938 0.01 0.13 79.03 0.10±0.02 0.24±0.05
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G28.8421+0.4938 0.17 0.12 79.57 0.11±0.02 0.21±0.05
G28.8421+0.4938 -0.09 0.02 79.75 0.13±0.02 0.17±0.03
G28.8421+0.4938 -0.07 0.06 79.93 0.48±0.02 0.52±0.03
G28.8421+0.4938 -0.10 -0.00 80.11 0.53±0.02 0.55±0.03
G28.8421+0.4938 -0.09 0.07 80.29 0.55±0.01 0.53±0.03
G28.8421+0.4938 -0.05 -0.08 80.47 0.72±0.02 0.73±0.03
G28.8421+0.4938 -0.10 0.00 80.65 1.07±0.02 1.15±0.03
G28.8421+0.4938 -0.12 -0.01 80.83 0.28±0.02 0.35±0.03
G28.8421+0.4938 -0.01 0.01 82.81 0.64±0.02 0.64±0.04
G28.8421+0.4938 0.01 0.00 83.17 1.38±0.03 1.39±0.05
G28.8421+0.4938 -0.00 -0.01 83.35 1.78±0.02 1.80±0.03
G28.8421+0.4938 -0.00 0.02 83.53 0.72±0.02 0.74±0.03
G28.8421+0.4938 -0.07 -0.12 83.71 0.21±0.02 0.35±0.04
G28.8421+0.4938 0.11 -0.19 83.89 0.09±0.02 0.14±0.04
G28.8421+0.4938 -0.07 0.10 84.07 0.13±0.01 0.10±0.02
G28.8421+0.4938 0.29 -0.08 84.25 0.05±0.01 0.43±0.13
G28.8421+0.4938 -0.22 -0.29 84.79 0.06±0.01 0.11±0.04
G28.8421+0.4938 0.03 -0.20 86.41 0.12±0.02 0.20±0.06
G28.8421+0.4938 -0.00 -0.16 86.59 0.11±0.02 0.18±0.04
G28.8421+0.4938 0.05 -0.19 87.13 0.08±0.02 0.20±0.06
G28.8421+0.4938 0.05 -0.16 87.31 0.25±0.02 0.31±0.03
G28.8421+0.4938 -0.05 -0.09 87.49 0.45±0.02 0.55±0.04
G28.8421+0.4938 -0.02 -0.13 87.67 0.61±0.02 0.59±0.03
G28.8421+0.4938 -0.02 -0.11 87.85 1.75±0.02 1.77±0.04
G28.8421+0.4938 -0.04 -0.10 88.03 1.33±0.02 1.31±0.03
G28.8421+0.4938 0.23 -0.37 88.75 0.04±0.01 0.20±0.06
G28.8421+0.4938 -0.03 -0.24 88.93 0.14±0.01 0.14±0.03
G28.8429+0.4936 18:42:12.6212 -3:24:46.827 85.69 1.40±0.03 1.43±0.05 G28.8421+0.4938b

G28.8429+0.4936 -0.13 -0.23 85.15 0.10±0.02 0.39±0.09
G28.8429+0.4936 0.01 0.03 85.51 0.38±0.03 0.45±0.06
G28.8429+0.4936 -0.02 0.02 85.87 1.03±0.02 1.09±0.03
G28.8429+0.4936 0.01 -0.00 86.05 0.44±0.02 0.58±0.05
G28.8429+0.4936 1.17 0.95 86.23 0.03±0.01 0.82±0.29
G28.8429+0.4936 -0.17 -0.09 89.47 0.09±0.02 0.18±0.05
G28.8429+0.4936 -0.02 0.05 89.65 0.21±0.01 0.23±0.03
G28.8429+0.4936 0.57 0.51 92.71 0.06±0.01 0.28±0.07
G28.8429+0.4936 -0.08 0.14 92.89 0.10±0.02 0.10±0.03
G28.8481–0.2279 18:44:47.4594 -3:44:17.163 102.64 1.76±0.06 2.06±0.12 MMB
G28.8481–0.2279 0.21 -0.07 99.22 0.06±0.02 0.17±0.06
G28.8481–0.2279 0.68 -0.29 99.40 0.06±0.02 0.15±0.06
G28.8481–0.2279 0.13 0.02 99.58 0.10±0.02 0.57±0.14
G28.8481–0.2279 0.03 0.05 99.76 0.33±0.04 0.75±0.11
G28.8481–0.2279 0.05 -0.03 99.94 0.83±0.06 1.23±0.13
G28.8481–0.2279 0.06 -0.00 100.12 1.19±0.05 1.53±0.11
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G28.8481–0.2279 0.07 -0.02 100.30 1.23±0.05 1.40±0.09
G28.8481–0.2279 0.05 -0.04 100.48 1.55±0.05 1.79±0.10
G28.8481–0.2279 0.06 -0.05 100.66 0.48±0.05 0.77±0.12
G28.8481–0.2279 0.04 -0.08 100.84 0.34±0.04 0.76±0.13
G28.8481–0.2279 0.09 -0.01 101.02 0.60±0.06 1.01±0.15
G28.8481–0.2279 0.06 -0.01 101.20 0.90±0.07 1.40±0.15
G28.8481–0.2279 0.06 -0.00 101.38 0.52±0.05 0.96±0.15
G28.8481–0.2279 0.07 0.02 101.56 0.29±0.03 0.40±0.07
G28.8481–0.2279 -0.08 -0.11 101.74 0.11±0.02 0.32±0.06
G28.8481–0.2279 -0.03 -0.05 101.92 0.21±0.03 0.31±0.06
G28.8481–0.2279 0.04 0.01 102.10 0.42±0.05 0.81±0.12
G28.8481–0.2279 0.03 0.02 102.28 0.17±0.03 0.72±0.13
G28.8481–0.2279 -0.01 -0.09 102.46 0.42±0.05 1.06±0.17
G28.8481–0.2279 -0.01 -0.02 102.82 1.63±0.06 1.95±0.12
G28.8481–0.2279 -0.00 -0.03 103.00 0.84±0.06 1.16±0.12
G28.8481–0.2279 0.00 -0.01 103.18 0.84±0.06 1.16±0.13
G28.8481–0.2279 0.03 0.02 103.36 0.46±0.05 0.83±0.13
G28.8621+0.0660 18:43:46.2196 -3:35:29.809 104.89 1.05±0.02 1.03±0.03 MMB
G28.8621+0.0660 -0.00 0.00 104.71 0.81±0.02 0.88±0.04
G28.8621+0.0660 -0.00 -0.03 105.07 0.68±0.02 0.75±0.03
G28.8621+0.0660 0.04 0.03 105.25 0.35±0.02 0.34±0.03
G28.0113–0.4263 18:43:57.9674 -4:34:24.114 17.00 4.61±0.03 4.70±0.06 MMB
G28.0113–0.4263 0.12 0.02 15.74 0.30±0.02 0.30±0.03
G28.0113–0.4263 0.01 0.03 15.92 2.58±0.02 2.64±0.04
G28.0113–0.4263 0.01 0.01 16.10 3.61±0.03 3.63±0.05
G28.0113–0.4263 0.02 0.02 16.28 3.00±0.03 2.96±0.05
G28.0113–0.4263 -0.00 0.02 16.46 1.86±0.02 1.83±0.04
G28.0113–0.4263 0.01 -0.03 16.64 1.83±0.03 1.77±0.05
G28.0113–0.4263 0.00 0.01 16.82 3.93±0.03 3.97±0.05
G28.0113–0.4263 -0.01 -0.01 17.18 1.68±0.02 1.73±0.04
G28.0113–0.4263 0.01 0.04 17.54 0.40±0.02 0.40±0.03
G28.0113–0.4263 0.08 0.13 17.72 0.68±0.02 0.67±0.04
G28.0113–0.4263 0.14 0.10 17.90 0.38±0.02 0.41±0.03
G28.0113–0.4263 0.00 0.09 18.80 0.15±0.02 0.39±0.08
G28.0113–0.4263 -0.33 0.04 18.98 0.08±0.02 0.39±0.11
G28.0113–0.4263 0.04 0.10 19.16 0.23±0.02 0.20±0.03
G28.0113–0.4263 0.09 0.05 23.30 0.71±0.02 0.70±0.03
G28.0113–0.4263 0.10 0.03 23.48 1.04±0.02 1.08±0.04
G28.0113–0.4263 0.16 0.01 23.66 0.65±0.02 0.65±0.03
G28.0113–0.4263 0.10 -0.05 23.84 0.76±0.02 0.80±0.03
G28.0113–0.4263 0.22 -0.04 24.20 0.10±0.02 0.11±0.04
G28.0113–0.4263 -0.27 0.38 24.38 0.04±0.02 0.28±0.13
G28.0113–0.4263 0.14 -0.01 24.56 1.56±0.02 1.62±0.04
G28.0113–0.4263 0.11 -0.00 24.74 1.18±0.02 1.19±0.04
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G28.0113–0.4263 0.12 -0.00 24.92 0.37±0.02 0.38±0.03
G28.0113–0.4263 0.16 0.20 25.10 0.22±0.02 0.30±0.05
G28.0113–0.4263 0.21 0.02 25.28 0.33±0.02 0.32±0.03
G28.0113–0.4263 0.13 0.02 25.46 0.58±0.02 0.63±0.04
G28.0113–0.4263 0.29 0.15 25.64 0.09±0.01 0.23±0.05
G28.0113–0.4263 0.09 -0.04 25.82 0.45±0.02 0.44±0.04
G28.0113–0.4263 0.14 -0.15 26.00 0.17±0.02 0.21±0.04
G28.0113–0.4263 0.14 -0.02 27.62 0.23±0.02 0.25±0.04
G28.0113–0.4263 0.10 -0.00 27.80 0.40±0.02 0.49±0.04
G28.0113–0.4263 0.14 -0.01 27.98 0.50±0.02 0.57±0.04
G28.0113–0.4263 0.12 0.02 28.16 0.36±0.02 0.36±0.03
G28.0113–0.4263 0.17 -0.07 28.34 0.26±0.02 0.24±0.03
G28.0113–0.4263 0.26 -0.21 28.52 0.09±0.01 0.16±0.04
G28.9285+0.0191 18:44:03.4968 -3:33:13.537 47.48 0.26±0.02 0.29±0.05 NEW
G28.9285+0.0191 -0.18 -0.20 47.12 0.07±0.01 0.12±0.04
G28.9285+0.0191 0.05 0.07 47.30 0.13±0.02 0.21±0.05
G28.9285+0.0191 0.09 0.03 47.66 0.19±0.02 0.17±0.03
G28.1467–0.0045 18:42:42.5894 -4:15:35.119 101.12 29.54±0.19 30.60±0.35 MMB
G28.1467–0.0045 -0.55 -0.48 91.76 0.07±0.02 0.34±0.10
G28.1467–0.0045 -0.26 -0.24 91.94 0.13±0.02 0.40±0.08
G28.1467–0.0045 0.06 -0.23 92.48 0.19±0.02 0.20±0.03
G28.1467–0.0045 -0.04 -0.13 92.66 0.26±0.02 0.34±0.03
G28.1467–0.0045 0.01 -0.11 94.28 0.06±0.01 0.28±0.09
G28.1467–0.0045 -0.01 0.09 98.24 0.07±0.02 0.09±0.03
G28.1467–0.0045 0.17 -0.14 98.42 0.14±0.02 0.21±0.05
G28.1467–0.0045 -0.01 -0.13 98.60 0.50±0.02 0.51±0.04
G28.1467–0.0045 -0.06 -0.05 98.78 0.40±0.02 0.42±0.04
G28.1467–0.0045 0.06 -0.13 98.96 0.40±0.02 0.37±0.03
G28.1467–0.0045 0.03 -0.08 99.14 0.93±0.02 0.95±0.04
G28.1467–0.0045 0.04 -0.06 99.32 1.89±0.03 1.97±0.05
G28.1467–0.0045 0.23 -0.75 99.50 0.07±0.02 0.42±0.14
G28.1467–0.0045 0.03 -0.06 99.68 2.25±0.04 2.38±0.06
G28.1467–0.0045 0.02 -0.05 99.86 2.91±0.03 3.00±0.06
G28.1467–0.0045 0.03 -0.06 100.04 1.43±0.03 1.43±0.05
G28.1467–0.0045 0.02 -0.04 100.22 1.99±0.03 2.00±0.05
G28.1467–0.0045 0.03 -0.06 100.40 1.66±0.04 1.67±0.06
G28.1467–0.0045 0.02 -0.05 100.58 5.05±0.06 5.07±0.11
G28.1467–0.0045 0.01 -0.02 100.76 12.44±0.11 12.76±0.19
G28.1467–0.0045 0.01 -0.01 100.94 25.33±0.17 26.27±0.31
G28.1467–0.0045 -0.02 0.03 101.30 15.83±0.13 16.30±0.24
G28.1467–0.0045 -0.01 -0.00 101.48 2.80±0.04 2.91±0.08
G28.1467–0.0045 0.03 -0.11 101.84 0.45±0.03 0.59±0.05
G28.1467–0.0045 -0.16 -0.20 102.20 0.13±0.02 0.20±0.06
G28.1467–0.0045 -0.12 -0.05 102.56 0.09±0.02 0.39±0.10
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of Table C.1
Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G28.1467–0.0045 0.02 -0.13 102.92 0.32±0.03 0.46±0.07
G28.1467–0.0045 0.09 -0.12 103.10 1.27±0.03 1.28±0.05
G28.1467–0.0045 0.08 -0.10 103.28 3.93±0.05 4.04±0.08
G28.1467–0.0045 0.10 -0.10 103.46 2.49±0.04 2.52±0.06
G28.1467–0.0045 0.04 -0.04 103.82 0.79±0.02 0.82±0.04
G28.1467–0.0045 0.03 -0.05 104.00 2.72±0.04 2.79±0.07
G28.1467–0.0045 0.05 -0.06 104.18 1.76±0.03 1.87±0.06
G28.1467–0.0045 -0.05 -0.12 104.36 0.30±0.02 0.29±0.04
G28.1467–0.0045 0.06 -0.06 104.54 1.45±0.03 1.45±0.06
G28.1467–0.0045 0.04 -0.07 104.72 4.91±0.05 5.06±0.08
G28.2006–0.0495 18:42:58.1005 -4:13:57.524 98.69 2.45±0.04 2.60±0.07 MMB
G28.2006–0.0495 0.53 -0.31 94.01 0.11±0.02 0.11±0.03
G28.2006–0.0495 0.64 -0.25 94.19 0.10±0.02 0.47±0.09
G28.2006–0.0495 0.49 -0.40 94.37 0.32±0.02 0.43±0.04
G28.2006–0.0495 0.48 -0.44 94.55 0.91±0.03 1.11±0.05
G28.2006–0.0495 0.48 -0.41 94.73 0.81±0.03 1.02±0.06
G28.2006–0.0495 0.38 -0.36 94.91 0.51±0.02 0.64±0.05
G28.2006–0.0495 0.35 -0.32 95.09 0.32±0.02 0.51±0.05
G28.2006–0.0495 0.29 -0.38 95.27 0.14±0.02 0.43±0.08
G28.2006–0.0495 0.46 -0.32 95.45 0.13±0.02 0.39±0.08
G28.2006–0.0495 0.53 -0.60 95.63 0.13±0.02 0.43±0.07
G28.2006–0.0495 0.19 -0.65 95.81 0.08±0.02 0.31±0.08
G28.2006–0.0495 0.14 -0.30 95.99 0.10±0.02 0.29±0.07
G28.2006–0.0495 0.04 -0.20 96.17 0.12±0.02 0.20±0.04
G28.2006–0.0495 0.08 -0.32 96.35 0.14±0.02 0.25±0.05
G28.2006–0.0495 -0.00 -0.27 96.53 0.16±0.02 0.39±0.06
G28.2006–0.0495 0.05 -0.25 96.71 0.34±0.02 0.50±0.05
G28.2006–0.0495 0.18 -0.40 96.89 0.80±0.03 0.94±0.05
G28.2006–0.0495 0.28 -0.45 97.07 2.09±0.03 2.33±0.05
G28.2006–0.0495 0.30 -0.47 97.25 2.17±0.03 2.43±0.06
G28.2006–0.0495 0.23 -0.42 97.43 1.44±0.03 1.69±0.05
G28.2006–0.0495 0.23 -0.42 97.61 0.99±0.03 1.17±0.05
G28.2006–0.0495 0.26 -0.44 97.79 0.50±0.02 0.63±0.05
G28.2006–0.0495 0.32 -0.40 97.97 0.13±0.02 0.28±0.06
G28.2006–0.0495 -0.04 -0.35 98.15 0.11±0.02 0.25±0.05
G28.2006–0.0495 0.68 -0.84 98.33 0.06±0.02 0.30±0.09
G28.2006–0.0495 0.02 -0.06 98.51 0.77±0.03 1.04±0.07
G28.2006–0.0495 0.00 0.00 98.87 1.46±0.03 1.57±0.05
G28.2006–0.0495 0.00 0.06 99.05 1.00±0.02 1.19±0.05
G28.2006–0.0495 0.01 0.02 99.23 0.48±0.02 0.61±0.05
G28.2006–0.0495 0.48 -0.15 99.41 0.10±0.01 0.30±0.06
G28.2006–0.0495 0.62 -0.30 99.59 0.07±0.02 0.23±0.08
G28.2006–0.0495 0.68 -0.56 99.77 0.21±0.03 0.46±0.09
G28.2006–0.0495 0.65 -0.66 99.95 0.58±0.03 0.68±0.05
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of Table C.1
Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G28.2006–0.0495 0.67 -0.51 100.13 0.52±0.02 0.58±0.05
G28.2006–0.0495 0.76 -0.55 100.31 0.24±0.03 0.36±0.06
G28.2006–0.0495 0.85 -0.39 100.49 0.09±0.02 0.29±0.08
G28.2006–0.0495 0.78 -0.48 101.57 0.11±0.02 0.26±0.06
G28.2006–0.0495 0.85 -0.44 101.75 0.11±0.02 0.52±0.12
G28.2006–0.0495 0.67 -0.52 101.93 0.27±0.02 0.30±0.04
G28.2006–0.0495 0.62 -0.60 102.11 0.14±0.02 0.29±0.07
G28.2006–0.0495 0.71 -0.43 102.29 0.11±0.02 0.17±0.04
G28.2006–0.0495 0.90 -0.24 102.47 0.05±0.01 0.21±0.07
G28.2006–0.0495 0.35 -0.83 119.03 0.04±0.02 0.28±0.11
G28.2820–0.3585 18:44:13.2568 -4:18:04.817 41.41 4.15±0.03 4.15±0.05 MMB
G28.2820–0.3585 -0.00 -0.02 40.87 2.12±0.02 2.07±0.04
G28.2820–0.3585 0.00 -0.00 41.05 4.02±0.03 4.00±0.04
G28.2820–0.3585 -0.01 -0.03 41.23 1.50±0.03 1.47±0.04
G28.2820–0.3585 -0.01 -0.01 41.59 2.03±0.02 2.06±0.04
G28.2820–0.3585 -0.08 0.01 42.49 0.23±0.02 0.36±0.05
G28.2820–0.3585 -0.07 -0.05 42.67 0.91±0.02 0.95±0.03
G28.2820–0.3585 -0.05 -0.07 42.85 0.76±0.02 0.79±0.03
G28.2820–0.3585 -0.18 -0.07 43.03 0.24±0.02 0.26±0.03
G28.3047–0.3877 18:44:21.9666 -4:17:39.892 81.83 41.06±0.09 42.83±0.17 MMB
G28.3047–0.3877 -0.19 0.23 79.49 0.07±0.02 0.44±0.14
G28.3047–0.3877 0.06 0.18 79.67 1.04±0.03 1.19±0.06
G28.3047–0.3877 0.00 0.19 79.85 2.27±0.03 2.39±0.05
G28.3047–0.3877 0.00 0.18 80.03 1.41±0.02 1.58±0.05
G28.3047–0.3877 -0.03 0.12 80.21 0.32±0.02 0.43±0.05
G28.3047–0.3877 -0.01 0.13 80.39 1.89±0.02 1.98±0.04
G28.3047–0.3877 -0.02 0.07 80.57 1.48±0.03 1.58±0.05
G28.3047–0.3877 0.01 -0.03 80.75 1.92±0.03 1.96±0.05
G28.3047–0.3877 0.01 0.02 80.93 4.40±0.03 4.56±0.06
G28.3047–0.3877 0.01 0.02 81.11 4.70±0.05 4.72±0.08
G28.3047–0.3877 0.00 0.01 81.29 11.53±0.06 11.70±0.11
G28.3047–0.3877 0.01 0.00 81.47 17.27±0.06 17.91±0.12
G28.3047–0.3877 -0.01 -0.04 81.65 4.85±0.06 4.55±0.11
G28.3047–0.3877 0.00 -0.02 82.01 16.62±0.08 16.72±0.14
G28.3047–0.3877 0.01 -0.01 82.19 33.69±0.09 34.99±0.16
G28.3047–0.3877 0.01 -0.01 82.37 20.85±0.07 21.61±0.12
G28.3047–0.3877 -0.00 0.08 82.55 2.05±0.04 1.96±0.07
G28.3047–0.3877 -0.00 0.03 82.73 3.99±0.03 4.07±0.06
G28.3047–0.3877 -0.01 0.02 82.91 6.14±0.04 6.31±0.08
G28.3047–0.3877 -0.01 0.06 83.09 4.89±0.04 5.02±0.07
G28.3047–0.3877 -0.03 0.14 83.27 3.40±0.03 3.49±0.05
G28.3047–0.3877 -0.01 0.20 83.45 0.92±0.02 0.97±0.04
G28.3047–0.3877 -0.06 0.07 83.63 0.24±0.03 0.45±0.08
G28.3047–0.3877 -0.04 0.37 83.81 0.09±0.01 0.08±0.02
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G28.3047–0.3877 -0.03 0.09 83.99 0.12±0.02 0.53±0.12
G28.3047–0.3877 0.00 -0.04 84.17 0.10±0.02 0.38±0.09
G28.3047–0.3877 -0.46 -0.13 84.35 0.08±0.02 0.61±0.13
G28.3047–0.3877 -0.18 -0.35 84.53 0.08±0.01 0.37±0.08
G28.3047–0.3877 -0.09 0.09 84.71 0.09±0.02 0.28±0.08
G28.3047–0.3877 0.19 0.03 92.27 2.77±0.03 2.88±0.06
G28.3047–0.3877 0.19 0.03 92.45 6.78±0.05 6.84±0.09
G28.3047–0.3877 0.19 0.03 92.63 7.38±0.05 7.46±0.08
G28.3047–0.3877 0.19 0.03 92.81 3.89±0.03 3.95±0.06
G28.3047–0.3877 0.19 0.09 92.99 0.98±0.02 1.04±0.05
G28.3047–0.3877 0.18 0.02 93.17 1.55±0.03 1.59±0.05
G28.3047–0.3877 0.18 0.05 93.35 2.07±0.02 2.12±0.04
G28.3047–0.3877 0.18 0.05 93.53 3.53±0.03 3.59±0.06
G28.3047–0.3877 0.18 0.05 93.71 4.41±0.03 4.54±0.06
G28.3047–0.3877 0.19 0.06 93.89 2.31±0.03 2.40±0.05
G28.3211–0.0110 18:43:03.1180 -4:06:27.140 104.62 2.25±0.03 2.26±0.04 MMB
G28.3211–0.0110 -0.45 0.11 96.52 0.19±0.02 0.25±0.04
G28.3211–0.0110 -0.65 0.09 96.70 0.39±0.02 0.47±0.04
G28.3211–0.0110 -0.64 0.10 97.60 0.14±0.03 0.27±0.08
G28.3211–0.0110 -0.11 0.02 102.28 0.06±0.02 0.38±0.14
G28.3211–0.0110 0.11 -0.01 102.46 0.24±0.02 0.35±0.05
G28.3211–0.0110 -0.04 -0.01 102.64 0.93±0.03 0.98±0.06
G28.3211–0.0110 -0.04 -0.02 102.82 0.54±0.02 0.60±0.04
G28.3211–0.0110 -0.10 0.21 103.18 0.13±0.02 0.21±0.05
G28.3211–0.0110 -0.01 0.00 103.36 0.24±0.02 0.27±0.04
G28.3211–0.0110 0.11 0.03 103.54 0.33±0.03 0.44±0.06
G28.3211–0.0110 0.04 0.02 103.72 0.54±0.03 0.54±0.04
G28.3211–0.0110 -0.00 0.02 103.90 0.40±0.03 0.44±0.05
G28.3211–0.0110 0.01 0.01 104.08 0.61±0.02 0.59±0.04
G28.3211–0.0110 0.02 -0.06 104.26 0.28±0.03 0.35±0.05
G28.3211–0.0110 -0.01 -0.00 104.44 1.99±0.03 2.08±0.05
G28.3211–0.0110 -0.06 -0.04 104.80 0.74±0.03 0.80±0.05
G28.3211–0.0110 0.01 -0.03 104.98 0.35±0.02 0.35±0.03
G28.3211–0.0110 -0.42 -0.42 105.16 0.08±0.02 0.61±0.15
G28.3972+0.0803 18:42:51.9823 -3:59:54.490 71.44 17.40±0.04 18.21±0.06 MMB
G28.3972+0.0803 0.25 -0.12 68.20 0.07±0.02 0.32±0.09
G28.3972+0.0803 -0.02 -0.13 68.38 0.61±0.02 0.63±0.04
G28.3972+0.0803 0.09 -0.09 68.56 0.45±0.02 0.48±0.03
G28.3972+0.0803 -0.02 -0.13 68.74 1.17±0.02 1.18±0.03
G28.3972+0.0803 -0.01 -0.12 68.92 0.41±0.02 0.43±0.03
G28.3972+0.0803 0.00 -0.13 69.10 3.49±0.02 3.54±0.03
G28.3972+0.0803 0.01 -0.12 69.28 3.63±0.02 3.62±0.04
G28.3972+0.0803 -0.02 -0.11 69.46 0.91±0.02 0.91±0.03
G28.3972+0.0803 -0.03 -0.10 69.64 0.56±0.02 0.55±0.03
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G28.3972+0.0803 0.03 -0.11 69.82 1.27±0.02 1.27±0.03
G28.3972+0.0803 -0.02 -0.12 70.00 0.60±0.02 0.58±0.03
G28.3972+0.0803 0.02 -0.09 70.18 2.82±0.02 2.90±0.03
G28.3972+0.0803 0.04 -0.11 70.36 3.22±0.03 3.30±0.05
G28.3972+0.0803 0.03 -0.08 70.54 0.68±0.02 0.74±0.04
G28.3972+0.0803 0.02 -0.15 70.72 0.79±0.02 0.79±0.03
G28.3972+0.0803 0.02 -0.10 70.90 2.41±0.02 2.49±0.04
G28.3972+0.0803 -0.03 -0.31 71.08 0.72±0.02 0.63±0.04
G28.3972+0.0803 0.00 -0.02 71.26 10.64±0.03 11.05±0.06
G28.3972+0.0803 -0.01 0.01 71.62 1.90±0.02 1.93±0.04
G28.3972+0.0803 0.01 -0.02 71.80 4.01±0.02 4.16±0.04
G28.3972+0.0803 0.01 -0.02 71.98 2.46±0.02 2.50±0.04
G28.3972+0.0803 -0.00 -0.04 72.16 2.94±0.02 2.97±0.04
G28.3972+0.0803 -0.00 0.03 72.34 2.73±0.02 2.77±0.04
G28.3972+0.0803 0.01 0.06 72.52 5.21±0.02 5.32±0.04
G28.3972+0.0803 0.01 0.08 72.70 2.34±0.02 2.38±0.03
G28.3972+0.0803 -0.00 0.08 72.88 0.75±0.02 0.83±0.04
G28.3972+0.0803 -0.22 -0.34 77.74 0.09±0.02 0.30±0.07
G28.3972+0.0803 -0.10 -0.50 77.92 0.08±0.01 0.17±0.04
G28.3972+0.0803 -0.16 -0.11 78.10 0.11±0.02 0.21±0.04
G28.3972+0.0803 -0.13 -0.18 78.28 0.32±0.02 0.34±0.03
G28.3972+0.0803 -0.10 -0.13 78.46 1.53±0.02 1.57±0.03
G28.3972+0.0803 -0.16 -0.09 78.64 0.64±0.02 0.68±0.03
G28.3972+0.0803 -0.08 -0.05 79.54 0.42±0.02 0.40±0.03
G28.3972+0.0803 -0.10 -0.07 79.72 0.45±0.02 0.47±0.03
G28.3972+0.0803 -0.09 -0.07 79.90 0.63±0.02 0.67±0.03
G28.3972+0.0803 -0.06 -0.04 80.26 0.18±0.02 0.23±0.03
G28.3972+0.0803 -0.18 -0.00 80.62 2.18±0.02 2.26±0.04
G28.3972+0.0803 -0.15 -0.03 80.80 5.75±0.02 5.93±0.04
G28.3972+0.0803 -0.06 -0.11 81.16 1.05±0.02 1.14±0.04
G28.3972+0.0803 -0.08 -0.10 81.34 0.60±0.02 0.59±0.03
G28.3972+0.0803 -0.08 -0.12 81.52 1.16±0.02 1.14±0.03
G28.3972+0.0803 -0.07 -0.11 81.70 2.24±0.02 2.24±0.04
G28.3972+0.0803 -0.08 -0.08 81.88 0.55±0.02 0.56±0.03
G28.3972+0.0803 -0.11 -0.12 82.06 0.18±0.02 0.19±0.03
G28.3972+0.0803 0.01 -0.28 82.24 0.08±0.02 0.17±0.05
G28.5228+0.1270 18:42:55.8843 -3:51:55.437 39.48 5.75±0.03 5.74±0.05 MMB
G28.5228+0.1270 0.01 0.12 38.94 0.18±0.02 0.22±0.03
G28.5228+0.1270 -0.00 0.00 39.30 2.81±0.02 2.81±0.03
G28.5228+0.1270 0.00 0.02 39.66 2.07±0.02 2.07±0.04
G28.5228+0.1270 -0.02 0.03 39.84 1.54±0.02 1.57±0.04
G28.5228+0.1270 0.26 0.37 40.02 0.07±0.02 0.42±0.11
G28.5322+0.1287 18:42:56.4996 -3:51:21.584 27.03 1.98±0.02 2.04±0.03 MMB
G28.5322+0.1287 0.01 -0.20 21.27 0.06±0.01 0.19±0.06
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G28.5322+0.1287 -0.02 0.09 23.79 0.14±0.01 0.13±0.02
G28.5322+0.1287 -0.00 0.06 24.33 0.27±0.01 0.27±0.02
G28.5322+0.1287 0.06 -0.06 24.51 0.07±0.01 0.06±0.02
G28.5322+0.1287 0.01 -0.02 24.69 0.15±0.02 0.17±0.03
G28.5322+0.1287 0.03 -0.12 24.87 0.23±0.02 0.35±0.04
G28.5322+0.1287 0.20 -0.32 25.05 0.05±0.01 0.42±0.09
G28.5322+0.1287 0.06 -0.02 26.67 0.19±0.02 0.15±0.03
G28.5322+0.1287 0.01 -0.01 26.85 1.29±0.01 1.30±0.03
G28.5322+0.1287 0.01 -0.00 27.21 0.89±0.01 0.89±0.03
G28.5322+0.1287 -0.01 -0.04 27.39 0.45±0.02 0.48±0.03
G28.5322+0.1287 -0.03 0.02 27.57 0.42±0.02 0.49±0.03
G28.5322+0.1287 0.03 -0.08 27.75 0.44±0.02 0.43±0.03
G28.5322+0.1287 -0.02 -0.06 27.93 0.16±0.02 0.15±0.03
G28.5322+0.1287 0.02 -0.13 28.83 0.10±0.01 0.08±0.02
G28.5322+0.1287 0.39 -0.15 29.55 0.08±0.02 0.14±0.04
G29.9556–0.0163 18:46:03.7889 -2:39:22.121 100.31 13.59±0.16 14.19±0.30 G29.9556–0.0156b

G29.9556–0.0163 -0.17 -0.09 99.23 2.38±0.11 3.53±0.26
G29.9556–0.0163 -0.11 -0.03 99.41 1.55±0.08 2.19±0.18
G29.9556–0.0163 -0.05 -0.02 99.59 1.93±0.08 2.34±0.16
G29.9556–0.0163 -0.03 0.01 99.77 3.46±0.09 3.85±0.18
G29.9556–0.0163 -0.03 0.01 99.95 7.52±0.13 8.04±0.24
G29.9556–0.0163 -0.01 0.02 100.13 13.30±0.17 13.78±0.30
G29.9556–0.0163 -0.02 0.00 100.49 5.99±0.12 6.32±0.21
G29.9556–0.0163 -0.04 -0.05 100.67 1.17±0.08 1.50±0.17
G29.9556–0.0163 -0.05 -0.02 100.85 0.51±0.06 0.90±0.15
G29.9556–0.0163 0.33 0.03 101.03 0.52±0.06 0.90±0.16
G29.9556–0.0163 0.38 0.13 101.21 0.98±0.10 1.48±0.22
G29.9556–0.0163 0.42 0.08 101.39 0.59±0.07 0.87±0.17
G29.9556–0.0163 0.27 0.31 101.57 0.25±0.05 0.34±0.11
G29.2815–0.3295 18:45:56.8521 -3:23:56.312 92.26 3.46±0.03 3.55±0.05 YAN19
G29.2815–0.3295 0.09 0.13 91.72 0.13±0.02 0.17±0.04
G29.2815–0.3295 0.03 0.01 91.90 0.30±0.02 0.32±0.04
G29.2815–0.3295 0.01 -0.03 92.08 1.60±0.02 1.65±0.04
G29.2815–0.3295 -0.01 -0.01 92.44 2.48±0.02 2.63±0.04
G29.2815–0.3295 0.04 -0.03 92.62 0.77±0.02 0.79±0.04
G29.2815–0.3295 0.02 0.01 92.80 0.57±0.02 0.63±0.04
G29.2815–0.3295 0.01 -0.08 92.98 0.44±0.02 0.51±0.04
G29.3197–0.1619 18:45:25.1509 -3:17:16.896 48.83 4.15±0.04 4.39±0.08 MMB
G29.3197–0.1619 0.08 0.22 42.17 0.17±0.02 0.23±0.05
G29.3197–0.1619 -0.01 0.11 42.89 0.39±0.02 0.43±0.04
G29.3197–0.1619 -0.04 0.08 43.07 0.96±0.02 0.97±0.04
G29.3197–0.1619 -0.03 0.06 43.25 1.11±0.03 1.10±0.05
G29.3197–0.1619 -0.05 -0.06 43.43 0.21±0.02 0.34±0.06
G29.3197–0.1619 -0.07 0.12 43.61 0.31±0.02 0.24±0.03
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of Table C.1
Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G29.3197–0.1619 0.01 0.07 43.79 0.14±0.02 0.08±0.02
G29.3197–0.1619 0.04 0.05 44.15 0.15±0.02 0.22±0.05
G29.3197–0.1619 -0.08 0.02 45.23 0.14±0.02 0.16±0.04
G29.3197–0.1619 -0.02 -0.13 47.57 0.14±0.02 0.20±0.05
G29.3197–0.1619 0.05 0.01 47.93 0.57±0.02 0.64±0.05
G29.3197–0.1619 -0.00 -0.01 48.11 2.37±0.04 2.58±0.07
G29.3197–0.1619 0.00 0.02 48.29 1.62±0.04 1.74±0.07
G29.3197–0.1619 0.01 0.00 48.47 2.41±0.04 2.63±0.07
G29.3197–0.1619 -0.00 0.01 48.65 2.43±0.03 2.57±0.06
G29.3197–0.1619 0.01 -0.00 49.01 2.03±0.03 2.19±0.06
G29.3197–0.1619 0.00 0.02 49.19 1.48±0.03 1.64±0.06
G29.3197–0.1619 0.01 -0.01 49.37 1.41±0.03 1.47±0.06
G29.3197–0.1619 0.03 0.05 49.55 0.08±0.02 0.29±0.09
G29.3197–0.1619 -0.11 -0.05 50.09 0.55±0.02 0.57±0.04
G29.3197–0.1619 -0.03 -0.01 50.27 0.35±0.03 0.44±0.06
G29.5810+0.1323 18:44:50.9298 -2:55:17.744 31.88 0.31±0.02 0.40±0.04 NEW
G29.5810+0.1323 -0.29 -0.68 31.70 0.06±0.02 0.31±0.10
G29.5810+0.1323 0.65 -1.11 32.06 0.05±0.01 0.36±0.11
G29.6036–0.6252 18:47:35.4033 -3:14:50.024 81.56 1.47±0.03 1.58±0.05 MMB
G29.6036–0.6252 -0.18 -0.25 71.12 0.08±0.02 0.23±0.07
G29.6036–0.6252 0.08 -0.09 71.30 0.14±0.02 0.20±0.04
G29.6036–0.6252 0.13 -0.13 71.84 0.12±0.02 0.09±0.02
G29.6036–0.6252 0.03 -0.10 80.48 0.33±0.02 0.47±0.05
G29.6036–0.6252 0.08 0.09 80.66 0.54±0.02 0.66±0.05
G29.6036–0.6252 -0.02 -0.04 80.84 0.78±0.02 0.85±0.04
G29.6036–0.6252 -0.03 -0.04 81.02 0.93±0.02 0.97±0.04
G29.6036–0.6252 -0.01 0.02 81.20 0.71±0.02 0.76±0.04
G29.6036–0.6252 -0.00 -0.05 81.38 0.94±0.02 0.94±0.04
G29.6036–0.6252 0.02 0.00 81.74 1.20±0.02 1.29±0.04
G29.6036–0.6252 -0.00 -0.04 81.92 0.55±0.02 0.58±0.03
G29.6036–0.6252 -0.02 -0.01 82.10 0.24±0.02 0.28±0.05
G29.8621–0.0441 18:45:59.5687 -2:45:06.527 101.30 63.68±0.53 68.55±0.99 MMB
G29.8621–0.0441 -0.74 -0.16 98.78 0.12±0.03 0.62±0.18
G29.8621–0.0441 -0.51 -0.22 98.96 0.16±0.03 0.80±0.20
G29.8621–0.0441 0.03 0.20 99.50 0.16±0.03 0.97±0.18
G29.8621–0.0441 -0.12 0.07 99.68 0.30±0.04 1.68±0.28
G29.8621–0.0441 -0.26 -0.04 99.86 0.43±0.07 2.04±0.40
G29.8621–0.0441 0.00 0.00 100.04 4.32±0.28 5.50±0.58
G29.8621–0.0441 -0.01 0.03 100.22 45.05±0.47 48.30±0.88
G29.8621–0.0441 0.01 0.03 100.40 23.31±0.40 25.02±0.73
G29.8621–0.0441 0.00 0.04 100.58 19.98±0.37 21.83±0.69
G29.8621–0.0441 0.01 0.03 100.76 20.31±0.35 21.95±0.65
G29.8621–0.0441 0.01 0.03 100.94 16.52±0.34 17.83±0.62
G29.8621–0.0441 0.00 0.02 101.12 29.14±0.45 31.11±0.82
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G29.8621–0.0441 0.00 -0.01 101.48 45.62±0.48 49.06±0.89
G29.8621–0.0441 0.00 -0.01 101.66 34.58±0.47 37.22±0.88
G29.8621–0.0441 -0.01 -0.02 101.84 48.19±0.50 51.55±0.91
G29.8621–0.0441 -0.03 -0.07 102.02 14.45±0.28 16.10±0.53
G29.8621–0.0441 -0.02 -0.09 102.20 4.86±0.17 6.22±0.35
G29.8621–0.0441 0.14 -0.22 102.38 0.56±0.07 1.85±0.30
G29.8621–0.0441 0.10 -0.12 102.56 0.53±0.06 1.43±0.22
G29.8621–0.0441 0.22 0.63 102.92 0.23±0.07 1.09±0.38
G29.8621–0.0441 0.21 -0.26 103.10 0.32±0.06 0.94±0.24
G29.8621–0.0441 0.15 -0.12 103.28 0.56±0.07 1.43±0.25
G29.8621–0.0441 0.02 -0.12 103.46 0.38±0.08 0.64±0.19
G29.8621–0.0441 -0.05 -0.11 103.64 1.20±0.12 2.36±0.34
G29.8621–0.0441 -0.10 -0.20 103.82 2.11±0.13 3.30±0.30
G29.8621–0.0441 -0.07 -0.20 104.00 1.66±0.13 3.04±0.35
G29.8621–0.0441 -0.11 -0.19 104.18 4.41±0.16 5.73±0.33
G29.8621–0.0441 -0.08 -0.19 104.36 1.95±0.13 3.19±0.31
G29.8621–0.0441 -0.10 -0.32 104.54 0.63±0.07 1.46±0.23
G29.8621–0.0441 -0.12 -0.21 104.72 2.59±0.12 3.58±0.27
G29.8621–0.0441 -0.02 -0.24 104.90 0.56±0.07 1.59±0.25
G29.8621–0.0441 0.26 -0.16 105.08 0.08±0.02 0.21±0.08
G29.9157–0.0236 18:46:00.9597 -2:41:41.821 102.50 2.10±0.15 3.30±0.35 NEW
G29.9157–0.0236 -0.14 0.01 93.32 0.24±0.03 0.37±0.07
G29.9157–0.0236 -0.09 0.04 93.50 0.35±0.04 0.63±0.10
G29.9157–0.0236 -0.02 0.04 93.68 0.48±0.07 1.87±0.34
G29.9157–0.0236 -0.14 0.07 93.86 0.35±0.05 1.48±0.26
G29.9157–0.0236 -0.03 -0.01 99.44 0.60±0.10 1.10±0.25
G29.9157–0.0236 -0.08 -0.04 99.62 1.20±0.15 2.31±0.40
G29.9157–0.0236 -0.78 -0.64 99.80 0.41±0.10 1.56±0.46
G29.9157–0.0236 -0.39 0.68 100.34 1.11±0.32 4.29±1.53
G29.9157–0.0236 -0.23 0.28 100.52 1.56±0.28 6.08±1.37
G29.9157–0.0236 -0.37 0.71 100.70 0.85±0.19 4.25±1.12
G29.9157–0.0236 -0.39 0.74 100.88 0.82±0.17 3.78±0.93
G29.9157–0.0236 -0.37 0.73 101.06 0.89±0.21 4.51±1.23
G29.9157–0.0236 -0.24 0.72 101.60 1.01±0.25 5.29±1.53
G29.9157–0.0236 -0.23 0.66 101.78 1.07±0.26 5.47±1.59
G29.9157–0.0236 -0.37 0.63 101.96 1.04±0.23 4.91±1.29
G29.9157–0.0236 -0.11 0.14 102.14 0.70±0.10 4.00±0.68
G29.9157–0.0236 -0.04 0.01 102.32 1.93±0.16 3.68±0.43
G29.9157–0.0236 0.12 -0.04 102.68 0.60±0.12 1.59±0.41
G29.9157–0.0236 0.18 0.04 103.04 0.74±0.17 2.15±0.66
G29.9157–0.0236 0.05 0.05 103.22 2.01±0.18 3.35±0.44
G29.9157–0.0236 0.14 0.03 103.40 1.16±0.17 2.81±0.57
G29.9157–0.0236 0.19 0.01 103.58 0.64±0.14 1.89±0.54
G29.9157–0.0236 0.06 -0.01 103.76 0.67±0.11 2.39±0.49
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G29.9157–0.0236 -0.06 -0.05 103.94 0.73±0.10 2.92±0.50
G29.9157–0.0236 -0.04 -0.02 104.12 1.31±0.15 3.80±0.57
G29.9157–0.0236 -0.04 -0.01 104.30 1.60±0.16 3.60±0.49
G29.9157–0.0236 -0.05 -0.05 104.48 0.48±0.07 1.65±0.31
G29.9157–0.0236 -0.05 0.04 104.66 0.32±0.05 1.83±0.33
G29.9157–0.0236 -0.01 0.10 104.84 0.28±0.04 1.29±0.24
G29.9157–0.0236 0.13 -0.14 105.02 0.10±0.02 0.42±0.12
G29.9556–0.0156 18:46:03.7397 -2:39:22.234 95.81 107.25±0.29 109.30±0.51 MMB
G29.9556–0.0156 0.18 -0.42 94.91 0.20±0.03 0.40±0.09
G29.9556–0.0156 0.14 -0.07 95.09 0.85±0.09 1.60±0.23
G29.9556–0.0156 0.02 -0.03 95.27 11.29±0.15 11.84±0.28
G29.9556–0.0156 0.02 -0.03 95.45 12.39±0.19 13.15±0.34
G29.9556–0.0156 -0.00 -0.01 95.63 42.99±0.25 43.96±0.45
G29.9556–0.0156 0.00 0.01 95.99 83.52±0.36 87.46±0.65
G29.9556–0.0156 0.01 0.00 96.17 53.57±0.31 55.93±0.57
G29.9556–0.0156 0.11 0.02 96.35 36.10±0.38 42.15±0.73
G29.9556–0.0156 0.24 0.02 96.53 30.34±0.36 38.89±0.74
G29.9556–0.0156 0.15 0.00 96.71 29.82±0.36 37.04±0.73
G29.9556–0.0156 0.03 -0.01 96.89 23.29±0.24 25.58±0.45
G29.9556–0.0156 0.29 -0.06 97.07 3.92±0.14 5.71±0.32
G29.9556–0.0156 0.30 -0.06 97.25 2.47±0.12 3.99±0.30
G29.9556–0.0156 0.27 -0.18 97.43 1.56±0.11 2.82±0.30
G29.9556–0.0156 0.13 -0.19 97.61 1.26±0.10 2.29±0.26
G29.9556–0.0156 0.09 -0.17 97.79 1.94±0.10 2.68±0.22
G29.9556–0.0156 0.05 -0.22 97.97 0.93±0.12 1.82±0.34
G29.9556–0.0156 -0.02 -0.28 98.51 0.68±0.13 1.86±0.48
G29.9556–0.0156 0.11 -0.14 98.69 0.97±0.10 2.19±0.31
G29.9556–0.0156 0.20 -0.13 98.87 1.08±0.08 2.41±0.26
G29.9556–0.0156 0.27 -0.07 99.05 2.72±0.11 4.35±0.26
G29.9556–0.0156 0.57 0.03 99.23 2.38±0.11 3.53±0.26
G29.9556–0.0156 -0.07 -0.26 105.17 0.16±0.03 0.24±0.08
G29.9556–0.0156 0.00 -0.19 105.35 0.29±0.03 0.31±0.05
G29.9556–0.0156 0.02 -0.12 105.53 0.55±0.04 0.58±0.07
G29.9556–0.0156 0.01 -0.13 105.71 0.59±0.05 0.92±0.12
G29.9556–0.0156 0.01 -0.25 105.89 0.29±0.03 0.53±0.08
G29.9556–0.0156 0.16 -0.31 106.07 0.24±0.02 0.25±0.04
G29.9556–0.0156 -0.00 -0.20 106.25 0.24±0.02 0.17±0.03
G29.9556–0.0156 0.04 -0.18 106.43 0.11±0.02 0.32±0.08
G29.9556–0.0156 0.16 -0.33 106.61 0.08±0.02 0.22±0.08
G29.9609–0.0675 18:46:15.3691 -2:40:28.774 100.27 6.22±0.18 6.79±0.34 HU16
G29.9609–0.0675 0.00 0.01 100.45 4.27±0.14 4.71±0.27
G29.9609–0.0675 0.05 -0.08 100.63 0.69±0.08 1.06±0.20
G29.9609–0.0675 -0.01 0.01 100.81 0.76±0.06 1.05±0.14
G29.9609–0.0675 0.00 0.03 100.99 1.66±0.07 1.95±0.13
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G29.9609–0.0675 0.01 0.02 101.17 2.42±0.08 2.82±0.16
G29.9609–0.0675 0.30 0.40 101.35 0.22±0.05 0.72±0.19
G29.9781–0.0478 18:46:12.9607 -2:39:01.356 102.96 35.60±0.36 36.72±0.64 MMB
G29.9781–0.0478 0.02 0.11 96.84 9.71±0.23 10.35±0.43
G29.9781–0.0478 0.04 0.08 97.02 7.93±0.18 8.59±0.33
G29.9781–0.0478 0.06 0.08 97.20 6.69±0.14 7.21±0.27
G29.9781–0.0478 0.06 0.08 97.38 8.20±0.15 8.83±0.27
G29.9781–0.0478 0.06 0.08 97.56 6.81±0.13 7.39±0.25
G29.9781–0.0478 0.05 0.07 97.74 5.42±0.13 5.99±0.24
G29.9781–0.0478 0.02 0.07 97.92 7.16±0.15 7.79±0.27
G29.9781–0.0478 -0.01 0.09 98.10 15.68±0.23 16.49±0.42
G29.9781–0.0478 -0.02 0.10 98.28 24.18±0.31 25.15±0.55
G29.9781–0.0478 -0.02 0.10 98.46 17.40±0.24 18.29±0.44
G29.9781–0.0478 -0.02 0.08 98.64 5.31±0.13 5.88±0.24
G29.9781–0.0478 0.00 0.08 98.82 1.69±0.09 2.30±0.20
G29.9781–0.0478 0.02 0.04 99.00 1.71±0.10 2.26±0.21
G29.9781–0.0478 0.01 0.09 99.18 2.24±0.10 2.65±0.19
G29.9781–0.0478 0.01 0.07 99.36 2.17±0.10 2.79±0.21
G29.9781–0.0478 0.03 0.01 99.54 0.86±0.09 1.62±0.25
G29.9781–0.0478 0.02 0.04 99.72 1.37±0.11 2.10±0.25
G29.9781–0.0478 0.01 0.07 99.90 1.63±0.13 2.27±0.27
G29.9781–0.0478 -0.13 -0.21 100.08 0.63±0.14 1.96±0.55
G29.9781–0.0478 -0.21 -0.04 100.80 0.18±0.04 0.31±0.10
G29.9781–0.0478 0.10 -0.07 101.52 0.44±0.06 1.01±0.18
G29.9781–0.0478 0.06 -0.06 101.70 1.77±0.10 2.45±0.23
G29.9781–0.0478 0.07 -0.04 101.88 1.29±0.09 1.94±0.22
G29.9781–0.0478 0.08 -0.04 102.06 0.65±0.06 1.09±0.16
G29.9781–0.0478 0.10 -0.04 102.24 4.12±0.11 4.62±0.21
G29.9781–0.0478 0.09 -0.04 102.42 9.48±0.14 10.20±0.26
G29.9781–0.0478 0.03 -0.01 102.60 7.20±0.19 7.78±0.35
G29.9781–0.0478 0.01 0.00 102.78 32.49±0.34 33.67±0.62
G29.9781–0.0478 0.01 0.00 103.14 16.24±0.28 17.02±0.50
G29.9781–0.0478 0.00 -0.00 103.32 23.09±0.30 24.03±0.54
G29.9781–0.0478 0.00 -0.00 103.50 26.16±0.31 27.25±0.55
G29.9781–0.0478 0.01 0.00 103.68 16.93±0.23 17.78±0.43
G29.9781–0.0478 0.00 0.00 103.86 8.58±0.16 9.29±0.30
G29.9781–0.0478 0.00 -0.00 104.04 9.46±0.16 10.16±0.30
G29.9781–0.0478 0.00 0.00 104.22 9.85±0.16 10.61±0.30
G29.9781–0.0478 0.00 -0.00 104.40 7.85±0.14 8.52±0.26
G29.9781–0.0478 -0.00 -0.00 104.58 4.85±0.11 5.28±0.20
G29.9781–0.0478 -0.00 0.00 104.76 3.69±0.10 4.25±0.20
G29.9781–0.0478 -0.00 -0.00 104.94 2.09±0.09 2.66±0.19
G29.9781–0.0478 -0.01 0.00 105.12 1.23±0.08 1.68±0.17
G29.9781–0.0478 -0.00 0.02 105.30 0.78±0.07 1.35±0.17



198 Appendix C. Chapter 5 Appendix

Continuation
of Table C.1
Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G29.9781–0.0478 0.01 -0.01 105.48 0.55±0.05 0.97±0.13
G29.9781–0.0478 -0.07 -0.19 105.66 0.19±0.03 0.46±0.10
G30.5891–0.0424 18:47:18.8813 -2:06:16.750 42.99 4.48±0.03 4.62±0.05 MMB
G30.5891–0.0424 0.06 -0.10 36.51 0.09±0.02 0.21±0.06
G30.5891–0.0424 -0.09 -0.23 36.69 0.48±0.02 0.52±0.03
G30.5891–0.0424 -0.08 -0.26 36.87 0.36±0.02 0.34±0.03
G30.5891–0.0424 -0.02 -0.08 37.05 0.15±0.02 0.15±0.03
G30.5891–0.0424 -0.30 -0.08 37.23 0.08±0.02 0.19±0.07
G30.5891–0.0424 0.01 -0.14 37.41 0.20±0.02 0.25±0.04
G30.5891–0.0424 -0.47 -0.36 37.59 0.05±0.02 0.36±0.12
G30.5891–0.0424 -0.26 0.19 40.29 0.17±0.02 0.24±0.04
G30.5891–0.0424 -0.07 -0.08 40.47 0.11±0.02 0.14±0.04
G30.5891–0.0424 -0.21 0.02 40.65 0.37±0.02 0.43±0.03
G30.5891–0.0424 -0.24 0.21 40.83 0.41±0.02 0.44±0.03
G30.5891–0.0424 -0.23 0.09 41.01 0.62±0.02 0.75±0.03
G30.5891–0.0424 -0.35 0.06 41.19 0.69±0.02 0.86±0.04
G30.5891–0.0424 -0.11 0.01 41.37 0.82±0.02 0.90±0.04
G30.5891–0.0424 -0.15 0.09 41.55 1.14±0.02 1.30±0.04
G30.5891–0.0424 -0.20 0.02 41.73 1.02±0.02 1.22±0.04
G30.5891–0.0424 -0.16 0.03 41.91 0.52±0.02 0.62±0.04
G30.5891–0.0424 -0.50 0.08 42.09 0.74±0.02 0.83±0.03
G30.5891–0.0424 -0.49 0.14 42.27 1.05±0.02 1.14±0.04
G30.5891–0.0424 -0.38 0.18 42.45 1.03±0.02 1.13±0.04
G30.5891–0.0424 -0.38 0.22 42.63 1.09±0.02 1.12±0.03
G30.5891–0.0424 -0.03 0.03 42.81 1.00±0.02 1.07±0.04
G30.5891–0.0424 0.01 -0.03 43.17 1.49±0.02 1.52±0.04
G30.5891–0.0424 -0.01 -0.00 43.35 1.48±0.02 1.48±0.04
G30.5891–0.0424 0.01 -0.02 43.53 2.23±0.02 2.33±0.04
G30.5891–0.0424 0.01 0.00 43.71 1.01±0.02 1.12±0.04
G30.5891–0.0424 0.04 0.14 43.89 0.16±0.01 0.20±0.03
G30.5891–0.0424 -0.03 -0.06 45.51 0.43±0.02 0.50±0.04
G30.5891–0.0424 -0.01 0.01 45.69 1.42±0.02 1.53±0.04
G30.5891–0.0424 0.01 -0.01 45.87 1.28±0.02 1.36±0.04
G30.5891–0.0424 0.00 -0.04 46.05 0.52±0.02 0.59±0.03
G30.5891–0.0424 -0.01 -0.03 46.23 0.37±0.03 0.44±0.05
G30.5891–0.0424 -0.00 0.12 46.41 0.11±0.02 0.20±0.05
G30.5891–0.0424 -0.07 -0.12 46.59 0.22±0.01 0.22±0.03
G30.5891–0.0424 -0.02 -0.03 46.77 0.21±0.02 0.18±0.03
G30.5891–0.0424 -0.16 -0.04 46.95 0.11±0.02 0.16±0.04
G30.5891–0.0424 0.04 0.05 47.13 0.08±0.01 0.09±0.03
G30.5891–0.0424 0.01 -0.04 47.31 0.42±0.02 0.51±0.04
G30.5891–0.0424 0.13 -0.11 47.49 0.11±0.02 0.13±0.04
G30.5891–0.0424 0.06 -0.12 47.67 0.17±0.02 0.18±0.03
G30.5891–0.0424 0.06 0.10 47.85 0.22±0.02 0.27±0.03
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G30.5891–0.0424 0.03 0.07 48.03 0.20±0.02 0.30±0.05
G30.5891–0.0424 -0.01 0.02 48.21 0.26±0.02 0.33±0.04
G30.5891–0.0424 -0.03 -0.02 48.39 0.78±0.02 0.84±0.04
G30.5891–0.0424 -0.01 -0.03 48.57 0.72±0.02 0.77±0.03
G30.5891–0.0424 -0.02 -0.03 48.75 0.46±0.02 0.52±0.03
G30.6218+0.0824 18:46:55.7481 -2:01:06.033 39.98 0.37±0.02 0.44±0.05 NEW
G30.6218+0.0824 -0.15 -0.13 39.80 0.29±0.02 0.31±0.03
G30.6218+0.0824 -0.19 0.27 44.48 0.13±0.02 0.18±0.04
G30.6218+0.0824 -0.13 0.11 44.66 0.12±0.02 0.14±0.03
G30.6218+0.0824 -0.03 -0.12 45.38 0.15±0.02 0.20±0.03
G30.6218+0.0824 -0.81 0.46 45.56 0.05±0.01 0.31±0.11
G30.7028–0.0683 18:47:36.7955 -2:00:54.244 88.30 117.73±0.53 124.20±0.96 MMB
G30.7028–0.0683 -0.69 0.43 85.60 0.27±0.04 0.59±0.13
G30.7028–0.0683 -0.69 0.40 85.78 4.08±0.07 4.32±0.13
G30.7028–0.0683 -0.71 0.38 85.96 10.79±0.09 11.14±0.17
G30.7028–0.0683 -0.70 0.39 86.14 9.37±0.09 9.76±0.16
G30.7028–0.0683 -0.69 0.36 86.32 3.08±0.08 3.51±0.15
G30.7028–0.0683 -0.68 0.38 86.50 1.59±0.07 2.12±0.16
G30.7028–0.0683 -0.51 0.35 86.68 0.39±0.05 1.54±0.25
G30.7028–0.0683 -0.73 0.46 86.86 0.40±0.04 0.69±0.11
G30.7028–0.0683 -0.37 0.23 87.04 0.47±0.06 1.50±0.23
G30.7028–0.0683 -0.73 0.43 87.22 1.95±0.06 2.23±0.12
G30.7028–0.0683 -0.30 0.17 87.40 3.33±0.09 5.39±0.22
G30.7028–0.0683 -0.62 0.40 87.58 1.89±0.09 2.88±0.20
G30.7028–0.0683 -0.06 0.00 87.76 8.63±0.13 10.24±0.26
G30.7028–0.0683 -0.01 0.00 87.94 13.24±0.17 14.28±0.31
G30.7028–0.0683 -0.01 -0.02 88.12 100.79±0.42 105.28±0.77
G30.7028–0.0683 0.01 0.05 88.48 27.88±0.22 30.02±0.40
G30.7028–0.0683 0.00 0.05 88.66 12.01±0.15 13.16±0.27
G30.7028–0.0683 0.03 0.33 88.84 4.85±0.10 5.74±0.19
G30.7028–0.0683 -0.05 0.18 89.02 5.91±0.10 7.12±0.20
G30.7028–0.0683 -0.06 0.26 89.20 2.53±0.09 3.34±0.20
G30.7028–0.0683 -0.05 0.09 89.38 2.80±0.09 3.46±0.18
G30.7028–0.0683 -0.54 0.85 89.56 0.18±0.04 1.59±0.39
G30.7028–0.0683 -0.19 0.12 89.74 1.14±0.09 2.12±0.25
G30.7028–0.0683 -0.73 0.44 89.92 1.18±0.07 1.21±0.13
G30.7599–0.0523 18:47:39.7226 -1:57:24.888 91.68 36.87±0.27 37.28±0.47 MMB
G30.7599–0.0523 2.99 -0.49 88.26 4.08±0.32 7.97±0.88
G30.7599–0.0523 0.03 -0.41 89.16 0.38±0.09 2.66±0.73
G30.7599–0.0523 -0.08 -0.02 89.34 0.94±0.10 1.47±0.25
G30.7599–0.0523 -0.06 0.04 89.52 1.33±0.07 1.64±0.14
G30.7599–0.0523 -0.05 -0.02 89.70 1.65±0.08 2.05±0.16
G30.7599–0.0523 -0.05 0.01 89.88 1.67±0.09 2.17±0.19
G30.7599–0.0523 -0.04 -0.01 90.06 1.33±0.08 1.75±0.18
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G30.7599–0.0523 -0.03 -0.01 90.24 1.80±0.07 2.13±0.14
G30.7599–0.0523 -0.02 -0.04 90.42 2.04±0.07 2.30±0.13
G30.7599–0.0523 -0.02 -0.02 90.60 6.35±0.08 6.51±0.15
G30.7599–0.0523 -0.02 -0.01 90.78 11.81±0.12 12.04±0.21
G30.7599–0.0523 -0.02 -0.01 90.96 16.08±0.16 16.18±0.28
G30.7599–0.0523 -0.02 -0.01 91.14 24.00±0.22 24.24±0.38
G30.7599–0.0523 -0.02 -0.01 91.32 30.01±0.25 30.44±0.44
G30.7599–0.0523 -0.01 -0.01 91.50 27.43±0.24 27.89±0.42
G30.7599–0.0523 0.00 -0.00 91.86 31.18±0.23 31.68±0.41
G30.7599–0.0523 -0.00 -0.00 92.04 12.01±0.14 12.29±0.25
G30.7599–0.0523 -0.00 0.00 92.22 4.43±0.09 4.73±0.17
G30.7599–0.0523 -0.03 0.03 92.40 1.56±0.07 1.88±0.15
G30.7599–0.0523 -0.02 -0.01 92.58 0.91±0.07 1.32±0.17
G30.7599–0.0523 0.17 -0.00 92.76 0.39±0.05 0.48±0.10
G30.7599–0.0523 0.13 0.04 92.94 0.51±0.07 0.70±0.14
G30.7599–0.0523 0.08 0.00 93.12 1.65±0.07 1.83±0.13
G30.7599–0.0523 0.02 0.00 93.30 2.46±0.07 2.74±0.14
G30.7599–0.0523 0.00 0.05 93.48 0.70±0.06 1.26±0.17
G30.7599–0.0523 -0.00 -0.01 93.66 1.13±0.06 1.47±0.14
G30.7599–0.0523 -0.02 0.03 93.84 0.41±0.04 0.50±0.07
G30.7599–0.0523 0.03 0.02 94.02 0.12±0.02 0.15±0.04
G30.7599–0.0523 -0.09 0.29 94.20 0.11±0.02 0.22±0.06
G30.7700–0.8043 18:50:21.5375 -2:17:27.525 75.90 12.91±0.06 13.39±0.10 MMB
G30.7700–0.8043 0.01 0.15 73.92 0.16±0.02 0.11±0.02
G30.7700–0.8043 0.02 -0.05 74.10 3.93±0.04 4.02±0.07
G30.7700–0.8043 0.02 -0.05 74.28 6.70±0.04 6.84±0.08
G30.7700–0.8043 0.02 -0.04 74.46 8.28±0.05 8.42±0.08
G30.7700–0.8043 0.01 -0.04 74.64 8.56±0.05 8.80±0.09
G30.7700–0.8043 0.01 -0.02 74.82 4.45±0.04 4.56±0.08
G30.7700–0.8043 -0.00 0.01 75.00 3.11±0.03 3.23±0.06
G30.7700–0.8043 0.01 -0.02 75.18 1.10±0.02 1.11±0.04
G30.7700–0.8043 -0.00 0.01 75.36 1.73±0.03 1.84±0.05
G30.7700–0.8043 -0.07 0.01 75.54 1.32±0.02 1.43±0.05
G30.7700–0.8043 0.01 0.01 75.72 3.34±0.03 3.42±0.06
G30.7700–0.8043 0.00 -0.00 76.08 12.02±0.05 12.51±0.09
G30.7700–0.8043 -0.01 0.00 76.26 2.70±0.03 2.67±0.06
G30.7700–0.8043 -0.04 -0.03 76.44 0.29±0.02 0.20±0.02
G30.7700–0.8043 -0.08 0.09 76.62 0.07±0.02 0.29±0.08
G30.7700–0.8043 -0.23 0.13 76.80 0.11±0.02 0.07±0.02
G30.7744+0.0783 18:47:13.3824 -1:53:03.948 98.46 1.17±0.04 1.28±0.07 MMB
G30.7744+0.0783 0.07 0.01 98.28 0.55±0.03 0.51±0.04
G30.7744+0.0783 0.02 0.04 98.64 0.70±0.03 0.68±0.05
G30.7744+0.0783 0.12 0.05 98.82 0.49±0.03 0.55±0.05
G30.7744+0.0783 0.07 0.40 99.00 0.11±0.02 0.37±0.10
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G30.7744+0.0783 0.24 0.44 99.18 0.17±0.02 0.27±0.05
G30.7744+0.0783 0.01 0.02 99.36 1.03±0.03 1.16±0.05
G30.7744+0.0783 0.08 0.01 99.54 0.58±0.03 0.59±0.05
G30.7744+0.0783 0.03 0.39 100.26 0.09±0.02 0.43±0.14
G30.7744+0.0783 0.53 0.13 100.44 0.11±0.03 0.31±0.09
G30.7799+0.2301 18:46:41.5091 -1:48:36.862 48.79 28.51±0.16 29.96±0.28 MMB
G30.7799+0.2301 0.03 0.04 47.53 0.33±0.02 0.36±0.04
G30.7799+0.2301 -0.00 0.01 47.71 3.17±0.03 3.32±0.05
G30.7799+0.2301 0.10 0.03 47.89 0.19±0.02 0.15±0.03
G30.7799+0.2301 0.01 0.01 48.07 1.13±0.03 1.10±0.05
G30.7799+0.2301 -0.00 0.02 48.25 4.83±0.06 4.90±0.10
G30.7799+0.2301 -0.01 0.00 48.43 11.74±0.10 12.38±0.17
G30.7799+0.2301 0.03 0.01 48.61 1.41±0.04 1.40±0.07
G30.7799+0.2301 -0.00 -0.00 48.97 22.98±0.12 24.52±0.23
G30.7799+0.2301 -0.01 -0.07 49.33 0.68±0.02 0.81±0.04
G30.7882+0.2036 18:46:48.0864 -1:48:53.887 84.98 12.61±0.03 12.97±0.06 MMB,

G30.7880+0.2039

G30.7882+0.2036 0.03 0.04 75.26 0.11±0.01 0.11±0.01
G30.7882+0.2036 0.04 -0.05 75.44 0.11±0.00 0.10±0.01
G30.7882+0.2036 0.02 0.07 75.62 1.80±0.02 1.84±0.04
G30.7882+0.2036 0.05 0.03 75.80 3.09±0.12 3.47±0.22
G30.7882+0.2036 0.01 0.06 75.98 2.02±0.04 2.11±0.07
G30.7882+0.2036 0.03 0.03 76.16 1.88±0.07 2.09±0.14
G30.7882+0.2036 0.03 0.06 76.34 1.73±0.07 1.94±0.14
G30.7882+0.2036 -0.00 0.10 76.52 0.70±0.02 0.74±0.04
G30.7882+0.2036 -0.02 0.07 76.70 1.12±0.02 1.15±0.03
G30.7882+0.2036 -0.01 0.11 76.88 2.50±0.02 2.58±0.03
G30.7882+0.2036 -0.01 0.10 77.06 3.06±0.02 3.12±0.04
G30.7882+0.2036 -0.01 0.11 77.24 2.64±0.02 2.62±0.03
G30.7882+0.2036 -0.02 0.09 77.42 1.41±0.01 1.45±0.02
G30.7882+0.2036 -0.02 0.07 77.60 0.88±0.00 0.87±0.01
G30.7882+0.2036 -0.04 0.15 77.78 0.41±0.00 0.37±0.01
G30.7882+0.2036 -0.01 -0.10 77.96 0.12±0.01 0.13±0.01
G30.7882+0.2036 0.04 0.09 79.04 0.27±0.00 0.29±0.01
G30.7882+0.2036 0.02 -0.01 79.22 0.58±0.00 0.57±0.01
G30.7882+0.2036 0.05 0.04 79.40 0.38±0.00 0.35±0.01
G30.7882+0.2036 0.13 0.10 79.58 0.31±0.01 0.29±0.02
G30.7882+0.2036 -0.07 -0.01 79.76 0.37±0.01 0.37±0.01
G30.7882+0.2036 0.02 0.12 79.94 0.29±0.01 0.28±0.01
G30.7882+0.2036 -0.06 0.21 80.12 0.08±0.01 0.08±0.01
G30.7882+0.2036 0.15 -0.14 83.90 0.09±0.01 0.09±0.02
G30.7882+0.2036 -0.08 0.11 84.26 0.22±0.01 0.23±0.01
G30.7882+0.2036 0.01 0.00 84.44 1.26±0.01 1.28±0.03
G30.7882+0.2036 0.00 0.03 84.62 2.93±0.02 2.94±0.04
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G30.7882+0.2036 -0.01 0.01 84.80 5.52±0.03 5.62±0.05
G30.7882+0.2036 -0.00 -0.00 85.16 10.56±0.03 10.78±0.05
G30.7882+0.2036 -0.00 0.00 85.34 5.54±0.03 5.65±0.05
G30.7882+0.2036 -0.01 -0.01 85.52 4.38±0.02 4.40±0.04
G30.7882+0.2036 0.00 0.03 85.70 3.21±0.03 3.23±0.05
G30.7882+0.2036 0.00 0.01 85.88 7.04±0.03 7.14±0.05
G30.7882+0.2036 0.01 0.01 86.06 7.34±0.03 7.47±0.06
G30.7882+0.2036 -0.01 -0.01 86.24 3.77±0.03 3.78±0.05
G30.7882+0.2036 -0.01 0.04 86.42 1.04±0.01 0.98±0.02
G30.7882+0.2036 0.01 0.02 86.60 1.79±0.01 1.78±0.02
G30.7882+0.2036 0.01 0.01 86.78 5.65±0.02 5.73±0.04
G30.7882+0.2036 0.00 0.00 86.96 5.83±0.03 5.86±0.05
G30.7882+0.2036 -0.01 0.00 87.14 6.91±0.03 7.03±0.05
G30.7882+0.2036 0.00 -0.00 87.32 7.17±0.04 7.26±0.06
G30.7882+0.2036 0.00 0.01 87.50 5.53±0.03 5.69±0.06
G30.7882+0.2036 0.01 0.01 87.68 4.35±0.03 4.43±0.05
G30.7882+0.2036 0.03 0.03 87.86 3.60±0.03 3.65±0.06
G30.7882+0.2036 0.01 -0.01 88.04 2.66±0.06 2.81±0.10
G30.7882+0.2036 0.04 -0.01 88.22 1.17±0.06 1.35±0.11
G30.7882+0.2036 0.11 -0.26 88.40 0.18±0.02 0.23±0.05
G30.7882+0.2036 0.03 -0.03 88.94 0.08±0.01 0.04±0.01
G30.7882+0.2036 0.02 0.01 89.12 0.75±0.00 0.78±0.01
G30.7882+0.2036 0.06 0.08 89.30 0.24±0.01 0.26±0.01
G30.7882+0.2036 0.04 0.03 89.48 0.58±0.00 0.61±0.01
G30.7882+0.2036 0.02 0.04 89.66 3.15±0.01 3.23±0.02
G30.7882+0.2036 0.07 -0.01 89.84 0.57±0.01 0.47±0.01
G30.7882+0.2036 -0.03 0.36 90.02 0.09±0.01 0.12±0.01
G30.7880+0.2031 18:46:48.1535 -1:48:55.277 75.80 8.21±0.08 8.66±0.14 G30.7880+0.2039b

G30.7880+0.2031 -0.01 0.11 71.48 0.10±0.01 0.14±0.01
G30.7880+0.2031 -0.17 0.08 72.74 0.19±0.00 0.21±0.01
G30.7880+0.2031 0.04 0.06 72.92 0.24±0.01 0.27±0.01
G30.7880+0.2031 0.06 0.05 75.26 0.32±0.00 0.36±0.01
G30.7880+0.2031 0.02 0.02 75.62 1.13±0.04 1.25±0.08
G30.7880+0.2031 -0.01 -0.01 75.98 2.50±0.05 2.68±0.08
G30.7880+0.2031 -0.02 0.03 76.16 4.30±0.05 4.50±0.09
G30.7880+0.2031 -0.03 0.01 76.34 4.14±0.04 4.35±0.07
G30.7880+0.2031 -0.01 -0.02 76.52 1.47±0.02 1.56±0.03
G30.7880+0.2031 0.00 -0.01 76.70 0.79±0.02 0.94±0.05
G30.7880+0.2031 -0.10 0.05 78.32 0.18±0.01 0.16±0.01
G30.7880+0.2031 -0.08 0.05 78.50 0.31±0.01 0.29±0.02
G30.7880+0.2031 0.03 0.04 88.04 1.62±0.08 2.01±0.16
G30.7880+0.2031 0.05 -0.03 88.22 1.99±0.04 2.15±0.07
G30.7880+0.2031 0.06 -0.04 88.40 0.80±0.01 0.85±0.02
G30.7880+0.2031 0.08 0.01 88.58 0.23±0.00 0.23±0.01
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G30.8176–0.0547 18:47:46.5085 -1:54:24.216 93.02 4.55±0.07 4.86±0.12 MMB
G30.8176–0.0547 -0.18 0.04 92.48 0.25±0.04 0.43±0.10
G30.8176–0.0547 -0.04 -0.02 92.66 2.11±0.05 2.45±0.11
G30.8176–0.0547 -0.02 -0.03 92.84 3.85±0.06 4.15±0.11
G30.8176–0.0547 -0.01 -0.03 93.20 3.66±0.07 4.02±0.13
G30.8176–0.0547 -0.05 -0.02 93.38 0.58±0.05 0.84±0.11
G30.8176–0.0547 0.09 0.41 93.56 0.12±0.03 0.50±0.17
G30.8176–0.0547 0.19 0.27 94.64 0.18±0.02 0.25±0.06
G30.8176–0.0547 0.04 0.14 94.82 0.50±0.06 0.89±0.15
G30.8176–0.0547 0.08 0.13 95.00 1.39±0.04 1.62±0.08
G30.8176–0.0547 0.14 0.13 95.18 1.09±0.05 1.41±0.10
G30.8176–0.0547 0.06 0.06 95.36 0.62±0.05 0.92±0.11
G30.8176–0.0547 0.13 0.16 95.54 0.38±0.04 0.86±0.13
G30.8176–0.0547 0.04 0.18 95.72 0.59±0.05 0.88±0.10
G30.8176–0.0547 -0.02 0.14 95.90 0.54±0.04 0.91±0.11
G30.8176–0.0547 -0.06 0.14 96.08 0.25±0.03 0.65±0.11
G30.8176–0.0547 0.14 -0.01 96.26 0.12±0.02 0.09±0.03
G30.0095–0.2734 18:47:04.7107 -2:43:31.141 106.06 2.24±0.02 2.33±0.04 MMB
G30.0095–0.2734 0.07 -0.07 103.00 1.14±0.02 1.28±0.04
G30.0095–0.2734 0.09 -0.09 103.18 1.51±0.02 1.54±0.04
G30.0095–0.2734 0.10 -0.11 103.36 1.10±0.02 1.13±0.04
G30.0095–0.2734 0.10 -0.04 103.54 0.34±0.02 0.39±0.04
G30.0095–0.2734 0.15 0.20 103.90 0.07±0.01 0.17±0.04
G30.0095–0.2734 0.05 0.10 105.88 0.21±0.02 0.26±0.04
G30.0095–0.2734 0.07 0.01 106.24 0.43±0.02 0.40±0.03
G30.8178–0.0570 18:47:46.9720 -1:54:26.345 109.03 10.57±0.10 11.02±0.18 MMB
G30.8178–0.0570 0.04 0.23 98.77 0.08±0.02 0.23±0.07
G30.8178–0.0570 0.13 -0.22 98.95 0.07±0.02 0.20±0.07
G30.8178–0.0570 0.23 0.03 99.13 0.15±0.02 0.34±0.07
G30.8178–0.0570 0.22 0.17 99.31 0.32±0.04 0.71±0.11
G30.8178–0.0570 0.18 0.10 99.49 0.63±0.05 0.98±0.11
G30.8178–0.0570 0.13 -0.01 99.67 1.51±0.05 1.86±0.11
G30.8178–0.0570 0.14 -0.02 99.85 1.39±0.05 1.79±0.11
G30.8178–0.0570 0.14 -0.18 100.03 0.24±0.04 0.79±0.15
G30.8178–0.0570 0.15 -0.07 100.21 0.24±0.03 1.02±0.18
G30.8178–0.0570 0.16 -0.01 100.39 0.34±0.04 0.76±0.13
G30.8178–0.0570 0.14 -0.06 100.57 0.47±0.04 0.75±0.10
G30.8178–0.0570 0.21 0.13 100.75 0.36±0.04 0.60±0.10
G30.8178–0.0570 0.12 0.03 100.93 1.11±0.04 1.38±0.09
G30.8178–0.0570 0.11 0.07 101.11 2.45±0.05 2.71±0.09
G30.8178–0.0570 0.12 0.08 101.29 5.83±0.06 6.19±0.11
G30.8178–0.0570 0.11 0.08 101.47 6.53±0.07 6.94±0.13
G30.8178–0.0570 0.10 0.09 101.65 3.66±0.06 3.95±0.10
G30.8178–0.0570 0.06 0.09 101.83 1.56±0.04 1.79±0.08
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G30.8178–0.0570 0.04 0.05 102.01 0.33±0.04 0.59±0.11
G30.8178–0.0570 -0.17 0.06 103.09 0.34±0.04 0.82±0.13
G30.8178–0.0570 -0.19 0.11 103.27 1.16±0.04 1.45±0.08
G30.8178–0.0570 -0.22 0.03 103.45 0.52±0.04 0.73±0.09
G30.8178–0.0570 -0.21 -0.06 103.63 0.16±0.02 0.23±0.05
G30.8178–0.0570 -0.17 -0.22 104.17 0.20±0.02 0.36±0.06
G30.8178–0.0570 -0.44 -0.08 104.35 0.18±0.03 1.19±0.23
G30.8178–0.0570 -0.36 -0.16 104.53 0.22±0.04 1.37±0.29
G30.8178–0.0570 -0.25 0.05 104.71 0.20±0.03 0.96±0.20
G30.8178–0.0570 -0.12 -0.14 104.89 0.49±0.04 0.78±0.10
G30.8178–0.0570 -0.06 -0.10 105.07 1.84±0.04 2.00±0.07
G30.8178–0.0570 -0.06 -0.08 105.25 5.46±0.05 5.79±0.09
G30.8178–0.0570 -0.05 -0.12 105.43 0.77±0.05 1.00±0.10
G30.8178–0.0570 0.34 -0.67 105.61 0.08±0.02 0.44±0.12
G30.8178–0.0570 -0.09 -0.11 105.79 0.06±0.01 0.27±0.08
G30.8178–0.0570 0.20 -0.12 106.15 0.09±0.02 0.23±0.06
G30.8178–0.0570 0.12 0.07 106.33 0.23±0.03 0.40±0.07
G30.8178–0.0570 -0.07 -0.01 106.51 0.51±0.04 0.68±0.08
G30.8178–0.0570 -0.06 -0.03 106.69 1.64±0.05 1.86±0.09
G30.8178–0.0570 -0.07 -0.04 106.87 1.31±0.04 1.62±0.09
G30.8178–0.0570 -0.02 -0.03 107.05 1.44±0.05 1.61±0.09
G30.8178–0.0570 -0.05 -0.01 107.23 2.41±0.04 2.65±0.08
G30.8178–0.0570 -0.03 -0.02 107.41 2.52±0.05 2.84±0.10
G30.8178–0.0570 -0.05 -0.04 107.59 5.51±0.06 5.88±0.11
G30.8178–0.0570 -0.05 -0.05 107.77 4.33±0.06 4.58±0.11
G30.8178–0.0570 -0.04 -0.01 107.95 7.54±0.07 7.89±0.13
G30.8178–0.0570 -0.04 -0.01 108.13 8.79±0.08 9.11±0.14
G30.8178–0.0570 -0.04 -0.00 108.31 6.19±0.07 6.49±0.13
G30.8178–0.0570 -0.04 -0.01 108.49 4.21±0.06 4.46±0.11
G30.8178–0.0570 -0.06 -0.03 108.67 1.10±0.05 1.38±0.10
G30.8178–0.0570 -0.01 0.00 108.85 3.39±0.06 3.70±0.11
G30.8178–0.0570 -0.01 0.00 109.21 8.25±0.08 8.65±0.15
G30.8178–0.0570 -0.00 0.01 109.39 3.17±0.05 3.32±0.09
G30.8178–0.0570 -0.00 -0.00 109.57 2.29±0.05 2.51±0.09
G30.8178–0.0570 -0.01 0.01 109.75 1.21±0.04 1.33±0.07
G30.8178–0.0570 -0.04 0.02 109.93 0.42±0.04 0.66±0.10
G30.8186+0.2729 18:46:36.5959 -1:45:22.485 100.35 1.33±0.02 1.37±0.04 MMB
G30.8186+0.2729 0.02 -0.04 99.09 0.15±0.02 0.21±0.04
G30.8186+0.2729 0.49 -0.30 99.27 0.08±0.02 0.20±0.08
G30.8186+0.2729 0.24 0.23 99.99 0.10±0.02 0.37±0.10
G30.8186+0.2729 0.05 -0.05 100.17 0.53±0.02 0.57±0.04
G30.8186+0.2729 0.04 -0.01 100.53 1.08±0.02 1.14±0.04
G30.8186+0.2729 -0.32 -0.12 100.89 0.11±0.02 0.26±0.05
G30.8186+0.2729 0.01 -0.02 101.07 0.90±0.02 0.89±0.03
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G30.8186+0.2729 0.04 -0.32 102.33 0.28±0.02 0.41±0.04
G30.8186+0.2729 0.06 -0.30 102.51 0.11±0.02 0.58±0.12
G30.8186+0.2729 0.30 -0.88 102.69 0.05±0.01 0.52±0.15
G30.8186+0.2729 0.21 -0.34 102.87 0.08±0.02 0.26±0.07
G30.8186+0.2729 -0.39 0.27 103.41 0.06±0.02 0.16±0.06
G30.8186+0.2729 0.21 0.16 103.77 0.03±0.01 0.40±0.12
G30.8186+0.2729 0.09 -0.22 104.31 0.32±0.02 0.32±0.03
G30.8186+0.2729 0.10 -0.15 104.49 0.64±0.02 0.65±0.04
G30.8186+0.2729 0.05 -0.14 104.67 0.96±0.03 1.01±0.05
G30.8186+0.2729 0.12 -0.15 104.85 1.24±0.02 1.29±0.04
G30.8186+0.2729 0.10 -0.11 105.03 0.51±0.03 0.53±0.05
G30.8186+0.2729 -0.20 -0.20 109.35 0.05±0.02 0.23±0.08
G30.8186+0.2729 0.02 -0.28 110.07 0.08±0.02 0.09±0.03
G30.8186+0.2729 0.22 -0.21 110.25 0.18±0.02 0.24±0.04
G30.8186+0.2729 0.33 -0.26 110.43 0.06±0.01 0.51±0.14
G30.8508+0.1225 18:47:12.2574 -1:47:46.579 28.78 0.93±0.02 0.88±0.04 MMB
G30.8508+0.1225 -0.01 0.01 27.34 0.42±0.02 0.53±0.05
G30.8508+0.1225 -0.01 -0.12 27.52 0.73±0.03 0.69±0.05
G30.8508+0.1225 -0.05 -0.01 27.70 0.59±0.02 0.58±0.04
G30.8508+0.1225 0.07 -0.16 27.88 0.20±0.02 0.17±0.03
G30.8508+0.1225 0.61 -0.24 28.42 0.06±0.02 0.21±0.07
G30.8508+0.1225 0.09 -0.04 28.60 0.33±0.02 0.39±0.04
G30.8508+0.1225 0.04 -0.01 28.96 0.63±0.02 0.58±0.04
G30.8508+0.1225 0.08 0.30 29.14 0.11±0.02 0.09±0.03
G30.8508+0.1225 -0.24 0.01 37.06 0.14±0.02 0.14±0.04
G30.8508+0.1225 0.01 -0.12 37.24 0.33±0.02 0.34±0.04
G30.8979+0.1612 18:47:09.1254 -1:44:12.620 101.66 48.17±0.34 49.19±0.61 MMB
G30.8979+0.1612 -0.15 -0.16 98.24 0.10±0.02 0.15±0.05
G30.8979+0.1612 0.30 -0.03 98.42 0.07±0.02 0.20±0.07
G30.8979+0.1612 -0.07 -0.04 98.60 4.16±0.08 4.29±0.14
G30.8979+0.1612 -0.05 -0.03 98.78 11.07±0.17 11.53±0.31
G30.8979+0.1612 -0.05 -0.03 98.96 11.79±0.18 12.12±0.31
G30.8979+0.1612 -0.04 -0.02 99.14 8.14±0.14 8.49±0.25
G30.8979+0.1612 -0.02 -0.01 99.32 7.66±0.14 8.06±0.24
G30.8979+0.1612 -0.02 -0.02 99.50 10.27±0.16 10.71±0.30
G30.8979+0.1612 -0.01 -0.02 99.68 9.75±0.15 10.04±0.26
G30.8979+0.1612 -0.02 -0.01 99.86 6.76±0.13 7.11±0.23
G30.8979+0.1612 -0.01 -0.01 100.04 15.13±0.22 15.40±0.38
G30.8979+0.1612 -0.01 -0.02 100.22 33.25±0.31 34.06±0.55
G30.8979+0.1612 -0.01 -0.02 100.40 26.81±0.28 27.32±0.50
G30.8979+0.1612 -0.01 -0.01 100.58 18.07±0.24 18.40±0.43
G30.8979+0.1612 -0.01 -0.01 100.76 17.00±0.22 17.42±0.40
G30.8979+0.1612 -0.01 -0.02 100.94 10.96±0.17 11.29±0.30
G30.8979+0.1612 -0.00 -0.01 101.12 8.74±0.15 8.99±0.27
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G30.8979+0.1612 -0.00 -0.01 101.30 12.58±0.20 12.83±0.36
G30.8979+0.1612 -0.00 -0.01 101.48 37.72±0.30 38.55±0.53
G30.8979+0.1612 0.00 0.00 101.84 47.71±0.34 48.75±0.60
G30.8979+0.1612 0.00 0.00 102.02 24.04±0.26 24.50±0.45
G30.8979+0.1612 0.00 0.00 102.20 8.81±0.15 9.15±0.27
G30.8979+0.1612 -0.03 0.02 102.38 1.20±0.08 1.42±0.16
G30.8979+0.1612 0.01 0.01 102.56 5.63±0.10 6.12±0.19
G30.8979+0.1612 0.02 0.02 102.74 6.00±0.17 6.12±0.30
G30.8979+0.1612 0.02 0.01 102.92 40.24±0.32 41.06±0.56
G30.8979+0.1612 0.01 0.02 103.10 38.36±0.29 38.86±0.51
G30.8979+0.1612 0.03 0.02 103.28 9.38±0.20 9.48±0.35
G30.8979+0.1612 0.01 0.02 103.46 16.11±0.19 16.53±0.34
G30.8979+0.1612 0.03 0.03 103.64 8.53±0.18 8.71±0.32
G30.8979+0.1612 0.02 0.02 103.82 16.86±0.19 17.41±0.34
G30.8979+0.1612 0.02 0.03 104.00 4.85±0.14 5.09±0.24
G30.8979+0.1612 0.01 0.02 104.18 9.17±0.14 9.52±0.24
G30.8979+0.1612 0.02 0.02 104.36 9.45±0.13 9.76±0.23
G30.8979+0.1612 -0.00 0.03 104.54 2.08±0.09 2.33±0.17
G30.8979+0.1612 0.03 0.01 104.72 0.68±0.06 1.09±0.15
G30.8979+0.1612 0.02 -0.00 104.90 0.87±0.07 1.37±0.16
G30.8979+0.1612 0.01 0.03 105.08 2.34±0.07 2.80±0.14
G30.8979+0.1612 0.06 0.06 105.26 0.54±0.06 1.22±0.19
G30.8979+0.1612 0.24 0.06 105.44 0.10±0.02 0.36±0.09
G30.8979+0.1612 0.02 0.65 106.34 0.07±0.02 0.38±0.13
G30.8979+0.1612 0.08 -0.20 106.70 0.16±0.03 0.43±0.11
G30.8979+0.1612 0.02 0.20 106.88 0.26±0.03 0.43±0.08
G30.8979+0.1612 -0.08 0.21 107.06 8.78±0.13 9.17±0.24
G30.8979+0.1612 -0.08 0.21 107.24 12.03±0.18 12.44±0.32
G30.8979+0.1612 -0.09 0.17 107.42 4.86±0.12 5.39±0.22
G30.8979+0.1612 -0.15 0.11 107.60 6.93±0.11 7.44±0.20
G30.8979+0.1612 -0.11 0.15 107.78 2.57±0.08 2.96±0.15
G30.8979+0.1612 -0.05 0.23 107.96 1.05±0.06 1.50±0.14
G30.8979+0.1612 -0.06 0.13 108.14 0.38±0.04 0.75±0.12
G30.8979+0.1612 -0.10 0.18 108.32 0.89±0.06 1.28±0.13
G30.8979+0.1612 -0.07 0.29 108.50 0.22±0.04 0.82±0.17
G30.8979+0.1612 -0.24 0.07 108.68 0.22±0.04 0.77±0.16
G30.8979+0.1612 -0.20 0.07 108.86 0.39±0.05 0.94±0.17
G30.8979+0.1612 -0.11 0.04 109.04 1.12±0.07 1.54±0.15
G30.8979+0.1612 -0.11 0.04 109.22 0.76±0.07 1.36±0.18
G30.8979+0.1612 -0.14 0.01 109.40 0.42±0.05 1.02±0.16
G30.8979+0.1612 -0.16 -0.03 109.58 0.36±0.04 0.61±0.09
G30.8979+0.1612 -0.15 0.06 109.76 0.59±0.06 1.07±0.15
G30.8979+0.1612 -0.11 0.04 109.94 1.81±0.07 2.08±0.13
G30.8979+0.1612 -0.09 0.11 110.12 0.42±0.06 0.97±0.18
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G30.8979+0.1612 -0.11 0.09 110.30 0.27±0.03 0.50±0.08
G30.9591+0.0859 18:47:31.9248 -1:43:00.119 39.98 0.44±0.02 0.43±0.03 MMB
G30.9591+0.0859 0.17 0.35 39.62 0.16±0.02 0.15±0.03
G30.9591+0.0859 0.05 0.24 39.80 0.39±0.02 0.42±0.03
G30.9591+0.0859 0.14 0.26 40.16 0.43±0.02 0.47±0.03
G30.9591+0.0859 0.32 -0.08 41.42 0.03±0.01 0.32±0.11
G30.9726–0.1414 18:48:22.0473 -1:48:30.701 77.83 19.63±0.14 21.01±0.26 MMB
G30.9726–0.1414 0.22 -0.12 73.15 0.04±0.01 0.59±0.18
G30.9726–0.1414 0.47 0.11 73.33 0.09±0.02 0.26±0.07
G30.9726–0.1414 0.28 0.09 73.69 0.11±0.02 0.38±0.10
G30.9726–0.1414 0.22 0.11 73.87 0.70±0.03 0.83±0.05
G30.9726–0.1414 0.22 0.13 74.05 2.81±0.04 3.00±0.08
G30.9726–0.1414 0.23 0.13 74.23 2.95±0.05 3.14±0.09
G30.9726–0.1414 0.24 0.14 74.41 3.91±0.06 4.12±0.11
G30.9726–0.1414 0.24 0.14 74.59 6.24±0.07 6.53±0.13
G30.9726–0.1414 0.24 0.14 74.77 9.52±0.09 10.00±0.16
G30.9726–0.1414 0.24 0.14 74.95 7.04±0.08 7.38±0.14
G30.9726–0.1414 0.24 0.13 75.13 2.05±0.05 2.14±0.09
G30.9726–0.1414 0.25 0.14 75.31 6.01±0.07 6.34±0.13
G30.9726–0.1414 0.25 0.15 75.49 7.87±0.08 8.28±0.15
G30.9726–0.1414 0.25 0.16 75.67 2.76±0.05 2.95±0.09
G30.9726–0.1414 0.38 0.21 75.85 0.42±0.03 0.60±0.07
G30.9726–0.1414 0.18 0.11 76.03 0.64±0.03 0.80±0.06
G30.9726–0.1414 0.04 0.05 76.21 3.81±0.05 4.25±0.10
G30.9726–0.1414 0.02 0.08 76.39 4.47±0.06 4.89±0.12
G30.9726–0.1414 0.04 0.11 76.57 3.34±0.05 3.72±0.10
G30.9726–0.1414 0.07 0.16 76.75 1.69±0.04 1.96±0.08
G30.9726–0.1414 0.09 0.15 76.93 3.38±0.05 3.89±0.10
G30.9726–0.1414 0.04 0.07 77.11 3.73±0.06 4.20±0.10
G30.9726–0.1414 0.03 0.02 77.29 3.33±0.04 3.66±0.08
G30.9726–0.1414 -0.02 0.09 77.47 0.88±0.04 0.97±0.08
G30.9726–0.1414 0.00 0.00 77.65 14.74±0.10 15.72±0.17
G30.9726–0.1414 0.00 0.01 78.01 7.23±0.07 7.67±0.13
G30.9726–0.1414 0.00 -0.00 78.19 3.65±0.06 3.81±0.10
G30.9726–0.1414 0.00 0.02 78.37 2.97±0.05 3.18±0.10
G30.9726–0.1414 -0.00 0.02 78.55 2.13±0.03 2.25±0.06
G30.9726–0.1414 0.04 0.02 78.73 0.29±0.02 0.36±0.04
G30.9726–0.1414 -0.02 0.00 78.91 0.19±0.02 0.32±0.05
G30.9726–0.1414 -0.11 0.41 79.45 0.06±0.01 0.28±0.07
G30.9726–0.1414 0.16 0.11 79.63 0.32±0.02 0.40±0.05
G30.9726–0.1414 0.22 0.11 79.81 1.69±0.03 1.85±0.06
G30.9726–0.1414 0.20 0.14 79.99 1.99±0.04 2.14±0.07
G30.9726–0.1414 0.24 0.26 80.17 0.19±0.02 0.22±0.03
G30.9726–0.1414 -0.53 0.03 80.35 0.06±0.02 0.16±0.07
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of Table C.1
Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G30.9801+0.2158 18:47:06.4722 -1:38:19.939 110.92 0.20±0.02 0.28±0.05 MMB
G30.9801+0.2158 -0.81 -1.03 110.56 0.05±0.01 0.21±0.07
G30.9801+0.2158 0.53 0.09 110.74 0.08±0.02 0.35±0.10
G30.9801+0.2158 0.44 -0.85 111.10 0.08±0.02 0.29±0.08
G30.9728+0.5624 18:45:51.6903 -1:29:13.287 19.88 0.34±0.02 0.47±0.05 MMB
G30.9728+0.5624 -0.05 0.01 19.70 0.07±0.02 0.15±0.05
G30.9728+0.5624 -0.05 0.02 20.06 0.25±0.02 0.30±0.03
G30.9728+0.5624 -0.08 -0.10 20.24 0.14±0.02 0.18±0.03
G30.1981–0.1688 18:47:03.0720 -2:30:36.240 108.58 20.26±0.11 21.46±0.20 MMB
G30.1981–0.1688 -0.09 -0.13 100.66 0.44±0.02 0.52±0.05
G30.1981–0.1688 -0.11 -0.16 100.84 0.20±0.02 0.24±0.04
G30.1981–0.1688 0.03 -0.08 101.74 0.08±0.02 0.31±0.08
G30.1981–0.1688 -0.20 0.03 102.46 0.05±0.01 0.44±0.13
G30.1981–0.1688 -0.06 -0.03 102.64 0.19±0.02 0.21±0.04
G30.1981–0.1688 -0.13 -0.06 102.82 0.68±0.03 0.81±0.05
G30.1981–0.1688 -0.12 -0.07 103.00 1.14±0.03 1.22±0.06
G30.1981–0.1688 -0.09 -0.06 103.18 2.11±0.04 2.17±0.07
G30.1981–0.1688 -0.11 -0.05 103.36 1.99±0.04 2.06±0.07
G30.1981–0.1688 -0.16 -0.06 103.54 0.30±0.02 0.40±0.05
G30.1981–0.1688 -0.64 -0.21 103.72 0.08±0.02 0.68±0.18
G30.1981–0.1688 -0.21 -0.06 103.90 0.15±0.03 0.61±0.14
G30.1981–0.1688 -0.16 -0.13 104.08 0.16±0.02 0.36±0.07
G30.1981–0.1688 -0.14 -0.04 104.26 1.23±0.02 1.36±0.05
G30.1981–0.1688 -0.08 -0.07 104.44 3.16±0.05 3.38±0.09
G30.1981–0.1688 -0.02 -0.10 104.62 3.43±0.06 3.59±0.10
G30.1981–0.1688 -0.05 -0.08 104.80 3.32±0.05 3.49±0.10
G30.1981–0.1688 -0.08 -0.06 104.98 2.52±0.05 2.61±0.08
G30.1981–0.1688 -0.14 -0.05 105.16 2.17±0.04 2.31±0.08
G30.1981–0.1688 -0.07 -0.03 105.34 1.35±0.03 1.42±0.05
G30.1981–0.1688 -0.12 -0.04 105.52 0.92±0.02 1.01±0.05
G30.1981–0.1688 -0.09 -0.03 105.70 0.51±0.03 0.66±0.05
G30.1981–0.1688 -0.17 -0.04 105.88 0.32±0.03 0.40±0.06
G30.1981–0.1688 -0.60 -0.74 106.06 0.05±0.01 0.60±0.19
G30.1981–0.1688 0.20 -0.46 106.24 0.06±0.01 0.60±0.15
G30.1981–0.1688 0.01 -0.05 107.32 0.11±0.01 0.09±0.02
G30.1981–0.1688 -0.03 0.04 107.50 0.49±0.02 0.53±0.04
G30.1981–0.1688 0.03 -0.01 107.68 2.90±0.04 3.09±0.07
G30.1981–0.1688 -0.01 0.04 107.86 1.32±0.04 1.34±0.08
G30.1981–0.1688 0.02 -0.01 108.04 16.66±0.10 17.28±0.18
G30.1981–0.1688 -0.00 0.00 108.22 18.67±0.11 19.89±0.19
G30.1981–0.1688 0.02 -0.01 108.40 14.18±0.10 14.62±0.18
G30.1981–0.1688 0.01 -0.00 108.76 8.41±0.08 8.78±0.15
G30.1981–0.1688 0.02 0.00 108.94 4.06±0.06 4.14±0.11
G30.1981–0.1688 0.03 -0.01 109.12 3.65±0.06 3.76±0.10
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of Table C.1
Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G30.1981–0.1688 0.02 0.00 109.30 7.64±0.08 7.97±0.14
G30.1981–0.1688 0.02 -0.00 109.48 6.16±0.08 6.36±0.14
G30.1981–0.1688 0.02 -0.00 109.66 4.56±0.06 4.59±0.11
G30.1981–0.1688 0.03 0.00 109.84 3.45±0.05 3.56±0.09
G30.1981–0.1688 0.02 -0.02 110.02 3.96±0.06 3.98±0.10
G30.1981–0.1688 0.02 0.00 110.20 6.48±0.07 6.76±0.13
G30.1981–0.1688 0.02 -0.01 110.38 5.20±0.08 5.36±0.13
G30.1981–0.1688 0.02 0.00 110.56 3.36±0.05 3.56±0.10
G30.1981–0.1688 0.03 -0.01 110.74 4.05±0.07 4.28±0.12
G30.1981–0.1688 0.03 -0.06 110.92 0.83±0.03 0.88±0.05
G30.2244–0.1803 18:47:08.3008 -2:29:29.270 113.21 13.18±0.12 13.40±0.20 MMB
G30.2244–0.1803 0.31 0.22 109.97 0.15±0.03 0.34±0.11
G30.2244–0.1803 0.25 0.09 110.15 0.29±0.04 0.55±0.12
G30.2244–0.1803 0.20 0.22 110.33 0.25±0.04 0.50±0.11
G30.2244–0.1803 0.26 0.15 110.51 0.22±0.03 0.32±0.08
G30.2244–0.1803 0.06 0.11 110.69 0.39±0.04 0.45±0.07
G30.2244–0.1803 0.05 0.01 110.87 0.66±0.02 0.72±0.05
G30.2244–0.1803 0.01 -0.00 111.05 3.28±0.04 3.37±0.08
G30.2244–0.1803 0.01 -0.00 111.23 7.78±0.08 7.98±0.14
G30.2244–0.1803 0.01 0.01 111.41 6.00±0.07 6.08±0.12
G30.2244–0.1803 0.02 0.00 111.59 2.26±0.04 2.35±0.07
G30.2244–0.1803 0.02 0.03 111.77 1.29±0.03 1.40±0.05
G30.2244–0.1803 -0.02 -0.01 111.95 0.84±0.02 0.93±0.04
G30.2244–0.1803 -0.00 0.02 112.13 1.80±0.03 1.89±0.06
G30.2244–0.1803 0.00 0.01 112.31 3.81±0.05 3.87±0.08
G30.2244–0.1803 0.00 0.01 112.49 5.59±0.06 5.61±0.11
G30.2244–0.1803 0.00 -0.00 112.67 5.90±0.07 5.95±0.12
G30.2244–0.1803 0.01 0.01 112.85 5.16±0.06 5.25±0.11
G30.2244–0.1803 0.01 -0.00 113.03 9.68±0.10 9.90±0.17
G30.2244–0.1803 0.01 0.01 113.39 6.41±0.07 6.56±0.12
G30.2244–0.1803 0.01 0.00 113.57 2.75±0.04 2.87±0.08
G30.2244–0.1803 -0.00 0.00 113.75 2.20±0.03 2.29±0.06
G30.2244–0.1803 -0.00 0.01 113.93 1.00±0.03 1.10±0.05
G30.2244–0.1803 0.02 0.03 114.11 0.40±0.03 0.58±0.07
G30.2244–0.1803 0.01 0.09 114.29 0.17±0.02 0.25±0.05
G30.2244–0.1803 -0.06 0.04 114.47 0.25±0.02 0.32±0.04
G30.2244–0.1803 -0.39 -0.37 114.65 0.07±0.02 0.31±0.09
G30.3177+0.0703 18:46:25.0249 -2:17:41.037 36.42 7.03±0.05 7.31±0.08 MMB
G30.3177+0.0703 -0.03 0.08 29.94 0.70±0.02 0.67±0.03
G30.3177+0.0703 -0.01 0.01 30.12 2.08±0.03 2.17±0.05
G30.3177+0.0703 -0.07 0.03 30.30 0.84±0.02 0.89±0.04
G30.3177+0.0703 0.09 0.34 31.92 0.09±0.02 0.39±0.10
G30.3177+0.0703 0.05 0.16 32.10 0.20±0.02 0.18±0.03
G30.3177+0.0703 -0.01 0.01 32.28 0.79±0.02 0.91±0.04
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G30.3177+0.0703 -0.02 0.02 32.46 0.36±0.02 0.39±0.03
G30.3177+0.0703 -0.35 -0.42 32.82 0.08±0.02 0.34±0.08
G30.3177+0.0703 0.02 -0.05 33.00 0.30±0.02 0.38±0.04
G30.3177+0.0703 -0.05 0.11 33.18 0.38±0.02 0.43±0.03
G30.3177+0.0703 -0.02 0.02 33.36 0.77±0.02 0.80±0.03
G30.3177+0.0703 -0.02 -0.00 33.54 0.87±0.02 0.92±0.03
G30.3177+0.0703 0.01 0.07 33.72 0.28±0.02 0.31±0.03
G30.3177+0.0703 -0.04 0.03 33.90 0.62±0.02 0.65±0.03
G30.3177+0.0703 0.01 -0.00 34.08 0.80±0.02 0.81±0.03
G30.3177+0.0703 0.05 -0.04 34.26 0.41±0.02 0.40±0.03
G30.3177+0.0703 0.03 0.03 34.44 0.78±0.02 0.82±0.03
G30.3177+0.0703 -0.03 0.03 34.62 0.46±0.01 0.50±0.03
G30.3177+0.0703 -0.01 0.02 34.80 0.25±0.01 0.26±0.03
G30.3177+0.0703 -0.02 0.02 34.98 0.75±0.02 0.80±0.03
G30.3177+0.0703 -0.01 0.05 35.16 1.43±0.02 1.53±0.03
G30.3177+0.0703 -0.00 -0.03 35.34 1.16±0.02 1.24±0.04
G30.3177+0.0703 -0.02 0.03 35.52 2.17±0.03 2.22±0.05
G30.3177+0.0703 -0.01 -0.00 35.70 1.25±0.03 1.29±0.05
G30.3177+0.0703 0.01 0.00 35.88 1.64±0.03 1.71±0.05
G30.3177+0.0703 0.00 0.01 36.06 6.84±0.05 7.15±0.08
G30.3177+0.0703 0.00 0.01 36.24 6.67±0.05 6.89±0.08
G30.3177+0.0703 -0.00 0.01 36.60 4.90±0.04 5.05±0.07
G30.3177+0.0703 0.01 0.00 36.78 2.55±0.03 2.57±0.05
G30.3177+0.0703 0.01 0.00 36.96 2.76±0.03 2.82±0.06
G30.3177+0.0703 -0.00 -0.01 37.14 2.02±0.03 2.07±0.05
G30.3177+0.0703 -0.00 0.02 37.32 1.43±0.03 1.49±0.05
G30.3177+0.0703 -0.00 0.01 37.50 1.24±0.02 1.31±0.04
G30.3177+0.0703 0.00 -0.02 37.68 0.96±0.02 1.05±0.04
G30.3177+0.0703 -0.02 -0.06 37.86 0.63±0.02 0.73±0.04
G30.3177+0.0703 0.03 0.00 38.04 0.45±0.02 0.52±0.03
G30.3177+0.0703 -0.08 0.09 38.22 0.46±0.02 0.54±0.04
G30.3177+0.0703 -0.09 0.01 38.40 0.17±0.02 0.29±0.05
G30.3177+0.0703 -0.02 0.04 48.30 0.20±0.02 0.30±0.04
G30.3177+0.0703 -0.09 0.09 48.48 0.84±0.02 0.92±0.04
G30.3177+0.0703 -0.12 0.09 48.66 1.69±0.03 1.75±0.05
G30.3177+0.0703 -0.08 0.07 48.84 1.55±0.03 1.65±0.05
G30.3177+0.0703 -0.11 0.06 49.02 1.48±0.02 1.54±0.04
G30.3177+0.0703 -0.10 0.04 49.20 0.94±0.02 1.04±0.04
G30.3177+0.0703 -0.10 0.05 49.38 1.14±0.02 1.21±0.04
G30.3177+0.0703 -0.10 0.13 49.56 0.96±0.02 1.03±0.04
G30.3177+0.0703 -0.06 0.04 49.74 0.34±0.02 0.40±0.04
G30.3177+0.0703 -0.10 0.10 49.92 0.26±0.02 0.25±0.03
G30.3177+0.0703 -0.10 0.06 50.10 0.55±0.02 0.54±0.03
G30.3177+0.0703 -0.08 0.11 50.28 0.97±0.02 0.98±0.04
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G30.3177+0.0703 -0.09 0.06 50.46 0.58±0.02 0.59±0.03
G30.3177+0.0703 -0.12 0.12 50.64 0.63±0.02 0.66±0.03
G30.3177+0.0703 -0.10 0.10 50.82 0.44±0.02 0.48±0.03
G30.3177+0.0703 -0.09 -0.02 51.00 0.21±0.02 0.23±0.04
G30.3705+0.4827 18:45:02.7282 -2:03:33.814 12.33 6.03±0.03 6.22±0.05 MMB
G30.3705+0.4827 0.01 -0.04 11.79 0.49±0.01 0.49±0.03
G30.3705+0.4827 -0.01 -0.01 12.15 3.18±0.02 3.28±0.04
G30.3705+0.4827 0.06 0.04 12.69 0.13±0.02 0.25±0.05
G30.3705+0.4827 -0.12 -0.02 13.05 0.24±0.02 0.18±0.02
G30.3705+0.4827 0.07 0.31 13.23 0.19±0.02 0.25±0.04
G30.3705+0.4827 -0.12 0.22 16.47 0.24±0.02 0.18±0.02
G30.3705+0.4827 -0.11 0.21 16.65 1.27±0.02 1.29±0.03
G30.3705+0.4827 -0.04 0.37 16.83 0.11±0.02 0.22±0.05
G30.3705+0.4827 -0.75 -0.34 17.91 0.06±0.01 0.12±0.04
G30.3705+0.4827 -0.31 -0.21 18.09 0.09±0.01 0.13±0.03
G30.3705+0.4827 -0.28 0.10 18.27 0.12±0.02 0.16±0.04
G30.3705+0.4827 -0.17 0.10 18.45 0.19±0.02 0.17±0.03
G30.3705+0.4827 0.02 0.16 18.63 0.26±0.01 0.27±0.02
G30.3705+0.4827 -0.44 0.06 18.99 0.07±0.01 0.10±0.03
G30.3705+0.4827 -0.01 0.13 19.35 0.72±0.02 0.78±0.04
G30.3705+0.4827 -0.02 0.12 19.53 0.57±0.02 0.57±0.03
G30.4006–0.2958 18:47:52.2991 -2:23:16.060 100.39 4.95±0.03 4.97±0.05 MMB
G30.4006–0.2958 0.08 -0.04 97.69 0.23±0.02 0.27±0.03
G30.4006–0.2958 0.02 0.02 97.87 2.26±0.02 2.29±0.03
G30.4006–0.2958 0.03 0.04 98.05 4.50±0.03 4.53±0.04
G30.4006–0.2958 0.02 0.03 98.23 4.61±0.03 4.56±0.05
G30.4006–0.2958 0.03 0.05 98.41 4.73±0.02 4.72±0.04
G30.4006–0.2958 0.00 0.01 98.59 1.24±0.02 1.23±0.03
G30.4006–0.2958 -0.03 -0.09 98.77 0.32±0.01 0.32±0.03
G30.4006–0.2958 -0.04 -0.00 98.95 0.22±0.01 0.22±0.03
G30.4006–0.2958 -0.06 0.46 99.13 0.06±0.01 0.12±0.03
G30.4006–0.2958 0.51 0.47 99.49 0.03±0.01 0.31±0.10
G30.4006–0.2958 -0.23 0.55 99.67 0.05±0.01 0.16±0.05
G30.4006–0.2958 -0.04 -0.01 99.85 0.24±0.01 0.24±0.02
G30.4006–0.2958 0.00 -0.00 100.21 3.09±0.02 3.11±0.04
G30.4006–0.2958 -0.05 -0.05 100.57 0.24±0.02 0.22±0.03
G30.4006–0.2958 0.01 -0.02 100.75 0.36±0.01 0.39±0.02
G30.4006–0.2958 -0.66 0.30 101.11 0.03±0.01 0.32±0.10
G30.4006–0.2958 -0.11 -0.02 101.29 0.12±0.02 0.15±0.03
G30.4006–0.2958 0.02 0.11 101.47 0.30±0.02 0.39±0.04
G30.4006–0.2958 0.04 0.14 101.65 0.20±0.01 0.26±0.03
G30.4006–0.2958 0.03 0.13 101.83 0.33±0.01 0.36±0.03
G30.4006–0.2958 0.06 0.15 102.01 0.18±0.02 0.21±0.03
G30.4006–0.2958 0.04 0.07 102.19 0.17±0.02 0.19±0.03
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G30.4006–0.2958 0.01 0.18 103.27 0.36±0.02 0.37±0.04
G30.4006–0.2958 0.02 0.11 103.45 1.08±0.02 1.13±0.04
G30.4006–0.2958 0.02 0.13 103.63 1.81±0.02 1.85±0.04
G30.4006–0.2958 0.03 0.11 103.81 1.15±0.02 1.14±0.04
G30.4006–0.2958 0.06 0.06 103.99 0.25±0.01 0.23±0.02
G30.4006–0.2958 0.12 -0.00 104.17 0.13±0.01 0.15±0.03
G30.4006–0.2958 0.22 0.06 104.35 0.27±0.02 0.25±0.04
G30.4006–0.2958 -0.05 0.32 104.53 0.11±0.02 0.31±0.06
G30.4006–0.2958 0.10 0.32 104.71 0.25±0.02 0.27±0.03
G30.4006–0.2958 0.12 0.27 104.89 0.27±0.01 0.26±0.02
G30.4006–0.2958 -0.01 0.19 105.07 0.20±0.01 0.18±0.02
G30.4194–0.2316 18:47:40.7617 -2:20:30.887 102.96 13.46±0.05 13.73±0.10 MMB
G30.4194–0.2316 -0.02 -0.03 102.42 0.48±0.02 0.48±0.04
G30.4194–0.2316 -0.00 -0.00 102.78 5.54±0.04 5.58±0.06
G30.4194–0.2316 0.00 -0.01 103.14 7.50±0.04 7.56±0.07
G30.4194–0.2316 0.03 -0.02 103.32 0.86±0.02 0.87±0.04
G30.4194–0.2316 -0.00 -0.02 103.50 1.67±0.02 1.72±0.04
G30.4194–0.2316 -0.00 -0.02 103.68 2.27±0.03 2.33±0.05
G30.4194–0.2316 -0.00 -0.04 103.86 0.70±0.02 0.71±0.04
G30.4194–0.2316 -0.00 -0.05 104.04 0.82±0.02 0.84±0.03
G30.4194–0.2316 -0.01 -0.01 104.22 0.56±0.01 0.59±0.03
G30.4194–0.2316 -0.03 -0.04 104.40 0.66±0.01 0.69±0.03
G30.4194–0.2316 -0.01 -0.13 104.58 0.57±0.01 0.55±0.02
G30.4194–0.2316 -0.01 -0.12 104.76 0.70±0.02 0.68±0.03
G30.4194–0.2316 0.01 -0.05 104.94 0.23±0.02 0.22±0.03
G30.4194–0.2316 -0.15 -0.33 110.70 0.13±0.01 0.32±0.05
G30.4194–0.2316 -0.05 -0.08 110.88 0.25±0.02 0.38±0.05
G30.4194–0.2316 0.01 -0.17 111.06 0.21±0.02 0.26±0.03
G30.4194–0.2316 -0.12 -0.20 111.24 0.06±0.01 0.17±0.05
G30.4236+0.4659 18:45:12.0831 -2:01:10.707 6.26 0.67±0.02 0.72±0.03 MMB
G30.4236+0.4659 0.00 -0.01 5.72 0.63±0.01 0.72±0.03
G30.4236+0.4659 -0.02 0.01 5.90 0.34±0.01 0.35±0.02
G30.4236+0.4659 -0.09 -0.03 6.08 0.26±0.01 0.30±0.03
G30.4236+0.4659 -0.04 -0.01 6.44 0.51±0.01 0.51±0.02
G30.4236+0.4659 -0.00 0.00 6.62 0.48±0.01 0.51±0.02
G30.4236+0.4659 -0.00 0.03 6.80 0.14±0.01 0.12±0.02
G30.4236+0.4659 -0.04 0.12 7.52 0.13±0.01 0.12±0.02
G30.4236+0.4659 -0.06 0.02 7.70 0.24±0.01 0.20±0.02
G30.4236+0.4659 0.04 0.03 7.88 0.15±0.01 0.12±0.02
G30.4236+0.4659 -0.10 -0.05 8.24 0.12±0.01 0.19±0.03
G30.4236+0.4659 -0.01 0.04 8.42 0.33±0.02 0.38±0.03
G30.4236+0.4659 0.06 -0.17 9.68 0.10±0.01 0.05±0.02
G30.4236+0.4659 0.30 -0.11 9.86 0.05±0.01 0.17±0.05
G30.5423+0.0111 18:47:02.2600 -2:07:17.749 54.27 0.54±0.02 0.60±0.03 MMB
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G30.5423+0.0111 -0.30 -0.26 47.43 0.13±0.02 0.24±0.05
G30.5423+0.0111 -0.13 0.02 47.61 0.07±0.02 0.08±0.03
G30.5423+0.0111 -0.03 0.07 48.69 0.12±0.02 0.17±0.04
G30.5423+0.0111 0.09 -0.27 51.93 0.12±0.02 0.34±0.07
G30.5423+0.0111 0.09 0.28 52.11 0.16±0.02 0.38±0.07
G30.5423+0.0111 0.02 0.08 52.29 0.35±0.02 0.38±0.04
G30.5423+0.0111 0.01 0.06 52.47 0.32±0.02 0.36±0.04
G30.5423+0.0111 0.02 0.11 52.65 0.45±0.02 0.48±0.03
G30.5423+0.0111 0.01 -0.02 52.83 0.39±0.02 0.41±0.03
G30.5423+0.0111 0.09 0.04 53.01 0.43±0.02 0.45±0.03
G30.5423+0.0111 0.03 0.04 53.19 0.41±0.02 0.48±0.04
G30.5423+0.0111 0.26 0.25 53.37 0.06±0.01 0.34±0.09
G30.5423+0.0111 -0.02 -0.01 54.09 0.23±0.02 0.30±0.04
G30.5423+0.0111 0.05 0.04 54.45 0.45±0.02 0.45±0.03
G30.5423+0.0111 -0.02 -0.08 54.63 0.17±0.01 0.14±0.02
G31.3958–0.2572 18:49:33.0845 -1:29:04.187 87.31 0.31±0.02 0.41±0.03 NEW
G31.3958–0.2572 -0.20 -0.06 87.49 0.16±0.02 0.27±0.05
G31.4122+0.3071 18:47:34.2756 -1:12:45.769 95.81 13.82±0.16 16.66±0.32 MMB
G31.4122+0.3071 0.02 -0.24 91.31 0.11±0.02 0.42±0.10
G31.4122+0.3071 0.11 -0.70 91.49 0.07±0.02 0.58±0.16
G31.4122+0.3071 0.15 -0.35 91.67 0.26±0.03 0.35±0.05
G31.4122+0.3071 0.13 -0.53 91.85 0.31±0.02 0.37±0.05
G31.4122+0.3071 0.14 0.05 92.03 4.57±0.05 4.95±0.08
G31.4122+0.3071 0.15 0.07 92.21 7.85±0.07 8.66±0.13
G31.4122+0.3071 0.20 -0.27 92.39 2.46±0.04 3.03±0.08
G31.4122+0.3071 0.21 -0.57 92.57 1.68±0.03 1.91±0.07
G31.4122+0.3071 0.23 -0.56 92.75 1.39±0.03 1.51±0.05
G31.4122+0.3071 0.20 -0.48 92.93 1.84±0.04 2.16±0.07
G31.4122+0.3071 0.19 -0.44 93.11 2.82±0.04 3.46±0.08
G31.4122+0.3071 0.19 -0.54 93.29 3.08±0.04 3.47±0.08
G31.4122+0.3071 0.19 -0.53 93.47 2.52±0.04 2.95±0.07
G31.4122+0.3071 0.18 -0.55 93.65 2.68±0.04 3.31±0.08
G31.4122+0.3071 0.17 -0.55 93.83 2.70±0.04 3.37±0.08
G31.4122+0.3071 0.17 -0.52 94.01 1.85±0.04 2.44±0.08
G31.4122+0.3071 0.13 -0.47 94.19 1.58±0.03 2.17±0.06
G31.4122+0.3071 0.14 -0.51 94.37 2.16±0.04 3.02±0.08
G31.4122+0.3071 0.15 -0.57 94.55 2.52±0.04 3.33±0.08
G31.4122+0.3071 0.18 -0.64 94.73 2.61±0.04 3.28±0.08
G31.4122+0.3071 0.18 -0.65 94.91 2.36±0.04 3.09±0.09
G31.4122+0.3071 0.05 -0.28 95.09 2.33±0.04 3.43±0.09
G31.4122+0.3071 -0.06 0.02 95.27 7.07±0.08 8.15±0.15
G31.4122+0.3071 -0.01 -0.01 95.45 6.05±0.10 7.64±0.21
G31.4122+0.3071 -0.02 0.00 95.63 10.54±0.13 12.83±0.26
G31.4122+0.3071 0.02 0.02 95.99 9.22±0.09 10.44±0.17
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G31.4122+0.3071 0.06 -0.03 96.17 8.46±0.12 10.42±0.24
G31.4122+0.3071 0.12 -0.07 96.35 4.73±0.11 6.63±0.25
G31.4122+0.3071 0.06 0.11 96.53 3.20±0.04 3.76±0.08
G31.4122+0.3071 0.08 0.12 96.71 2.51±0.04 3.04±0.09
G31.4122+0.3071 0.10 0.12 96.89 2.06±0.04 2.58±0.07
G31.4122+0.3071 0.20 0.08 97.07 1.61±0.04 2.33±0.08
G31.4122+0.3071 0.31 -0.11 97.25 1.19±0.03 1.88±0.08
G31.4122+0.3071 0.54 -0.42 97.43 1.32±0.03 1.96±0.07
G31.4122+0.3071 0.61 -0.54 97.61 1.25±0.03 1.73±0.07
G31.4122+0.3071 0.58 -0.42 97.79 0.96±0.03 1.52±0.07
G31.4122+0.3071 0.50 -0.25 97.97 0.84±0.03 1.38±0.07
G31.4122+0.3071 0.46 -0.16 98.15 1.00±0.03 1.74±0.09
G31.4122+0.3071 0.57 -0.33 98.33 1.19±0.04 1.97±0.09
G31.4122+0.3071 0.70 -0.52 98.51 2.21±0.04 2.63±0.09
G31.4122+0.3071 0.75 -0.58 98.69 3.18±0.04 3.43±0.07
G31.4122+0.3071 0.63 -0.30 98.87 2.08±0.05 3.00±0.11
G31.4122+0.3071 0.47 0.03 99.05 2.00±0.04 2.88±0.09
G31.4122+0.3071 0.52 -0.12 99.23 1.49±0.04 2.32±0.09
G31.4122+0.3071 0.67 -0.45 99.41 1.02±0.03 1.33±0.07
G31.4122+0.3071 0.73 -0.61 99.59 0.97±0.03 1.11±0.05
G31.4122+0.3071 0.78 -0.64 99.77 1.01±0.02 1.11±0.04
G31.4122+0.3071 0.88 -0.73 99.95 0.90±0.03 0.99±0.05
G31.4122+0.3071 0.82 -0.75 100.13 0.27±0.02 0.34±0.05
G31.4122+0.3071 0.91 -0.55 100.85 0.13±0.02 0.30±0.07
G31.4122+0.3071 0.89 -0.62 101.03 0.22±0.02 0.26±0.04
G31.4122+0.3071 0.65 -0.05 102.47 0.74±0.02 0.90±0.04
G31.4122+0.3071 0.54 0.03 102.65 1.23±0.03 1.38±0.05
G31.4122+0.3071 0.53 0.07 102.83 1.99±0.04 2.18±0.07
G31.4122+0.3071 0.52 0.07 103.01 3.15±0.04 3.31±0.07
G31.4122+0.3071 0.50 0.09 103.19 5.75±0.05 5.96±0.09
G31.4122+0.3071 0.51 0.07 103.37 8.29±0.07 8.70±0.13
G31.4122+0.3071 0.50 0.08 103.55 10.22±0.07 10.65±0.12
G31.4122+0.3071 0.50 0.09 103.73 4.80±0.06 4.86±0.10
G31.4122+0.3071 0.51 0.09 103.91 3.55±0.04 3.59±0.08
G31.4122+0.3071 0.51 0.10 104.09 3.18±0.04 3.30±0.07
G31.4122+0.3071 0.51 0.10 104.27 2.17±0.03 2.18±0.05
G31.4122+0.3071 0.50 0.10 104.45 0.90±0.02 0.91±0.04
G31.4122+0.3071 0.56 0.11 104.63 0.35±0.02 0.41±0.04
G31.4122+0.3071 0.55 0.03 104.81 0.18±0.02 0.22±0.04
G31.4122+0.3071 0.61 0.11 104.99 0.22±0.02 0.31±0.05
G31.4122+0.3071 0.45 0.04 105.17 0.37±0.02 0.50±0.05
G31.4122+0.3071 0.48 0.08 105.35 0.45±0.03 0.57±0.05
G31.4122+0.3071 0.53 0.09 105.53 0.33±0.02 0.35±0.04
G31.4122+0.3071 0.75 0.25 105.71 0.11±0.02 0.33±0.09
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G31.5811+0.0769 18:48:41.9463 -1:10:02.553 98.82 7.79±0.03 8.24±0.05 MMB
G31.5811+0.0769 0.01 -0.11 91.44 0.18±0.02 0.29±0.05
G31.5811+0.0769 0.01 -0.06 91.62 0.39±0.02 0.50±0.05
G31.5811+0.0769 -0.09 -0.09 94.32 0.20±0.02 0.29±0.05
G31.5811+0.0769 -0.08 0.27 94.50 0.09±0.02 0.33±0.08
G31.5811+0.0769 -0.10 -0.12 95.22 0.36±0.02 0.44±0.04
G31.5811+0.0769 -0.12 -0.09 95.40 2.04±0.03 2.16±0.05
G31.5811+0.0769 -0.11 -0.08 95.58 5.55±0.03 5.67±0.05
G31.5811+0.0769 -0.19 -0.08 95.76 0.62±0.02 0.79±0.05
G31.5811+0.0769 -0.15 -0.07 97.56 0.69±0.02 0.73±0.03
G31.5811+0.0769 -0.18 -0.06 97.74 0.96±0.02 1.04±0.04
G31.5811+0.0769 -0.10 -0.12 97.92 1.44±0.02 1.49±0.04
G31.5811+0.0769 -0.08 -0.04 98.10 1.67±0.02 1.72±0.04
G31.5811+0.0769 -0.07 -0.05 98.28 1.46±0.02 1.54±0.04
G31.5811+0.0769 -0.08 -0.04 98.46 1.73±0.03 1.81±0.05
G31.5811+0.0769 -0.04 -0.01 98.64 3.85±0.03 4.04±0.05
G31.5811+0.0769 0.02 0.00 99.00 5.18±0.03 5.52±0.06
G31.5811+0.0769 0.03 -0.01 99.18 3.43±0.03 3.58±0.05
G31.5811+0.0769 0.04 -0.03 99.36 3.03±0.02 3.15±0.04
G31.5811+0.0769 0.02 -0.03 99.54 3.76±0.03 3.92±0.05
G31.5811+0.0769 0.04 -0.03 99.72 2.52±0.03 2.62±0.05
G31.5811+0.0769 0.08 -0.01 99.90 0.49±0.02 0.63±0.05
G31.5937–0.1920 18:49:40.8926 -1:16:43.117 48.25 4.54±0.02 4.68±0.04 MMB
G31.5937–0.1920 -0.00 -0.05 46.63 0.23±0.02 0.29±0.04
G31.5937–0.1920 -0.03 0.01 46.81 0.33±0.02 0.34±0.03
G31.5937–0.1920 -0.01 0.05 46.99 0.69±0.01 0.71±0.03
G31.5937–0.1920 0.01 0.04 47.17 0.68±0.01 0.66±0.02
G31.5937–0.1920 0.02 -0.14 47.35 0.09±0.01 0.08±0.02
G31.5937–0.1920 -0.02 -0.04 48.07 0.50±0.02 0.49±0.03
G31.5937–0.1920 -0.03 -0.01 48.43 1.53±0.02 1.54±0.03
G31.0470+0.3562 18:46:43.8523 -1:30:54.268 82.73 6.46±0.03 6.70±0.06 MMB
G31.0470+0.3562 -0.05 -0.02 77.87 0.07±0.02 0.19±0.06
G31.0470+0.3562 0.14 -0.03 78.05 0.19±0.02 0.23±0.03
G31.0470+0.3562 0.12 0.02 78.23 0.26±0.01 0.21±0.02
G31.0470+0.3562 -0.13 -0.09 78.41 0.12±0.02 0.20±0.04
G31.0470+0.3562 0.01 0.03 78.59 0.20±0.02 0.24±0.03
G31.0470+0.3562 0.06 -0.01 78.77 0.61±0.02 0.60±0.03
G31.0470+0.3562 0.04 0.02 78.95 1.50±0.02 1.52±0.04
G31.0470+0.3562 0.06 0.02 79.13 1.96±0.02 1.99±0.04
G31.0470+0.3562 0.07 0.01 79.31 1.34±0.02 1.28±0.03
G31.0470+0.3562 0.05 0.02 79.49 1.19±0.02 1.20±0.03
G31.0470+0.3562 0.04 0.02 79.67 1.06±0.02 1.08±0.04
G31.0470+0.3562 0.05 0.02 79.85 1.62±0.02 1.61±0.04
G31.0470+0.3562 0.05 -0.00 80.03 3.46±0.02 3.52±0.04
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G31.0470+0.3562 0.05 0.02 80.21 4.04±0.03 4.16±0.05
G31.0470+0.3562 0.04 0.01 80.39 2.81±0.03 2.88±0.05
G31.0470+0.3562 0.05 0.00 80.57 3.85±0.03 3.94±0.06
G31.0470+0.3562 0.05 0.00 80.75 3.05±0.03 3.06±0.05
G31.0470+0.3562 0.03 0.00 80.93 3.88±0.03 3.97±0.05
G31.0470+0.3562 0.04 -0.01 81.11 2.16±0.03 2.20±0.04
G31.0470+0.3562 0.05 -0.01 81.29 1.13±0.02 1.16±0.03
G31.0470+0.3562 0.04 -0.02 81.47 0.33±0.02 0.33±0.03
G31.0470+0.3562 -0.11 0.04 81.65 0.41±0.02 0.46±0.03
G31.0470+0.3562 -0.06 -0.17 81.83 0.19±0.02 0.26±0.03
G31.0470+0.3562 -0.09 -0.48 82.01 0.06±0.02 0.12±0.05
G31.0470+0.3562 0.01 0.07 82.37 0.29±0.02 0.35±0.04
G31.0470+0.3562 -0.00 0.01 82.55 1.07±0.02 1.03±0.03
G31.0470+0.3562 0.02 0.02 82.91 0.56±0.02 0.50±0.03
G31.0470+0.3562 -0.00 -0.12 84.53 0.08±0.02 0.11±0.03
G31.0470+0.3562 -0.03 0.05 85.25 0.14±0.02 0.27±0.05
G31.0470+0.3562 0.09 0.01 85.43 0.21±0.02 0.22±0.03
G31.0470+0.3562 0.70 -0.19 85.61 0.04±0.01 0.35±0.12
G31.0592+0.0933 18:47:41.3368 -1:37:26.433 16.51 17.43±0.08 17.94±0.14 MMB
G31.0592+0.0933 -0.01 0.01 15.25 0.66±0.02 0.68±0.04
G31.0592+0.0933 -0.04 0.01 15.43 0.88±0.03 0.87±0.05
G31.0592+0.0933 -0.00 0.03 15.61 2.97±0.04 3.08±0.07
G31.0592+0.0933 -0.02 0.02 15.79 8.34±0.05 8.55±0.09
G31.0592+0.0933 -0.01 0.01 15.97 4.44±0.04 4.51±0.07
G31.0592+0.0933 -0.00 0.01 16.33 7.43±0.06 7.62±0.10
G31.0592+0.0933 0.00 -0.00 16.69 7.35±0.05 7.53±0.09
G31.0592+0.0933 0.00 -0.02 16.87 2.12±0.03 2.18±0.06
G31.0592+0.0933 -0.03 -0.04 17.23 0.21±0.03 0.38±0.07
G31.0592+0.0933 -0.05 0.00 17.59 0.40±0.02 0.49±0.04
G31.0592+0.0933 0.07 -0.04 17.95 0.22±0.02 0.24±0.04
G31.0592+0.0933 -0.09 -0.16 18.31 0.10±0.02 0.14±0.04
G31.0592+0.0933 0.06 0.08 18.49 0.35±0.02 0.51±0.04
G31.0592+0.0933 0.05 -0.00 18.67 1.09±0.02 1.12±0.04
G31.0592+0.0933 0.10 -0.13 18.85 0.24±0.02 0.21±0.04
G31.0592+0.0933 -0.08 -0.23 19.39 0.11±0.02 0.50±0.10
G31.0592+0.0933 0.05 0.00 19.57 0.59±0.02 0.71±0.04
G31.0592+0.0933 0.08 0.00 19.75 1.45±0.03 1.44±0.05
G31.0592+0.0933 0.07 0.00 19.93 1.22±0.02 1.23±0.04
G31.0592+0.0933 0.08 0.01 20.11 0.91±0.02 1.00±0.03
G31.0767+0.4573 18:46:25.4349 -1:26:33.508 25.68 1.97±0.03 1.99±0.05 MMB
G31.0767+0.4573 0.15 0.17 25.14 0.12±0.02 0.26±0.05
G31.0767+0.4573 0.02 -0.03 25.32 1.22±0.02 1.30±0.04
G31.0767+0.4573 0.01 -0.01 25.50 1.65±0.02 1.68±0.04
G31.0767+0.4573 -0.03 -0.02 25.86 1.61±0.03 1.70±0.05
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G31.0767+0.4573 -0.31 0.57 26.04 0.06±0.01 0.40±0.11
G31.0767+0.4573 0.06 0.31 26.22 0.16±0.02 0.27±0.04
G31.0767+0.4573 -0.10 0.22 26.40 0.16±0.02 0.20±0.03
G31.0767+0.4573 0.04 0.05 26.58 0.36±0.02 0.46±0.04
G31.0767+0.4573 0.02 0.04 26.76 0.59±0.02 0.68±0.04
G31.0767+0.4573 0.16 0.67 26.94 0.03±0.01 0.37±0.15
G31.1213+0.0628 18:47:54.6711 -1:34:57.096 48.07 2.08±0.03 2.17±0.06 MMB
G31.1213+0.0628 0.01 0.29 34.21 0.16±0.01 0.16±0.02
G31.1213+0.0628 -0.13 0.24 34.39 0.42±0.01 0.41±0.02
G31.1213+0.0628 -0.03 0.22 34.57 0.19±0.02 0.20±0.03
G31.1213+0.0628 -0.06 0.33 34.75 0.19±0.02 0.25±0.04
G31.1213+0.0628 0.04 0.21 34.93 0.29±0.02 0.41±0.05
G31.1213+0.0628 -0.07 0.28 35.29 0.22±0.02 0.28±0.04
G31.1213+0.0628 -0.05 0.27 35.47 0.21±0.02 0.19±0.02
G31.1213+0.0628 -0.06 0.34 35.65 0.24±0.02 0.23±0.03
G31.1213+0.0628 -0.21 0.18 36.19 0.08±0.01 0.23±0.06
G31.1213+0.0628 -0.07 0.01 36.91 0.18±0.02 0.49±0.08
G31.1213+0.0628 -0.14 0.27 37.09 0.19±0.01 0.16±0.02
G31.1213+0.0628 -0.38 -0.52 37.27 0.06±0.01 0.19±0.05
G31.1213+0.0628 0.01 0.44 37.45 0.16±0.02 0.21±0.04
G31.1213+0.0628 0.20 -0.37 45.73 0.05±0.01 0.23±0.07
G31.1213+0.0628 0.02 0.27 45.91 0.13±0.02 0.19±0.04
G31.1213+0.0628 0.01 0.03 47.35 0.30±0.02 0.36±0.03
G31.1213+0.0628 -0.00 -0.02 47.53 0.30±0.02 0.35±0.03
G31.1213+0.0628 0.02 -0.00 47.89 1.21±0.02 1.25±0.04
G31.1580+0.0457 18:48:02.3286 -1:33:27.219 40.96 2.25±0.03 2.26±0.06 MMB
G31.1580+0.0457 -0.01 -0.08 37.72 0.20±0.02 0.25±0.03
G31.1580+0.0457 0.15 0.12 37.90 0.15±0.02 0.19±0.04
G31.1580+0.0457 -0.03 0.05 40.42 0.34±0.02 0.33±0.04
G31.1580+0.0457 0.02 -0.00 40.60 0.98±0.03 1.07±0.05
G31.1580+0.0457 0.02 0.01 40.78 1.61±0.03 1.63±0.05
G31.1580+0.0457 0.00 0.01 41.14 2.24±0.03 2.23±0.06
G31.1580+0.0457 0.02 -0.01 41.32 1.48±0.03 1.60±0.05
G31.1580+0.0457 0.00 -0.01 41.50 0.68±0.02 0.76±0.04
G31.1580+0.0457 0.02 0.30 41.86 0.07±0.02 0.26±0.09
G31.1580+0.0457 0.00 0.24 42.58 0.09±0.01 0.06±0.02
G31.1580+0.0457 -0.07 -0.10 42.76 0.14±0.02 0.13±0.03
G31.1580+0.0457 0.01 -0.17 42.94 0.19±0.02 0.17±0.03
G31.1580+0.0457 -0.07 -0.19 43.12 0.06±0.02 0.07±0.03
G31.1580+0.0457 0.06 0.06 43.30 0.20±0.02 0.28±0.04
G31.1580+0.0457 0.02 0.08 43.48 0.36±0.02 0.46±0.04
G31.1824–0.1477 18:48:46.4100 -1:37:28.112 46.31 2.00±0.04 2.12±0.06 MMB
G31.1824–0.1477 -0.46 -0.80 38.39 0.07±0.01 0.33±0.07
G31.1824–0.1477 0.02 0.06 43.25 0.43±0.02 0.45±0.03
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of Table C.1
Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G31.1824–0.1477 -0.03 -0.00 43.43 0.77±0.02 0.78±0.04
G31.1824–0.1477 -0.02 -0.01 43.61 1.58±0.03 1.68±0.05
G31.1824–0.1477 -0.08 -0.11 43.79 0.36±0.02 0.37±0.04
G31.1824–0.1477 -0.05 -0.03 44.15 0.85±0.02 0.95±0.03
G31.1824–0.1477 -0.04 -0.05 44.33 0.34±0.01 0.37±0.03
G31.1824–0.1477 -0.10 0.02 44.51 0.21±0.02 0.27±0.03
G31.1824–0.1477 -0.03 -0.05 44.69 1.10±0.03 1.23±0.05
G31.1824–0.1477 -0.06 0.00 44.87 0.76±0.02 0.80±0.04
G31.1824–0.1477 -0.00 -0.16 45.05 0.28±0.02 0.34±0.04
G31.1824–0.1477 -0.06 -0.08 45.23 0.20±0.02 0.30±0.04
G31.1824–0.1477 -0.03 -0.00 45.41 0.53±0.02 0.64±0.04
G31.1824–0.1477 -0.03 -0.04 45.59 1.06±0.02 1.14±0.05
G31.1824–0.1477 -0.04 -0.02 45.77 1.38±0.03 1.47±0.06
G31.1824–0.1477 -0.03 -0.05 45.95 1.03±0.03 1.06±0.05
G31.1824–0.1477 -0.03 0.01 46.13 1.83±0.04 1.90±0.06
G31.1824–0.1477 0.01 0.02 46.49 0.98±0.03 1.06±0.05
G31.1824–0.1477 0.01 -0.14 46.67 0.03±0.01 0.36±0.16
G31.1824–0.1477 -0.16 -0.26 48.65 0.14±0.02 0.20±0.04
G31.1824–0.1477 0.07 -0.10 48.83 0.36±0.02 0.46±0.05
G31.1824–0.1477 0.02 -0.10 49.01 0.79±0.02 0.80±0.03
G31.1824–0.1477 0.06 -0.09 49.19 0.51±0.02 0.58±0.03
G31.1824–0.1477 0.00 -0.09 51.35 0.10±0.02 0.21±0.05
G31.1824–0.1477 -0.02 -0.13 51.53 0.26±0.02 0.36±0.04
G31.1824–0.1477 -0.20 -0.72 51.71 0.06±0.01 0.15±0.04
G31.2527+0.0025 18:48:21.9201 -1:29:36.239 41.14 0.22±0.02 0.26±0.04 YAN19
G31.2527+0.0025 -0.04 0.17 40.96 0.15±0.02 0.19±0.04
G31.2527+0.0025 -0.06 0.05 41.32 0.17±0.02 0.21±0.04
G31.2527+0.0025 -0.06 0.22 41.50 0.13±0.02 0.17±0.04
G31.2756+0.0053 18:48:23.8758 -1:28:18.567 37.46 0.38±0.02 0.41±0.04 NEW
G31.2756+0.0053 0.05 -0.07 37.10 0.16±0.02 0.19±0.03
G31.2756+0.0053 0.07 0.05 37.28 0.36±0.02 0.36±0.03
G31.2756+0.0053 0.10 -0.03 37.64 0.11±0.02 0.11±0.03
G31.2805+0.0617 18:48:12.3794 -1:26:30.659 110.29 62.38±0.27 67.23±0.49 MMB
G31.2805+0.0617 0.11 0.13 102.19 0.21±0.03 0.73±0.14
G31.2805+0.0617 0.04 0.18 102.37 0.77±0.05 1.16±0.12
G31.2805+0.0617 0.04 0.15 102.55 1.15±0.05 1.46±0.10
G31.2805+0.0617 0.03 0.19 102.73 0.98±0.04 1.23±0.09
G31.2805+0.0617 0.02 0.23 102.91 1.79±0.05 2.05±0.09
G31.2805+0.0617 0.01 0.23 103.09 2.34±0.05 2.56±0.10
G31.2805+0.0617 0.03 0.19 103.27 1.64±0.06 1.97±0.12
G31.2805+0.0617 0.05 0.13 103.45 1.06±0.06 1.46±0.13
G31.2805+0.0617 0.05 0.12 103.63 0.74±0.06 1.20±0.13
G31.2805+0.0617 0.04 0.11 103.81 0.64±0.04 0.95±0.10
G31.2805+0.0617 0.10 0.09 103.99 0.45±0.04 0.75±0.11
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of Table C.1
Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G31.2805+0.0617 0.04 0.15 104.17 3.02±0.06 3.21±0.10
G31.2805+0.0617 0.04 0.20 104.35 6.73±0.07 7.01±0.13
G31.2805+0.0617 0.03 0.20 104.53 3.31±0.06 3.47±0.11
G31.2805+0.0617 0.08 0.10 104.71 1.41±0.05 1.68±0.10
G31.2805+0.0617 0.06 0.10 104.89 2.00±0.06 2.17±0.10
G31.2805+0.0617 0.08 -0.00 105.07 7.97±0.09 8.38±0.17
G31.2805+0.0617 0.08 -0.00 105.25 10.93±0.12 11.44±0.21
G31.2805+0.0617 0.11 0.03 105.43 10.04±0.12 10.55±0.22
G31.2805+0.0617 0.11 0.01 105.61 11.71±0.14 12.50±0.25
G31.2805+0.0617 0.10 -0.06 105.79 15.07±0.15 15.54±0.27
G31.2805+0.0617 0.11 -0.08 105.97 14.97±0.15 15.40±0.26
G31.2805+0.0617 0.11 -0.07 106.15 7.82±0.10 8.04±0.17
G31.2805+0.0617 0.10 -0.08 106.33 6.64±0.08 6.91±0.15
G31.2805+0.0617 0.10 -0.07 106.51 5.34±0.07 5.59±0.13
G31.2805+0.0617 0.11 0.00 106.69 5.08±0.07 5.43±0.13
G31.2805+0.0617 0.17 0.09 106.87 6.09±0.10 6.66±0.18
G31.2805+0.0617 0.24 0.24 107.05 19.95±0.17 21.06±0.31
G31.2805+0.0617 0.27 0.27 107.23 24.17±0.18 24.97±0.32
G31.2805+0.0617 0.15 0.04 107.41 10.60±0.13 11.27±0.23
G31.2805+0.0617 0.09 -0.05 107.59 5.97±0.08 6.29±0.15
G31.2805+0.0617 -0.11 -0.11 107.77 3.50±0.06 4.07±0.12
G31.2805+0.0617 -0.13 -0.08 107.95 2.79±0.06 3.32±0.12
G31.2805+0.0617 -0.02 -0.04 108.13 1.31±0.06 1.64±0.12
G31.2805+0.0617 -0.01 0.03 108.31 3.13±0.06 3.48±0.12
G31.2805+0.0617 -0.16 -0.07 108.49 5.67±0.08 6.46±0.15
G31.2805+0.0617 -0.12 -0.08 108.67 7.66±0.10 8.93±0.19
G31.2805+0.0617 0.08 0.05 108.85 4.81±0.09 5.67±0.16
G31.2805+0.0617 -0.03 0.02 109.03 2.95±0.07 3.72±0.14
G31.2805+0.0617 0.03 0.05 109.21 3.93±0.08 4.82±0.16
G31.2805+0.0617 0.01 0.04 109.39 7.06±0.13 8.89±0.25
G31.2805+0.0617 -0.06 -0.03 109.57 16.02±0.20 20.82±0.42
G31.2805+0.0617 -0.10 -0.02 109.75 20.26±0.20 24.01±0.39
G31.2805+0.0617 0.12 0.01 109.93 12.17±0.19 17.39±0.42
G31.2805+0.0617 0.07 0.02 110.11 55.10±0.28 67.43±0.55
G31.2805+0.0617 0.08 -0.04 110.47 37.33±0.21 40.00±0.39
G31.2805+0.0617 0.05 -0.03 110.65 29.00±0.19 30.61±0.35
G31.2805+0.0617 0.01 -0.04 110.83 26.03±0.20 28.24±0.36
G31.2805+0.0617 -0.01 -0.03 111.01 32.36±0.20 35.02±0.37
G31.2805+0.0617 0.01 -0.03 111.19 22.65±0.18 24.48±0.34
G31.2805+0.0617 -0.10 -0.04 111.37 18.47±0.17 20.19±0.32
G31.2805+0.0617 -0.22 -0.06 111.55 22.89±0.18 24.50±0.32
G31.2805+0.0617 -0.15 -0.03 111.73 16.72±0.16 18.05±0.30
G31.2805+0.0617 -0.10 0.01 111.91 10.27±0.13 11.09±0.24
G31.2805+0.0617 -0.19 0.00 112.09 16.80±0.17 17.66±0.31
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G31.2805+0.0617 -0.24 0.02 112.27 26.05±0.19 26.95±0.34
G31.2805+0.0617 -0.22 0.03 112.45 15.18±0.16 15.71±0.28
G31.2805+0.0617 -0.21 0.05 112.63 5.57±0.08 5.91±0.14
G31.2805+0.0617 -0.22 0.07 112.81 3.50±0.06 3.67±0.10
G31.2805+0.0617 -0.28 0.10 112.99 0.67±0.04 0.89±0.08
G31.2805+0.0617 -0.28 0.08 113.17 0.38±0.05 0.80±0.14
G31.2805+0.0617 -0.43 0.13 113.35 0.22±0.03 0.35±0.07
G31.2805+0.0617 -0.32 0.07 113.53 0.30±0.03 0.60±0.09
G31.2805+0.0617 -0.44 -0.26 113.71 0.14±0.02 0.16±0.04
G31.2805+0.0617 -0.35 0.10 113.89 0.19±0.03 0.30±0.06
G32.8027+0.1926 18:50:30.9803 -0:01:39.020 26.89 0.76±0.02 0.73±0.04 MMB
G32.8027+0.1926 0.10 0.01 25.27 0.07±0.01 0.21±0.06
G32.8027+0.1926 0.06 -0.23 25.45 0.10±0.02 0.17±0.05
G32.8027+0.1926 -0.03 0.04 25.63 0.24±0.02 0.26±0.04
G32.8027+0.1926 -0.03 0.02 25.81 0.27±0.02 0.32±0.03
G32.8027+0.1926 -0.00 -0.15 25.99 0.23±0.02 0.29±0.04
G32.8027+0.1926 -0.04 0.09 26.17 0.19±0.02 0.28±0.04
G32.8027+0.1926 -0.06 -0.15 26.35 0.33±0.02 0.29±0.03
G32.8027+0.1926 -0.01 0.02 26.53 0.58±0.02 0.60±0.04
G32.8027+0.1926 -0.01 -0.03 26.71 0.66±0.02 0.75±0.04
G32.8027+0.1926 -0.01 0.06 27.07 0.53±0.02 0.58±0.04
G32.8027+0.1926 -0.01 -0.05 27.25 0.53±0.02 0.58±0.04
G32.8027+0.1926 -0.01 0.04 27.43 0.41±0.02 0.47±0.04
G32.8027+0.1926 0.15 0.05 27.61 0.25±0.02 0.37±0.04
G32.8027+0.1926 0.01 0.07 27.79 0.16±0.02 0.26±0.06
G32.8212–0.3301 18:52:24.6919 -0:14:57.744 82.23 0.90±0.03 1.02±0.05 MMB
G32.8212–0.3301 -0.08 0.04 81.87 0.08±0.02 0.37±0.11
G32.8212–0.3301 0.09 -0.12 82.05 0.14±0.03 0.32±0.08
G32.8212–0.3301 -0.00 -0.02 82.41 0.64±0.03 0.63±0.05
G32.9175–0.0935 18:51:44.6899 -0:03:19.758 103.45 1.22±0.03 1.19±0.05 MMB
G32.9175–0.0935 0.72 -0.44 103.63 0.11±0.02 0.65±0.14
G32.9645–0.3394 18:52:42.3514 -0:07:33.837 48.38 0.71±0.02 0.78±0.04 MMB
G32.9645–0.3394 0.01 -0.02 47.66 0.55±0.02 0.53±0.03
G32.9645–0.3394 0.08 -0.00 47.84 0.39±0.02 0.39±0.04
G32.9645–0.3394 0.04 0.09 48.20 0.46±0.02 0.48±0.03
G32.9645–0.3394 0.07 0.02 48.56 0.34±0.02 0.47±0.05
G32.9645–0.3394 0.07 -0.00 48.74 0.43±0.01 0.42±0.02
G32.9645–0.3394 0.04 0.02 48.92 0.57±0.02 0.55±0.03
G32.9645–0.3394 0.11 -0.02 49.10 0.22±0.02 0.30±0.04
G32.9645–0.3394 0.30 0.28 49.28 0.05±0.01 0.29±0.10
G32.9918+0.0338 18:51:25.5834 00:04:06.919 91.00 8.68±0.04 8.95±0.07 MMB
G32.9918+0.0338 -0.14 -0.20 89.38 0.15±0.02 0.18±0.03
G32.9918+0.0338 0.03 -0.07 89.56 0.25±0.02 0.26±0.04
G32.9918+0.0338 -0.02 -0.02 89.74 1.92±0.02 1.88±0.04
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G32.9918+0.0338 -0.02 -0.01 89.92 2.70±0.03 2.66±0.05
G32.9918+0.0338 -0.01 -0.01 90.10 3.22±0.03 3.26±0.06
G32.9918+0.0338 -0.03 -0.00 90.28 2.62±0.03 2.71±0.05
G32.9918+0.0338 -0.02 -0.02 90.46 3.97±0.03 4.05±0.05
G32.9918+0.0338 -0.03 -0.04 90.64 3.69±0.03 3.69±0.06
G32.9918+0.0338 -0.00 -0.00 90.82 4.90±0.05 4.94±0.08
G32.9918+0.0338 -0.00 0.00 91.18 4.15±0.03 4.18±0.05
G32.9918+0.0338 -0.01 0.01 91.36 4.07±0.03 4.05±0.05
G32.9918+0.0338 -0.01 0.01 91.54 3.92±0.03 4.00±0.06
G32.9918+0.0338 -0.02 0.01 91.72 7.00±0.05 7.21±0.08
G32.9918+0.0338 -0.02 0.01 91.90 8.61±0.04 8.93±0.08
G32.9918+0.0338 -0.02 0.00 92.08 2.91±0.03 2.93±0.05
G32.9918+0.0338 -0.02 0.01 92.26 1.07±0.02 1.09±0.04
G32.9918+0.0338 0.02 0.03 92.44 0.99±0.02 0.99±0.04
G32.9918+0.0338 0.01 -0.00 92.62 0.67±0.02 0.68±0.04
G32.9918+0.0338 -0.10 -0.19 92.80 0.06±0.01 0.23±0.06
G32.9918+0.0338 -0.05 0.07 94.24 0.19±0.02 0.20±0.03
G32.0446+0.0593 18:49:36.5582 -0:45:45.944 92.62 70.32±0.20 72.43±0.35 MMB
G32.0446+0.0593 0.50 0.24 91.00 0.08±0.02 0.10±0.04
G32.0446+0.0593 -0.18 -0.32 91.90 0.06±0.02 0.38±0.15
G32.0446+0.0593 0.01 0.00 92.08 4.05±0.06 4.11±0.11
G32.0446+0.0593 0.00 0.00 92.26 17.48±0.14 17.95±0.26
G32.0446+0.0593 0.00 -0.00 92.44 36.20±0.17 37.02±0.31
G32.0446+0.0593 -0.00 -0.00 92.80 61.44±0.19 62.99±0.35
G32.0446+0.0593 -0.01 0.00 92.98 16.82±0.12 17.02±0.22
G32.0446+0.0593 -0.01 0.02 93.16 7.01±0.08 7.17±0.15
G32.0446+0.0593 0.01 0.02 93.34 5.28±0.07 5.60±0.13
G32.0446+0.0593 -0.01 0.03 93.52 1.37±0.05 1.57±0.10
G32.0446+0.0593 0.00 -0.00 93.70 1.74±0.05 1.94±0.09
G32.0446+0.0593 0.02 -0.00 93.88 1.02±0.05 1.21±0.10
G32.0446+0.0593 0.03 0.03 94.06 2.96±0.05 3.18±0.09
G32.0446+0.0593 0.02 -0.02 94.24 1.43±0.05 1.70±0.10
G32.0446+0.0593 0.01 -0.07 94.42 1.33±0.06 1.78±0.14
G32.0446+0.0593 0.02 -0.14 94.60 10.08±0.11 11.01±0.21
G32.0446+0.0593 0.03 -0.07 94.78 13.17±0.12 13.92±0.22
G32.0446+0.0593 0.04 -0.04 94.96 4.27±0.08 4.72±0.15
G32.0446+0.0593 0.03 -0.10 95.14 1.92±0.06 2.17±0.11
G32.0446+0.0593 -0.00 -0.27 95.32 6.44±0.08 6.89±0.14
G32.0446+0.0593 0.01 -0.18 95.50 8.98±0.08 9.55±0.16
G32.0446+0.0593 0.04 -0.07 95.68 3.18±0.06 3.54±0.12
G32.0446+0.0593 0.07 -0.03 95.86 0.76±0.05 1.09±0.11
G32.0446+0.0593 0.05 0.09 96.04 0.35±0.04 0.74±0.12
G32.0446+0.0593 0.06 0.06 96.22 0.27±0.03 0.39±0.06
G32.0446+0.0593 0.09 0.03 96.40 0.49±0.04 0.95±0.13
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G32.0446+0.0593 0.08 -0.03 96.58 0.62±0.04 0.87±0.10
G32.0446+0.0593 0.12 0.07 96.76 0.73±0.05 1.00±0.10
G32.0446+0.0593 0.23 0.11 96.94 0.22±0.04 1.03±0.21
G32.0446+0.0593 0.19 0.17 97.12 0.30±0.04 0.63±0.10
G32.0446+0.0593 0.18 0.10 97.30 0.16±0.02 0.57±0.10
G32.0446+0.0593 0.17 0.28 97.48 0.32±0.04 0.54±0.10
G32.0446+0.0593 0.27 0.41 98.02 4.75±0.08 4.92±0.14
G32.0446+0.0593 0.28 0.41 98.20 35.01±0.17 36.12±0.31
G32.0446+0.0593 0.28 0.42 98.38 50.78±0.20 52.47±0.35
G32.0446+0.0593 0.28 0.42 98.56 34.17±0.17 35.05±0.31
G32.0446+0.0593 0.28 0.42 98.74 14.30±0.12 14.62±0.21
G32.0446+0.0593 0.26 0.41 98.92 2.12±0.04 2.22±0.08
G32.0446+0.0593 0.34 0.47 99.10 0.15±0.03 0.93±0.24
G32.0446+0.0593 0.24 0.42 99.28 2.75±0.06 3.02±0.10
G32.0446+0.0593 0.24 0.43 99.46 8.32±0.09 8.75±0.16
G32.0446+0.0593 0.26 0.43 99.64 6.25±0.07 6.56±0.13
G32.0446+0.0593 0.27 0.42 99.82 2.02±0.05 2.24±0.09
G32.0446+0.0593 0.26 0.40 100.00 0.60±0.04 0.70±0.07
G32.0446+0.0593 0.17 0.44 100.18 0.23±0.03 0.66±0.11
G32.0446+0.0593 0.24 0.45 100.36 2.01±0.05 2.22±0.09
G32.0446+0.0593 0.23 0.42 100.54 4.54±0.07 4.64±0.13
G32.0446+0.0593 0.24 0.43 100.72 22.29±0.15 23.04±0.27
G32.0446+0.0593 0.25 0.43 100.90 31.58±0.18 32.49±0.31
G32.0446+0.0593 0.25 0.42 101.08 30.95±0.17 31.82±0.31
G32.0446+0.0593 0.25 0.42 101.26 20.75±0.14 21.35±0.25
G32.0446+0.0593 0.27 0.44 101.62 2.50±0.06 2.79±0.11
G32.0446+0.0593 -0.05 0.28 101.80 0.13±0.02 0.21±0.05
G32.0446+0.0593 0.11 0.32 101.98 0.23±0.03 0.57±0.09
G32.0446+0.0593 0.22 0.39 102.16 0.18±0.02 0.29±0.05
G32.1052–0.0743 18:50:11.6672 -0:46:11.046 49.87 0.61±0.02 0.67±0.04 NEW
G32.1052–0.0743 0.29 0.23 49.51 0.08±0.01 0.08±0.03
G32.1052–0.0743 -0.00 0.35 49.69 0.09±0.02 0.36±0.08
G32.1052–0.0743 0.04 -0.02 50.05 0.30±0.02 0.33±0.04
G32.1052–0.0743 0.15 0.70 50.23 0.06±0.01 0.22±0.06
G32.1176+0.0906 18:49:37.7520 -0:41:00.197 92.71 11.18±0.08 11.81±0.14 HU16
G32.1176+0.0906 0.10 -0.27 90.37 0.06±0.02 0.20±0.08
G32.1176+0.0906 0.08 -0.04 90.55 0.40±0.03 0.59±0.07
G32.1176+0.0906 0.01 0.00 90.73 1.39±0.03 1.50±0.05
G32.1176+0.0906 0.01 -0.03 90.91 0.51±0.02 0.59±0.04
G32.1176+0.0906 0.42 -0.77 91.27 0.04±0.01 0.41±0.14
G32.1176+0.0906 -0.02 0.01 91.63 0.84±0.03 0.94±0.05
G32.1176+0.0906 -0.03 -0.10 91.81 0.55±0.03 0.64±0.06
G32.1176+0.0906 -0.02 0.03 91.99 2.18±0.03 2.31±0.05
G32.1176+0.0906 0.04 0.05 92.17 0.94±0.04 0.98±0.07
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G32.1176+0.0906 -0.30 -0.26 92.35 0.13±0.05 0.64±0.29
G32.1176+0.0906 -0.00 -0.01 92.89 10.12±0.07 10.55±0.12
G32.1176+0.0906 -0.02 -0.00 93.25 0.19±0.03 0.12±0.04
G32.1176+0.0906 -0.01 -0.00 97.57 1.82±0.03 1.83±0.05
G32.1176+0.0906 -0.03 -0.01 97.75 5.64±0.05 5.86±0.08
G32.1176+0.0906 -0.03 -0.00 97.93 2.63±0.04 2.75±0.08
G32.1176+0.0906 -0.04 -0.05 98.11 1.09±0.04 1.19±0.08
G32.1176+0.0906 -0.29 -0.50 99.19 0.06±0.02 0.15±0.06
G32.1176+0.0906 0.09 -0.02 99.37 0.15±0.02 0.12±0.03
G32.1176+0.0906 -0.33 -0.60 99.55 0.09±0.03 0.28±0.12
G32.1176+0.0906 0.23 -0.25 99.91 0.32±0.03 0.49±0.07
G32.1176+0.0906 0.49 -0.58 100.09 0.06±0.01 0.62±0.17
G32.1176+0.0906 0.04 -1.18 102.07 0.04±0.01 0.55±0.18
G32.1176+0.0906 -0.24 0.18 102.25 0.09±0.02 0.59±0.16
G32.1176+0.0906 -0.02 -0.04 102.43 0.64±0.04 0.89±0.08
G32.1176+0.0906 0.02 -0.08 102.61 1.09±0.03 1.18±0.06
G32.1176+0.0906 0.00 -0.03 102.79 0.96±0.03 1.11±0.07
G32.1176+0.0906 0.02 -0.08 102.97 0.66±0.02 0.73±0.05
G32.1176+0.0906 -0.01 -0.06 103.15 0.74±0.03 0.81±0.05
G32.1176+0.0906 0.04 -0.03 103.33 0.63±0.03 0.68±0.05
G32.1176+0.0906 -0.01 -0.02 103.51 0.46±0.03 0.68±0.07
G32.1176+0.0906 0.10 0.03 103.69 0.14±0.02 0.66±0.12
G32.1176+0.0906 0.00 -0.11 103.87 0.12±0.02 0.29±0.07
G32.1176+0.0906 -0.06 0.03 104.05 0.15±0.02 0.17±0.04
G32.5150+0.3229 18:49:31.7355 -0:13:26.191 52.65 1.19±0.04 1.36±0.08 MMB
G32.5150+0.3229 -0.01 -0.01 52.47 0.68±0.03 0.80±0.05
G32.5150+0.3229 0.05 -0.04 52.83 0.17±0.02 0.19±0.04
G32.7443–0.0753 18:51:21.8532 -0:12:05.255 38.49 39.90±0.32 40.72±0.56 MMB
G32.7443–0.0753 0.06 -0.06 36.15 0.84±0.02 0.97±0.05
G32.7443–0.0753 0.06 -0.03 36.33 1.09±0.02 1.19±0.03
G32.7443–0.0753 0.00 -0.13 36.69 0.16±0.02 0.26±0.04
G32.7443–0.0753 -0.12 -0.05 37.05 0.33±0.02 0.37±0.03
G32.7443–0.0753 0.05 -0.01 37.41 2.84±0.05 3.11±0.09
G32.7443–0.0753 0.08 0.01 37.59 3.31±0.04 3.35±0.08
G32.7443–0.0753 0.02 0.01 37.77 12.35±0.15 12.54±0.27
G32.7443–0.0753 0.01 0.00 37.95 31.16±0.28 31.59±0.49
G32.7443–0.0753 0.01 -0.00 38.13 32.14±0.27 32.83±0.48
G32.7443–0.0753 0.01 -0.00 38.31 38.58±0.31 39.42±0.54
G32.7443–0.0753 -0.01 0.00 38.67 26.21±0.23 26.56±0.41
G32.7443–0.0753 -0.02 0.01 38.85 9.99±0.12 10.06±0.22
G32.7443–0.0753 -0.09 0.01 39.03 15.56±0.18 15.95±0.31
G32.7443–0.0753 -0.08 0.01 39.21 11.11±0.14 11.45±0.24
G32.7440–0.0756 18:51:21.8648 -0:12:06.314 32.01 43.25±0.36 44.74±0.64 G32.7443-0.0753b

G32.7440–0.0756 -0.03 0.34 24.45 0.14±0.01 0.10±0.01
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G32.7440–0.0756 -0.06 0.31 24.63 0.22±0.02 0.27±0.03
G32.7440–0.0756 -0.11 0.28 24.81 0.31±0.01 0.36±0.03
G32.7440–0.0756 -0.02 0.22 24.99 0.19±0.02 0.23±0.03
G32.7440–0.0756 -0.06 0.36 25.17 0.12±0.02 0.16±0.04
G32.7440–0.0756 -0.05 0.22 25.89 0.10±0.02 0.09±0.03
G32.7440–0.0756 0.12 0.58 26.43 0.08±0.02 0.28±0.09
G32.7440–0.0756 0.04 0.07 26.61 0.22±0.02 0.23±0.04
G32.7440–0.0756 -0.02 0.08 26.79 0.17±0.02 0.11±0.02
G32.7440–0.0756 0.04 0.14 26.97 0.21±0.01 0.18±0.02
G32.7440–0.0756 -0.17 0.03 27.15 0.17±0.02 0.23±0.03
G32.7440–0.0756 -0.12 0.07 27.33 0.28±0.02 0.40±0.05
G32.7440–0.0756 -0.19 0.10 27.51 0.22±0.02 0.39±0.07
G32.7440–0.0756 -0.02 0.24 27.69 0.22±0.02 0.25±0.03
G32.7440–0.0756 -0.12 0.11 27.87 0.18±0.01 0.21±0.03
G32.7440–0.0756 -0.06 0.04 28.05 0.34±0.02 0.35±0.03
G32.7440–0.0756 -0.07 0.19 28.23 0.83±0.02 0.95±0.05
G32.7440–0.0756 -0.05 0.18 28.41 1.22±0.03 1.36±0.06
G32.7440–0.0756 -0.05 0.15 28.59 0.70±0.03 0.80±0.06
G32.7440–0.0756 -0.05 0.15 28.77 1.43±0.03 1.60±0.06
G32.7440–0.0756 -0.06 0.14 28.95 1.42±0.04 1.52±0.08
G32.7440–0.0756 -0.07 0.13 29.13 2.17±0.04 2.34±0.07
G32.7440–0.0756 -0.09 0.10 29.31 2.17±0.04 2.30±0.07
G32.7440–0.0756 -0.08 0.08 29.49 2.00±0.04 2.05±0.07
G32.7440–0.0756 -0.05 0.12 29.67 2.59±0.05 2.81±0.10
G32.7440–0.0756 -0.06 0.10 29.85 6.64±0.10 6.93±0.17
G32.7440–0.0756 -0.07 0.10 30.03 12.75±0.15 12.99±0.26
G32.7440–0.0756 -0.05 0.06 30.21 14.74±0.17 15.25±0.30
G32.7440–0.0756 -0.01 0.05 30.39 14.82±0.18 15.45±0.33
G32.7440–0.0756 -0.01 0.10 30.57 10.24±0.13 10.64±0.23
G32.7440–0.0756 -0.02 0.13 30.75 3.79±0.07 4.07±0.13
G32.7440–0.0756 0.00 0.11 30.93 1.91±0.04 2.13±0.08
G32.7440–0.0756 -0.02 0.12 31.11 1.33±0.03 1.55±0.06
G32.7440–0.0756 -0.05 0.08 31.29 0.46±0.03 0.54±0.05
G32.7440–0.0756 -0.01 0.01 31.47 3.52±0.06 3.66±0.11
G32.7440–0.0756 0.02 -0.01 31.65 6.08±0.09 6.41±0.17
G32.7440–0.0756 -0.01 0.02 31.83 10.31±0.16 10.65±0.28
G32.7440–0.0756 -0.03 0.02 32.19 19.71±0.20 20.58±0.36
G32.7440–0.0756 -0.06 0.08 32.37 5.13±0.09 5.24±0.17
G32.7440–0.0756 -0.03 0.05 32.55 5.74±0.08 6.16±0.14
G32.7440–0.0756 -0.03 0.07 32.73 2.64±0.08 2.74±0.14
G32.7440–0.0756 0.01 0.02 32.91 15.94±0.16 16.81±0.28
G32.7440–0.0756 0.00 0.03 33.09 15.73±0.19 16.41±0.35
G32.7440–0.0756 -0.01 0.02 33.27 34.66±0.29 36.02±0.52
G32.7440–0.0756 0.00 0.02 33.45 35.52±0.31 37.06±0.56
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G32.7440–0.0756 0.01 0.01 33.63 15.99±0.19 16.52±0.34
G32.7440–0.0756 0.01 0.04 33.81 13.79±0.15 14.41±0.27
G32.7440–0.0756 -0.04 0.04 33.99 4.08±0.08 4.26±0.15
G32.7440–0.0756 -0.06 0.08 34.17 4.38±0.05 4.65±0.09
G32.7440–0.0756 -0.04 0.14 34.35 1.61±0.04 1.99±0.08
G32.7440–0.0756 -0.05 0.12 34.53 1.67±0.03 1.91±0.05
G32.7440–0.0756 -0.11 0.10 34.71 0.63±0.02 0.76±0.04
G32.7440–0.0756 -0.10 0.14 34.89 0.43±0.02 0.60±0.04
G32.7455–0.0760 18:51:22.1089 -0:12:02.093 44.07 0.19±0.02 0.27±0.03 G32.7443-0.0753c

G32.7455–0.0760 0.04 0.12 43.89 0.11±0.02 0.15±0.04
G32.7455–0.0760 -0.18 -0.09 44.25 0.18±0.02 0.35±0.05
G32.7455–0.0760 -0.10 -0.19 44.43 0.09±0.02 0.20±0.05
G32.7455–0.0760 0.21 0.04 45.69 0.13±0.01 0.11±0.02
G32.7455–0.0760 0.08 -0.01 45.87 0.17±0.01 0.15±0.02
G32.7455–0.0760 -0.18 0.15 46.05 0.12±0.01 0.12±0.02
G32.7496–0.0642 18:51:19.9994 -0:11:29.450 34.98 2.54±0.08 2.93±0.15 MMB
G32.7496–0.0642 -0.32 -0.02 34.80 0.26±0.05 0.86±0.19
G32.7496–0.0642 -0.01 -0.03 35.16 0.95±0.07 1.31±0.15
G32.7496–0.0642 0.04 -0.05 35.34 0.62±0.06 1.16±0.16
G32.7496–0.0642 0.02 0.02 35.52 1.23±0.06 1.65±0.13
G33.6412–0.2276 18:53:32.5640 00:31:39.230 60.30 145.28±0.26 152.78±0.46 MMB
G33.6412–0.2276 0.03 -0.03 56.88 0.37±0.04 0.68±0.10
G33.6412–0.2276 -0.06 0.03 57.06 0.57±0.04 0.85±0.10
G33.6412–0.2276 -0.09 -0.19 57.24 0.11±0.02 0.30±0.08
G33.6412–0.2276 -0.03 -0.05 58.32 1.06±0.04 1.22±0.08
G33.6412–0.2276 -0.06 0.04 58.50 2.15±0.05 2.41±0.10
G33.6412–0.2276 -0.05 -0.02 58.68 3.91±0.06 4.09±0.12
G33.6412–0.2276 -0.06 0.01 58.86 19.00±0.13 19.21±0.23
G33.6412–0.2276 -0.06 0.01 59.04 22.90±0.15 23.19±0.27
G33.6412–0.2276 -0.06 0.01 59.22 28.79±0.17 29.26±0.30
G33.6412–0.2276 -0.06 -0.00 59.40 27.02±0.16 27.54±0.28
G33.6412–0.2276 -0.07 0.01 59.58 19.84±0.14 20.15±0.26
G33.6412–0.2276 -0.06 0.00 59.76 24.10±0.15 24.58±0.27
G33.6412–0.2276 -0.12 0.01 59.94 8.18±0.10 8.18±0.17
G33.6412–0.2276 -0.01 -0.00 60.12 76.91±0.24 80.10±0.44
G33.6412–0.2276 -0.02 0.01 60.48 13.47±0.15 13.51±0.26
G33.6412–0.2276 -0.00 -0.01 60.66 21.30±0.15 21.60±0.27
G33.6412–0.2276 -0.01 0.00 60.84 44.55±0.18 45.91±0.33
G33.6412–0.2276 -0.01 0.01 61.02 30.73±0.16 31.45±0.28
G33.6412–0.2276 0.04 0.08 61.20 3.86±0.07 3.82±0.12
G33.6412–0.2276 0.03 0.03 61.38 8.81±0.07 9.04±0.12
G33.6412–0.2276 0.00 0.07 61.56 2.00±0.05 2.04±0.09
G33.6412–0.2276 0.02 0.01 61.74 6.33±0.06 6.61±0.11
G33.6412–0.2276 0.04 0.06 61.92 6.24±0.07 6.32±0.13
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G33.6412–0.2276 0.05 0.07 62.10 12.48±0.10 12.77±0.18
G33.6412–0.2276 0.05 0.07 62.28 12.20±0.11 12.48±0.19
G33.6412–0.2276 0.01 0.04 62.46 11.15±0.11 11.35±0.19
G33.6412–0.2276 -0.01 0.01 62.64 16.15±0.11 16.61±0.19
G33.6412–0.2276 -0.02 -0.00 62.82 6.78±0.09 6.84±0.16
G33.6412–0.2276 -0.02 0.00 63.00 10.56±0.09 10.77±0.17
G33.6412–0.2276 0.01 0.05 63.18 14.73±0.10 15.19±0.19
G33.6412–0.2276 0.02 0.12 63.54 0.29±0.04 0.68±0.12
G33.7258–0.1202 18:53:18.7831 00:39:04.957 54.09 4.13±0.04 4.22±0.08 MMB
G33.7258–0.1202 0.53 -0.12 52.29 0.05±0.01 0.38±0.12
G33.7258–0.1202 -0.09 0.15 52.83 0.13±0.02 0.23±0.05
G33.7258–0.1202 0.01 -0.04 53.01 0.85±0.02 0.94±0.04
G33.7258–0.1202 0.01 -0.00 53.19 1.60±0.02 1.59±0.04
G33.7258–0.1202 0.03 -0.00 53.37 2.25±0.02 2.29±0.04
G33.7258–0.1202 -0.03 -0.08 53.55 0.29±0.02 0.25±0.03
G33.7258–0.1202 -0.01 -0.03 53.73 0.54±0.02 0.53±0.04
G33.7258–0.1202 0.01 0.01 53.91 3.06±0.03 3.10±0.06
G33.7258–0.1202 0.00 -0.00 54.27 1.53±0.02 1.56±0.04
G33.7258–0.1202 -0.02 0.03 54.45 0.95±0.02 1.00±0.03
G33.7258–0.1202 0.25 0.45 54.63 0.10±0.02 0.14±0.04
G33.7258–0.1202 0.17 -0.17 54.99 0.06±0.01 0.07±0.02
G33.7258–0.1202 -0.03 -0.36 55.17 0.07±0.01 0.14±0.04
G33.7258–0.1202 -0.30 0.32 55.35 0.04±0.01 0.27±0.09
G33.7258–0.1202 -0.14 0.09 55.53 0.14±0.02 0.35±0.06
G33.7258–0.1202 -0.01 0.07 55.71 0.15±0.02 0.16±0.03
G33.7258–0.1202 0.07 -0.07 55.89 0.07±0.01 0.04±0.01
G33.7258–0.1202 0.24 -0.05 56.07 0.06±0.02 0.14±0.05
G33.7258–0.1202 -0.18 -0.33 56.25 0.05±0.01 0.16±0.04
G33.7258–0.1202 0.44 0.16 60.39 0.11±0.02 0.28±0.07
G33.7258–0.1202 0.03 0.05 60.57 0.76±0.02 0.86±0.04
G33.7258–0.1202 0.04 0.08 60.75 0.79±0.02 0.87±0.04
G33.8520+0.0178 18:53:03.1384 00:49:37.283 63.58 5.59±0.03 5.62±0.06 MMB
G33.8520+0.0178 0.15 0.01 58.36 0.11±0.01 0.11±0.02
G33.8520+0.0178 -0.03 0.05 60.16 0.23±0.02 0.24±0.03
G33.8520+0.0178 -0.01 0.06 60.34 0.17±0.02 0.17±0.03
G33.8520+0.0178 0.03 0.08 60.52 0.41±0.01 0.41±0.02
G33.8520+0.0178 -0.02 0.01 60.70 1.21±0.02 1.23±0.03
G33.8520+0.0178 -0.02 0.02 60.88 1.41±0.02 1.45±0.04
G33.8520+0.0178 -0.04 0.01 61.06 0.76±0.02 0.80±0.03
G33.8520+0.0178 0.04 -0.00 61.42 0.49±0.02 0.52±0.04
G33.8520+0.0178 0.01 0.02 61.60 0.48±0.02 0.50±0.03
G33.8520+0.0178 0.13 0.06 61.96 0.13±0.02 0.14±0.03
G33.8520+0.0178 0.04 -0.32 62.14 0.12±0.02 0.08±0.02
G33.8520+0.0178 0.05 -0.02 62.50 0.11±0.02 0.12±0.04
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G33.8520+0.0178 0.11 0.05 62.68 0.30±0.02 0.36±0.03
G33.8520+0.0178 0.03 0.04 62.86 0.67±0.02 0.67±0.03
G33.8520+0.0178 -0.00 -0.00 63.04 0.90±0.02 0.91±0.04
G33.8520+0.0178 -0.00 0.00 63.22 1.72±0.02 1.71±0.04
G33.8520+0.0178 0.01 0.00 63.40 3.67±0.03 3.72±0.04
G33.8520+0.0178 -0.01 -0.01 63.76 4.56±0.03 4.66±0.06
G33.8520+0.0178 0.00 -0.02 63.94 2.81±0.02 2.86±0.04
G33.8520+0.0178 0.01 -0.06 64.12 1.53±0.02 1.57±0.03
G33.8520+0.0178 0.00 0.01 64.30 0.58±0.02 0.61±0.03
G33.8520+0.0178 0.04 -0.08 64.48 0.43±0.02 0.46±0.03
G33.8520+0.0178 0.05 -0.06 64.66 0.37±0.01 0.37±0.02
G33.9798–0.0189 18:53:25.0189 00:55:25.911 64.03 2.22±0.02 2.34±0.04 MMB
G33.9798–0.0189 -0.01 0.07 58.99 1.27±0.02 1.31±0.03
G33.9798–0.0189 -0.06 -0.04 59.17 0.28±0.02 0.23±0.03
G33.9798–0.0189 0.01 0.02 59.35 1.51±0.02 1.51±0.03
G33.9798–0.0189 -0.01 0.02 59.53 1.96±0.02 2.01±0.04
G33.9798–0.0189 0.01 -0.09 59.89 0.31±0.02 0.38±0.04
G33.9798–0.0189 -0.08 -0.01 60.07 0.36±0.02 0.41±0.04
G33.9798–0.0189 -0.02 -0.04 60.25 0.35±0.02 0.38±0.04
G33.9798–0.0189 -0.08 0.03 60.43 0.41±0.02 0.48±0.05
G33.9798–0.0189 0.01 0.14 60.61 0.38±0.02 0.40±0.04
G33.9798–0.0189 -0.06 0.01 60.79 0.41±0.02 0.40±0.04
G33.9798–0.0189 -0.05 -0.05 60.97 0.74±0.02 0.75±0.04
G33.9798–0.0189 -0.02 0.01 61.15 1.42±0.02 1.43±0.04
G33.9798–0.0189 -0.03 0.00 61.33 1.56±0.02 1.62±0.04
G33.9798–0.0189 -0.02 0.02 61.51 0.61±0.02 0.67±0.04
G33.9798–0.0189 0.05 0.13 61.69 0.27±0.02 0.33±0.04
G33.9798–0.0189 0.06 0.07 61.87 0.25±0.02 0.30±0.03
G33.9798–0.0189 0.04 0.06 62.05 0.51±0.02 0.57±0.04
G33.9798–0.0189 0.03 -0.00 62.23 0.95±0.02 0.89±0.03
G33.9798–0.0189 0.02 0.03 62.41 0.90±0.02 0.99±0.05
G33.9798–0.0189 0.02 0.04 62.59 0.67±0.02 0.67±0.04
G33.9798–0.0189 0.04 0.08 62.77 0.47±0.02 0.47±0.03
G33.9798–0.0189 0.05 0.09 62.95 0.32±0.02 0.35±0.03
G33.9798–0.0189 0.09 0.08 63.13 0.25±0.02 0.26±0.03
G33.9798–0.0189 -0.12 0.23 63.31 0.13±0.02 0.38±0.08
G33.9798–0.0189 0.04 -0.42 63.49 0.09±0.02 0.13±0.04
G33.9798–0.0189 -0.04 0.13 63.67 0.27±0.01 0.28±0.03
G33.9798–0.0189 -0.06 -0.07 63.85 0.23±0.02 0.29±0.03
G33.9798–0.0189 0.00 0.01 64.21 1.71±0.02 1.80±0.03
G33.9798–0.0189 0.72 0.46 64.39 0.06±0.02 0.29±0.11
G33.9798–0.0189 0.04 0.06 64.57 0.51±0.02 0.51±0.03
G33.9798–0.0189 0.02 0.00 64.93 0.30±0.02 0.32±0.03
G33.9798–0.0189 -0.01 -0.13 65.11 0.22±0.01 0.30±0.03
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of Table C.1
Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G33.9798–0.0189 -0.02 0.04 65.29 0.77±0.02 0.82±0.03
G33.9798–0.0189 -0.07 0.01 65.47 0.59±0.01 0.59±0.03
G33.9798–0.0189 0.02 -0.02 65.65 0.39±0.02 0.40±0.03
G33.9798–0.0189 -0.14 0.17 65.83 0.11±0.02 0.29±0.06
G33.0925–0.0725 18:51:59.4049 00:06:34.087 104.22 11.39±0.13 11.61±0.22 MMB
G33.0925–0.0725 0.00 0.16 94.32 0.16±0.02 0.27±0.05
G33.0925–0.0725 -0.03 0.01 94.50 0.73±0.02 0.80±0.05
G33.0925–0.0725 -0.02 -0.07 94.68 0.45±0.02 0.46±0.04
G33.0925–0.0725 -0.01 -0.07 94.86 0.79±0.02 0.81±0.04
G33.0925–0.0725 0.02 -0.05 95.04 1.04±0.02 1.09±0.04
G33.0925–0.0725 -0.04 -0.05 95.22 0.82±0.02 0.85±0.04
G33.0925–0.0725 0.06 0.00 95.40 0.54±0.02 0.55±0.04
G33.0925–0.0725 -0.01 -0.08 95.58 1.32±0.02 1.42±0.05
G33.0925–0.0725 0.00 0.01 95.76 0.92±0.02 1.01±0.05
G33.0925–0.0725 -0.03 -0.00 95.94 0.33±0.02 0.37±0.03
G33.0925–0.0725 0.16 -0.13 96.12 0.13±0.02 0.20±0.04
G33.0925–0.0725 -0.04 -0.08 96.30 0.12±0.02 0.16±0.04
G33.0925–0.0725 0.14 0.43 96.48 0.06±0.02 0.29±0.10
G33.0925–0.0725 -0.00 -0.05 96.66 0.30±0.02 0.39±0.05
G33.0925–0.0725 -0.01 -0.05 96.84 1.07±0.02 1.11±0.04
G33.0925–0.0725 -0.02 -0.01 97.02 0.80±0.02 0.85±0.04
G33.0925–0.0725 -0.02 -0.12 97.20 0.25±0.02 0.26±0.03
G33.0925–0.0725 0.02 0.00 97.38 0.25±0.02 0.27±0.03
G33.0925–0.0725 -0.04 0.01 97.56 0.22±0.02 0.23±0.04
G33.0925–0.0725 -0.01 -0.25 97.74 0.14±0.02 0.13±0.03
G33.0925–0.0725 0.02 -0.03 97.92 0.22±0.02 0.21±0.04
G33.0925–0.0725 0.02 -0.01 98.10 0.27±0.02 0.41±0.05
G33.0925–0.0725 0.03 0.05 98.28 0.27±0.02 0.34±0.05
G33.0925–0.0725 -0.03 0.04 98.46 0.37±0.02 0.34±0.03
G33.0925–0.0725 -0.03 -0.10 98.64 0.56±0.02 0.57±0.04
G33.0925–0.0725 0.01 -0.01 98.82 0.67±0.02 0.72±0.04
G33.0925–0.0725 0.05 -0.09 99.00 0.29±0.02 0.24±0.03
G33.0925–0.0725 -0.11 -0.31 99.36 0.06±0.02 0.26±0.08
G33.0925–0.0725 0.03 -0.15 100.98 0.21±0.02 0.34±0.05
G33.0925–0.0725 0.01 -0.01 101.16 0.78±0.02 0.84±0.04
G33.0925–0.0725 0.08 -0.02 101.34 1.18±0.03 1.33±0.05
G33.0925–0.0725 0.04 0.00 101.52 1.12±0.03 1.14±0.04
G33.0925–0.0725 0.05 -0.02 101.70 1.80±0.02 1.87±0.04
G33.0925–0.0725 0.04 -0.06 102.06 8.04±0.08 8.34±0.14
G33.0925–0.0725 0.03 -0.06 102.24 8.06±0.10 8.24±0.17
G33.0925–0.0725 0.07 -0.04 102.42 3.91±0.05 3.99±0.09
G33.0925–0.0725 0.04 -0.05 102.60 5.08±0.06 5.18±0.10
G33.0925–0.0725 0.06 -0.03 102.78 6.43±0.07 6.59±0.13
G33.0925–0.0725 0.06 -0.02 102.96 4.51±0.06 4.60±0.10
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G33.0925–0.0725 0.04 -0.09 103.14 0.42±0.02 0.34±0.04
G33.0925–0.0725 0.02 -0.01 103.32 2.14±0.03 2.13±0.06
G33.0925–0.0725 -0.00 -0.00 103.50 4.07±0.06 4.10±0.10
G33.0925–0.0725 0.00 0.00 103.68 7.79±0.09 7.93±0.15
G33.0925–0.0725 0.01 -0.00 103.86 10.05±0.11 10.27±0.19
G33.0925–0.0725 0.00 0.00 104.04 11.21±0.12 11.55±0.21
G33.0925–0.0725 0.00 0.00 104.40 7.85±0.08 7.97±0.15
G33.0925–0.0725 -0.00 0.01 104.58 1.54±0.03 1.55±0.05
G33.0925–0.0725 -0.02 0.01 104.76 0.42±0.02 0.45±0.04
G33.0925–0.0725 -0.00 0.06 104.94 0.41±0.02 0.67±0.05
G33.0925–0.0725 -0.15 0.04 105.12 0.11±0.02 0.26±0.07
G33.0925–0.0725 0.08 0.01 105.48 0.32±0.02 0.30±0.03
G33.0925–0.0725 0.03 0.02 105.66 0.84±0.02 0.85±0.04
G33.0925–0.0725 0.00 0.01 105.84 0.83±0.03 0.86±0.05
G33.0925–0.0725 -0.01 0.04 106.02 0.52±0.02 0.49±0.04
G33.0925–0.0725 0.04 -0.15 106.20 0.16±0.02 0.25±0.05
G33.1328–0.0916 18:52:07.8248 00:08:12.383 73.20 12.61±0.07 13.21±0.13 MMB
G33.1328–0.0916 0.04 -0.07 70.86 0.24±0.03 0.20±0.04
G33.1328–0.0916 -0.00 0.01 71.04 0.29±0.02 0.35±0.05
G33.1328–0.0916 0.03 0.05 71.22 0.44±0.03 0.50±0.06
G33.1328–0.0916 0.01 -0.01 71.40 0.73±0.02 0.69±0.04
G33.1328–0.0916 -0.01 0.03 71.58 0.90±0.03 0.91±0.04
G33.1328–0.0916 0.01 0.03 71.76 0.80±0.03 0.83±0.06
G33.1328–0.0916 0.04 0.02 71.94 0.61±0.03 0.71±0.05
G33.1328–0.0916 0.05 -0.03 72.12 0.13±0.02 0.14±0.05
G33.1328–0.0916 0.02 0.01 72.30 0.16±0.02 0.32±0.06
G33.1328–0.0916 -0.04 -0.10 72.48 0.29±0.03 0.41±0.06
G33.1328–0.0916 0.01 -0.00 72.66 1.18±0.03 1.28±0.06
G33.1328–0.0916 0.01 0.02 72.84 2.82±0.04 2.87±0.08
G33.1328–0.0916 0.01 0.01 73.02 10.16±0.06 10.51±0.10
G33.1328–0.0916 -0.03 -0.08 73.38 6.11±0.06 6.50±0.11
G33.1328–0.0916 -0.01 -0.01 73.56 5.97±0.05 6.30±0.08
G33.1328–0.0916 -0.02 -0.07 73.74 8.97±0.08 9.24±0.14
G33.1328–0.0916 -0.01 -0.07 73.92 5.72±0.04 5.85±0.07
G33.1328–0.0916 0.09 0.06 74.10 1.28±0.03 1.23±0.05
G33.1328–0.0916 -0.03 -0.08 74.28 8.46±0.06 8.81±0.11
G33.1328–0.0916 -0.00 -0.07 74.46 3.67±0.04 3.82±0.06
G33.1328–0.0916 -0.07 0.08 74.64 0.22±0.03 0.25±0.05
G33.1328–0.0916 -0.20 0.12 74.82 0.13±0.02 0.26±0.06
G33.1328–0.0916 -0.19 -0.13 79.68 0.14±0.02 0.23±0.06
G33.1328–0.0916 -0.28 -0.38 79.86 0.14±0.03 0.21±0.07
G33.1328–0.0916 -0.30 -0.36 80.04 1.11±0.03 1.13±0.05
G33.1328–0.0916 -0.08 0.05 80.22 0.32±0.03 0.34±0.05
G33.1328–0.0916 -0.07 0.11 80.40 0.72±0.02 0.70±0.04
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G33.1328–0.0916 -0.09 0.05 80.58 1.24±0.03 1.23±0.05
G33.1328–0.0916 0.11 0.23 80.76 0.21±0.03 0.34±0.08
G33.1328–0.0916 0.32 -0.02 80.94 0.14±0.02 0.41±0.09
G33.1999+0.0011 18:51:55.3543 00:14:20.187 91.36 0.32±0.02 0.36±0.03 NEW
G33.1999+0.0011 -0.07 -0.10 91.18 0.19±0.02 0.15±0.02
G33.1999+0.0011 0.10 -0.01 91.54 0.14±0.02 0.28±0.05
G33.1999+0.0011 0.06 -0.13 91.72 0.16±0.02 0.19±0.03
G33.1999+0.0011 -0.05 -0.32 91.90 0.09±0.02 0.13±0.04
G33.1999+0.0011 0.17 -0.07 92.62 0.05±0.01 0.19±0.06
G33.1999+0.0011 0.22 -0.15 93.52 0.09±0.02 0.34±0.09
G33.1999+0.0011 0.05 -0.39 93.70 0.04±0.01 0.26±0.11
G33.2037–0.0101 18:51:58.1213 00:14:14.370 92.08 1.11±0.02 1.11±0.04 NEW
G33.2037–0.0101 -0.01 -0.05 91.90 0.81±0.02 0.82±0.03
G33.2037–0.0101 -0.00 -0.03 92.26 0.91±0.02 0.84±0.03
G33.2037–0.0101 -0.01 -0.02 92.44 0.82±0.02 0.84±0.04
G33.2037–0.0101 -0.01 -0.06 92.62 0.23±0.01 0.21±0.02
G33.2037–0.0101 0.22 -0.16 92.80 0.04±0.01 0.19±0.08
G33.2037–0.0101 0.08 -0.04 94.96 0.18±0.02 0.24±0.04
G33.2037–0.0101 -0.08 0.05 95.14 0.10±0.02 0.11±0.03
G33.2037–0.0101 0.07 -0.07 97.66 0.14±0.02 0.11±0.03
G33.2037–0.0101 -0.04 -0.02 97.84 0.14±0.01 0.09±0.02
G33.2037–0.0101 0.86 -0.73 98.02 0.04±0.01 0.24±0.09
G33.2037–0.0101 0.04 0.04 108.28 0.34±0.02 0.34±0.04
G33.2037–0.0101 -0.01 -0.02 108.46 0.14±0.02 0.13±0.03
G33.2037–0.0101 -0.03 -0.01 109.54 0.21±0.02 0.27±0.04
G33.2037–0.0101 -0.12 -0.13 109.72 0.12±0.02 0.16±0.03
G33.2037–0.0101 -0.07 -0.11 109.90 0.19±0.01 0.11±0.02
G33.3174–0.3599 18:53:25.2990 00:10:43.904 29.14 1.01±0.02 1.08±0.03 MMB
G33.3174–0.3599 -0.03 -0.01 27.52 0.42±0.02 0.47±0.03
G33.3174–0.3599 -0.04 -0.06 27.70 0.47±0.02 0.59±0.04
G33.3174–0.3599 -0.05 -0.22 28.78 0.13±0.01 0.13±0.02
G33.3174–0.3599 -0.04 -0.01 29.32 0.88±0.02 0.94±0.04
G33.3174–0.3599 -0.10 0.03 29.86 0.08±0.02 0.06±0.02
G33.3174–0.3599 -0.01 -0.00 30.04 0.46±0.02 0.47±0.03
G33.3174–0.3599 -0.07 -0.06 30.22 0.55±0.02 0.59±0.04
G33.3174–0.3599 -0.04 -0.49 30.40 0.04±0.02 0.19±0.09
G33.3174–0.3599 0.03 0.07 31.30 0.16±0.02 0.21±0.03
G33.3930+0.0097 18:52:14.6420 00:24:52.486 105.12 18.48±0.17 19.23±0.31 MMB
G33.3930+0.0097 -0.04 0.14 96.66 0.10±0.02 0.12±0.04
G33.3930+0.0097 -0.14 0.17 96.84 0.19±0.03 0.64±0.12
G33.3930+0.0097 0.00 0.09 97.02 0.74±0.03 0.82±0.05
G33.3930+0.0097 0.03 0.15 97.20 1.01±0.04 1.11±0.07
G33.3930+0.0097 0.02 0.12 97.38 4.05±0.07 4.20±0.13
G33.3930+0.0097 0.03 0.10 97.56 4.80±0.09 4.96±0.15
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G33.3930+0.0097 0.02 0.11 97.74 5.74±0.10 5.87±0.17
G33.3930+0.0097 0.02 0.11 97.92 7.63±0.10 7.79±0.18
G33.3930+0.0097 0.02 0.11 98.10 4.86±0.08 4.91±0.15
G33.3930+0.0097 0.01 0.10 98.28 4.10±0.08 4.23±0.14
G33.3930+0.0097 0.02 0.11 98.46 5.73±0.09 5.98±0.16
G33.3930+0.0097 0.01 0.11 98.64 5.85±0.09 6.06±0.15
G33.3930+0.0097 0.02 0.08 98.82 1.26±0.05 1.31±0.08
G33.3930+0.0097 0.01 0.14 99.00 1.39±0.03 1.49±0.06
G33.3930+0.0097 0.00 0.12 99.18 1.39±0.04 1.40±0.07
G33.3930+0.0097 0.03 0.10 99.36 4.22±0.07 4.32±0.12
G33.3930+0.0097 0.02 0.11 99.54 4.22±0.07 4.33±0.12
G33.3930+0.0097 -0.01 0.10 99.72 1.34±0.04 1.42±0.07
G33.3930+0.0097 -0.13 0.09 99.90 0.14±0.02 0.41±0.09
G33.3930+0.0097 -0.26 -0.38 100.26 0.05±0.01 0.27±0.07
G33.3930+0.0097 0.06 0.12 100.44 0.05±0.01 0.20±0.07
G33.3930+0.0097 0.05 -0.03 100.62 0.68±0.03 0.81±0.06
G33.3930+0.0097 0.04 -0.03 100.80 1.03±0.03 1.10±0.05
G33.3930+0.0097 0.04 -0.00 100.98 1.11±0.03 1.26±0.07
G33.3930+0.0097 0.03 -0.01 101.16 2.03±0.04 2.26±0.08
G33.3930+0.0097 0.00 -0.02 101.34 0.43±0.03 0.51±0.05
G33.3930+0.0097 0.04 -0.00 101.52 0.22±0.02 0.31±0.05
G33.3930+0.0097 -0.25 0.05 101.70 0.09±0.02 0.21±0.06
G33.3930+0.0097 0.04 -0.00 101.88 0.86±0.03 0.95±0.05
G33.3930+0.0097 0.01 0.02 102.06 2.11±0.05 2.32±0.09
G33.3930+0.0097 -0.00 0.07 102.24 2.22±0.05 2.41±0.08
G33.3930+0.0097 -0.02 0.17 102.42 0.74±0.03 0.88±0.07
G33.3930+0.0097 -0.24 0.41 102.60 0.11±0.03 0.43±0.12
G33.3930+0.0097 -0.34 0.35 102.78 0.13±0.02 0.49±0.11
G33.3930+0.0097 -0.04 0.08 102.96 0.78±0.03 0.87±0.05
G33.3930+0.0097 -0.04 0.14 103.14 0.73±0.03 0.77±0.05
G33.3930+0.0097 -0.03 0.06 103.32 0.76±0.03 0.90±0.06
G33.3930+0.0097 -0.03 0.03 103.50 0.95±0.03 1.01±0.06
G33.3930+0.0097 -0.03 0.02 103.68 1.73±0.04 1.84±0.07
G33.3930+0.0097 -0.02 0.02 103.86 3.58±0.06 3.72±0.11
G33.3930+0.0097 -0.03 0.01 104.04 5.02±0.09 5.21±0.16
G33.3930+0.0097 -0.02 0.02 104.22 4.83±0.09 4.93±0.16
G33.3930+0.0097 -0.03 -0.00 104.40 4.26±0.08 4.37±0.14
G33.3930+0.0097 -0.02 -0.01 104.58 5.51±0.09 5.67±0.16
G33.3930+0.0097 -0.02 -0.02 104.76 13.73±0.14 14.28±0.25
G33.3930+0.0097 -0.01 -0.02 104.94 12.42±0.13 12.97±0.23
G33.3930+0.0097 0.01 0.00 105.30 18.02±0.19 18.99±0.33
G33.3930+0.0097 0.03 -0.00 105.48 9.33±0.12 9.72±0.22
G33.3930+0.0097 0.00 0.00 105.66 14.14±0.16 14.87±0.28
G33.3930+0.0097 -0.00 -0.00 105.84 9.12±0.13 9.45±0.23
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G33.3930+0.0097 -0.01 -0.00 106.02 7.70±0.10 8.01±0.18
G33.3930+0.0097 0.01 0.02 106.20 0.52±0.04 0.57±0.08
G33.3930+0.0097 0.02 0.01 106.38 0.32±0.03 0.41±0.05
G33.3930+0.0097 0.10 0.17 106.56 0.09±0.02 0.16±0.04
G33.3930+0.0097 -0.06 0.11 106.74 0.18±0.02 0.17±0.03
G33.3930+0.0097 -0.08 0.05 106.92 0.28±0.02 0.27±0.03
G33.3930+0.0097 -0.10 0.05 107.10 0.18±0.02 0.28±0.05
G33.3930+0.0097 -0.18 -0.01 107.46 1.89±0.03 2.04±0.06
G33.3930+0.0097 -0.21 0.02 107.64 1.19±0.03 1.28±0.06
G33.3930+0.0097 -0.08 0.50 107.82 0.07±0.02 0.24±0.09
G33.3930+0.0097 -0.34 0.06 108.00 0.14±0.02 0.13±0.03
G33.4246–0.3150 18:53:27.4566 00:17:41.877 45.76 0.56±0.02 0.52±0.03 YAN19
G33.4246–0.3150 -0.17 0.01 45.40 0.09±0.02 0.22±0.06
G33.4246–0.3150 -0.02 -0.03 45.58 0.24±0.01 0.23±0.02
G33.4246–0.3150 0.01 0.05 45.94 0.52±0.02 0.49±0.03
G33.4246–0.3150 -0.01 -0.02 46.12 0.24±0.02 0.17±0.02
G33.4870+0.0407 18:52:18.3912 00:30:45.448 120.31 5.57±0.07 5.88±0.12 MMB
G33.4870+0.0407 -0.10 0.04 120.13 0.25±0.04 0.28±0.07
G33.4870+0.0407 0.07 1.03 120.49 0.12±0.03 0.15±0.08
G33.4870+0.0407 0.01 -0.04 120.67 0.38±0.02 0.41±0.04
G33.4870+0.0407 -0.13 -0.02 120.85 0.09±0.02 0.34±0.08
G33.4870+0.0407 0.02 0.07 121.03 0.34±0.02 0.47±0.05
G33.4870+0.0407 -0.06 0.13 121.21 0.17±0.02 0.18±0.04
G33.4870+0.0407 -0.01 -0.01 121.39 2.15±0.05 2.24±0.08
G33.4870+0.0407 -0.00 0.00 121.57 2.40±0.05 2.49±0.08
G33.4870+0.0407 -0.07 0.04 121.75 0.62±0.03 0.67±0.06
G33.4870+0.0407 -0.04 0.04 121.93 0.17±0.03 0.29±0.07
G33.4870+0.0407 -0.07 -0.33 122.11 0.06±0.01 0.37±0.09
G33.4870+0.0407 0.02 0.01 123.01 0.20±0.02 0.19±0.04
G33.4870+0.0407 -0.08 0.02 123.19 0.18±0.02 0.31±0.06
G33.4870+0.0407 0.32 -0.30 123.37 0.06±0.01 0.13±0.04
G33.6338–0.0210 18:52:47.5629 00:36:54.210 103.00 1.09±0.02 1.07±0.04 MMB
G33.6338–0.0210 0.09 -0.23 101.56 0.09±0.02 0.09±0.03
G33.6338–0.0210 0.07 0.56 101.74 0.05±0.02 0.28±0.10
G33.6338–0.0210 -0.01 0.08 102.10 0.22±0.02 0.19±0.03
G33.6338–0.0210 -0.09 0.01 102.28 0.28±0.02 0.23±0.03
G33.6338–0.0210 -0.08 0.05 102.46 0.27±0.02 0.30±0.04
G33.6338–0.0210 -0.03 0.07 102.64 0.51±0.02 0.59±0.04
G33.6338–0.0210 -0.01 0.02 102.82 0.99±0.02 1.04±0.04
G33.6338–0.0210 0.01 0.03 103.18 0.97±0.02 1.02±0.03
G33.6338–0.0210 -0.02 0.03 103.36 0.77±0.02 0.80±0.03
G33.6338–0.0210 -0.05 0.04 103.54 0.29±0.02 0.34±0.04
G33.6338–0.0210 -0.15 -0.05 103.72 0.11±0.02 0.15±0.04
G33.6338–0.0210 0.05 -0.15 103.90 0.16±0.02 0.16±0.03
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G33.6338–0.0210 0.17 0.26 104.08 0.08±0.02 0.08±0.03
G34.7510–0.0925 18:55:05.2196 +01:34:36.206 53.24 6.61±0.04 6.74±0.07 MMB,

BAR09
G34.7510–0.0925 0.04 -0.05 50.18 0.13±0.02 0.10±0.02
G34.7510–0.0925 0.06 -0.03 50.36 0.59±0.02 0.55±0.03
G34.7510–0.0925 0.10 -0.01 50.54 0.48±0.02 0.57±0.03
G34.7510–0.0925 0.08 -0.01 50.72 0.36±0.02 0.47±0.04
G34.7510–0.0925 -0.05 -0.11 50.90 0.20±0.02 0.35±0.04
G34.7510–0.0925 0.10 -0.20 51.26 0.05±0.02 0.29±0.11
G34.7510–0.0925 0.01 0.08 51.44 0.12±0.01 0.23±0.04
G34.7510–0.0925 -0.00 0.02 51.62 0.66±0.02 0.72±0.04
G34.7510–0.0925 0.00 -0.00 51.80 1.15±0.02 1.15±0.04
G34.7510–0.0925 0.01 -0.00 51.98 0.97±0.03 1.08±0.06
G34.7510–0.0925 0.02 0.03 52.16 1.62±0.02 1.67±0.04
G34.7510–0.0925 0.01 -0.00 52.34 3.11±0.02 3.23±0.04
G34.7510–0.0925 0.01 0.02 52.52 3.05±0.02 3.11±0.04
G34.7510–0.0925 0.01 0.00 52.70 2.45±0.02 2.51±0.04
G34.7510–0.0925 0.01 -0.01 52.88 1.41±0.03 1.45±0.05
G34.7510–0.0925 0.00 0.00 53.06 5.83±0.04 5.96±0.08
G34.7510–0.0925 0.01 -0.05 53.42 1.05±0.02 1.09±0.04
G34.7567+0.0250 18:54:40.7388 +01:38:06.387 76.48 1.46±0.02 1.56±0.04 MMB
G34.7567+0.0250 -0.11 0.21 74.86 0.16±0.02 0.22±0.04
G34.7567+0.0250 -0.03 -0.04 76.66 0.82±0.02 0.86±0.03
G34.7567+0.0250 -0.02 0.02 76.84 0.67±0.02 0.65±0.03
G34.7567+0.0250 -0.02 0.13 77.02 0.28±0.02 0.31±0.03
G34.8212+0.3520 18:53:37.8769 +01:50:30.623 59.57 0.11±0.02 0.17±0.04 MMB
G34.8212+0.3520 0.61 0.55 58.85 0.05±0.02 0.38±0.18
G34.2839+0.1837 18:53:14.9825 +01:17:13.296 47.34 0.12±0.01 0.13±0.03 G34.2839+0.1837b

G34.2839+0.1837 -0.19 -0.44 46.98 0.04±0.01 0.23±0.07
G34.2839+0.1837 -0.02 0.03 47.16 0.09±0.01 0.16±0.04
G34.2839+0.1837 -0.36 -0.08 47.52 0.07±0.02 0.31±0.09
G34.2839+0.1837 -0.02 -0.52 47.70 0.06±0.01 0.31±0.08
G34.2839+0.1837 0.14 -0.86 47.88 0.06±0.02 0.20±0.06
G34.0957+0.0178 18:53:29.9037 +01:02:38.681 55.93 5.11±0.04 5.22±0.07 MMB
G34.0957+0.0178 0.09 -0.41 54.85 0.05±0.01 0.23±0.09
G34.0957+0.0178 -0.07 -0.07 55.03 0.16±0.02 0.24±0.05
G34.0957+0.0178 -0.05 -0.08 55.21 0.48±0.01 0.45±0.02
G34.0957+0.0178 -0.01 -0.09 55.39 0.39±0.01 0.40±0.03
G34.0957+0.0178 -0.03 -0.15 55.57 0.28±0.01 0.33±0.03
G34.0957+0.0178 -0.01 -0.05 55.75 1.51±0.02 1.56±0.03
G34.0957+0.0178 0.00 -0.00 56.11 2.49±0.02 2.57±0.04
G34.0957+0.0178 0.02 -0.03 56.29 0.53±0.02 0.55±0.03
G34.0957+0.0178 -0.03 0.00 56.47 0.32±0.02 0.40±0.03
G34.0957+0.0178 0.01 -0.04 56.65 0.23±0.01 0.26±0.03
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G34.0957+0.0178 -0.10 -0.15 56.83 0.17±0.01 0.24±0.03
G34.0957+0.0178 0.15 -0.12 57.01 0.12±0.01 0.17±0.03
G34.0957+0.0178 0.05 -0.09 57.19 0.12±0.02 0.22±0.04
G34.0957+0.0178 -0.05 -0.15 57.37 0.23±0.02 0.29±0.04
G34.0957+0.0178 -0.10 0.08 57.55 0.12±0.01 0.14±0.03
G34.0957+0.0178 -0.03 -0.25 60.79 0.28±0.01 0.31±0.03
G34.0957+0.0178 -0.03 -0.19 60.97 2.83±0.02 2.91±0.04
G34.0957+0.0178 -0.04 -0.18 61.15 4.26±0.02 4.28±0.04
G34.0957+0.0178 -0.04 -0.15 61.33 1.45±0.01 1.42±0.03
G34.1953–0.5928 18:55:51.2179 00:51:13.474 61.60 0.61±0.02 0.72±0.04 O14
G34.1953–0.5928 0.04 -0.28 58.18 0.12±0.02 0.23±0.05
G34.1953–0.5928 -0.08 0.08 58.72 0.16±0.02 0.22±0.04
G34.1953–0.5928 -0.17 0.12 58.90 0.14±0.02 0.10±0.03
G34.1953–0.5928 0.32 -0.04 61.42 0.08±0.02 0.44±0.10
G34.1953–0.5928 0.07 -0.02 61.78 0.53±0.02 0.61±0.04
G34.1953–0.5928 -0.01 -0.05 61.96 0.35±0.02 0.34±0.03
G34.1953–0.5928 0.01 0.05 62.14 0.54±0.02 0.53±0.04
G34.1953–0.5928 -0.01 -0.05 62.32 0.17±0.03 0.37±0.08
G34.2448+0.1333 18:53:21.4536 +01:13:45.981 61.15 7.18±0.06 7.33±0.10 MMB
G34.2448+0.1333 -0.08 0.01 54.49 0.22±0.03 0.45±0.09
G34.2448+0.1333 -0.04 -0.01 54.67 2.02±0.03 2.10±0.06
G34.2448+0.1333 -0.04 -0.01 54.85 5.71±0.04 5.97±0.08
G34.2448+0.1333 -0.03 -0.02 55.03 2.96±0.03 3.06±0.06
G34.2448+0.1333 -0.02 -0.00 55.21 1.19±0.02 1.23±0.04
G34.2448+0.1333 0.03 -0.04 55.39 0.51±0.02 0.59±0.04
G34.2448+0.1333 0.39 -0.34 55.57 0.05±0.02 0.23±0.09
G34.2448+0.1333 -0.26 0.25 55.93 0.05±0.01 0.16±0.05
G34.2448+0.1333 0.03 0.21 56.11 0.12±0.02 0.20±0.05
G34.2448+0.1333 -0.04 -0.07 56.29 0.26±0.02 0.33±0.04
G34.2448+0.1333 -0.07 -0.05 56.47 0.57±0.02 0.62±0.04
G34.2448+0.1333 -0.08 0.01 56.65 2.79±0.03 2.91±0.06
G34.2448+0.1333 -0.07 0.01 56.83 2.73±0.03 2.82±0.05
G34.2448+0.1333 -0.03 0.02 57.01 1.00±0.02 1.00±0.04
G34.2448+0.1333 -0.04 -0.05 57.19 0.57±0.03 0.73±0.05
G34.2448+0.1333 -0.16 0.15 57.37 1.04±0.05 1.08±0.09
G34.2448+0.1333 -0.04 0.09 58.27 0.29±0.03 0.42±0.07
G34.2448+0.1333 -0.04 -0.02 58.45 0.34±0.03 0.52±0.06
G34.2448+0.1333 -0.15 -0.01 58.63 0.30±0.03 0.48±0.08
G34.2448+0.1333 -0.81 -0.15 58.81 0.05±0.02 0.42±0.13
G34.2448+0.1333 0.17 0.10 59.17 0.05±0.01 0.42±0.11
G34.2448+0.1333 0.02 0.10 59.35 0.34±0.02 0.52±0.05
G34.2448+0.1333 -0.03 -0.05 59.53 0.67±0.02 0.78±0.05
G34.2448+0.1333 0.02 -0.03 59.71 0.22±0.02 0.40±0.06
G34.2448+0.1333 -0.01 0.03 59.89 0.69±0.02 0.81±0.05
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G34.2448+0.1333 -0.01 -0.00 60.07 1.41±0.03 1.55±0.06
G34.2448+0.1333 -0.02 0.03 60.25 2.79±0.03 3.01±0.07
G34.2448+0.1333 -0.02 0.02 60.43 1.74±0.03 1.82±0.05
G34.2448+0.1333 0.00 -0.01 60.61 0.35±0.03 0.40±0.05
G34.2448+0.1333 0.02 -0.07 60.79 0.69±0.03 0.78±0.06
G34.2448+0.1333 0.01 0.00 60.97 3.72±0.04 3.78±0.06
G34.2448+0.1333 0.00 -0.01 61.33 3.19±0.03 3.25±0.06
G34.2448+0.1333 -0.00 -0.00 61.51 1.58±0.03 1.60±0.05
G34.2448+0.1333 -0.00 -0.02 61.69 1.68±0.02 1.76±0.05
G34.2448+0.1333 0.03 -0.08 61.87 0.35±0.03 0.45±0.06
G34.2448+0.1333 0.03 -0.08 62.05 0.22±0.02 0.37±0.06
G34.2448+0.1333 0.06 -0.28 62.23 0.12±0.02 0.62±0.12
G34.2448+0.1333 0.03 -0.07 62.41 0.33±0.03 0.60±0.09
G34.2448+0.1333 -0.02 -0.02 62.59 0.17±0.03 0.49±0.10
G34.2448+0.1333 -0.05 0.01 62.77 0.11±0.02 0.22±0.05
G34.2448+0.1333 -0.19 -0.20 62.95 0.06±0.01 0.26±0.07
G34.2448+0.1333 -0.04 0.09 64.75 0.10±0.01 0.07±0.02
G34.2582+0.1534 18:53:18.6450 +01:15:00.356 57.51 21.04±0.11 22.07±0.20 MMB
G34.2582+0.1534 -0.09 -0.51 56.07 0.14±0.02 0.49±0.08
G34.2582+0.1534 -0.18 -0.56 56.43 0.34±0.03 0.85±0.10
G34.2582+0.1534 0.08 -0.29 56.61 0.77±0.05 1.35±0.13
G34.2582+0.1534 -0.08 -0.38 56.79 0.93±0.06 1.89±0.17
G34.2582+0.1534 -0.65 -1.59 56.97 0.50±0.03 0.48±0.05
G34.2582+0.1534 0.03 -0.07 57.15 0.99±0.04 1.45±0.10
G34.2582+0.1534 -0.48 -1.50 57.33 0.28±0.03 0.34±0.06
G34.2582+0.1534 -0.00 0.01 57.69 18.81±0.09 19.18±0.16
G34.2582+0.1534 0.01 0.01 57.87 19.43±0.10 20.08±0.17
G34.2582+0.1534 -0.01 0.01 58.05 9.55±0.06 9.86±0.11
G34.2582+0.1534 0.51 -0.01 58.23 0.07±0.02 0.40±0.16
G34.2582+0.1534 0.02 -0.07 58.41 1.00±0.03 1.22±0.05
G34.2582+0.1534 0.21 -0.17 58.77 0.23±0.02 0.35±0.05
G34.2582+0.1534 0.20 -0.08 58.95 0.14±0.02 0.33±0.07
G34.2582+0.1534 0.23 -0.25 59.13 0.12±0.02 0.30±0.07
G34.2582+0.1534 0.34 -0.35 59.31 0.23±0.03 0.50±0.09
G34.2582+0.1534 0.18 -0.11 59.49 0.15±0.03 0.29±0.08
G34.2582+0.1534 0.21 -0.50 59.67 0.16±0.03 0.46±0.11
G34.2582+0.1534 0.42 0.36 60.03 0.09±0.02 0.49±0.14
G34.2577+0.1540 18:53:18.4875 +01:15:00.176 60.57 1.85±0.03 1.82±0.05 G34.2582+0.1534b

G34.2577+0.1540 0.02 0.20 60.39 0.69±0.01 0.63±0.02
G34.2577+0.1540 0.01 -0.18 60.75 0.95±0.02 0.91±0.03
G34.2577+0.1540 0.03 -0.08 60.93 0.33±0.02 0.23±0.03
G34.2577+0.1540 0.09 -0.12 61.11 1.06±0.03 1.19±0.05
G34.2577+0.1540 0.24 0.07 61.29 0.21±0.02 0.13±0.02
G34.2577+0.1540 0.15 -0.04 61.47 0.50±0.02 0.41±0.02
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G34.2577+0.1540 0.08 0.16 61.65 0.15±0.01 0.07±0.02
G34.2672–0.2094 18:54:37.2519 +01:05:33.631 54.54 8.56±0.04 8.74±0.07 MMB
G34.2672–0.2094 -0.15 -0.06 46.08 0.17±0.02 0.23±0.05
G34.2672–0.2094 -0.15 0.12 46.26 0.11±0.02 0.17±0.04
G34.2672–0.2094 -0.07 0.22 48.06 0.14±0.02 0.20±0.05
G34.2672–0.2094 0.06 -0.09 48.24 0.11±0.02 0.13±0.03
G34.2672–0.2094 -0.07 -0.03 50.22 0.83±0.02 0.91±0.04
G34.2672–0.2094 -0.08 -0.07 50.40 2.42±0.03 2.54±0.05
G34.2672–0.2094 -0.08 -0.04 50.58 3.13±0.03 3.19±0.06
G34.2672–0.2094 -0.09 -0.05 50.76 2.71±0.03 2.81±0.05
G34.2672–0.2094 -0.02 -0.06 50.94 0.68±0.02 0.68±0.03
G34.2672–0.2094 -0.06 0.04 51.12 0.62±0.02 0.67±0.03
G34.2672–0.2094 -0.03 0.09 51.30 1.14±0.02 1.21±0.03
G34.2672–0.2094 -0.04 0.08 51.48 0.80±0.02 0.93±0.05
G34.2672–0.2094 -0.05 0.04 51.66 0.12±0.02 0.17±0.04
G34.2672–0.2094 -0.06 -0.15 51.84 0.23±0.02 0.19±0.03
G34.2672–0.2094 -0.10 0.15 52.02 0.25±0.02 0.27±0.04
G34.2672–0.2094 -0.13 -0.07 52.20 0.11±0.02 0.12±0.03
G34.2672–0.2094 -0.06 -0.03 54.18 0.40±0.02 0.38±0.03
G34.2672–0.2094 0.00 0.01 54.36 5.25±0.03 5.35±0.06
G34.2672–0.2094 -0.01 -0.01 54.72 2.01±0.03 2.00±0.04
G34.2839+0.1837 18:53:15.0784 +01:17:12.292 52.02 0.14±0.02 0.27±0.06 NEW
G34.2839+0.1837 0.09 -0.23 51.84 0.05±0.01 0.23±0.07
G34.2839+0.1837 -0.25 0.02 52.20 0.07±0.01 0.12±0.04
G34.3957+0.2215 18:53:19.0938 +01:24:13.804 55.71 25.06±0.14 26.27±0.26 MMB
G34.3957+0.2215 -0.16 -0.05 54.99 0.06±0.01 0.35±0.09
G34.3957+0.2215 -0.01 0.00 55.35 3.31±0.03 3.39±0.05
G34.3957+0.2215 0.00 0.01 55.53 24.00±0.12 24.84±0.22
G34.3957+0.2215 -0.01 0.00 55.89 8.96±0.06 9.21±0.11
G34.3957+0.2215 -0.04 -0.03 56.07 1.31±0.03 1.40±0.05
G34.3957+0.2215 -0.04 -0.08 56.25 0.30±0.02 0.47±0.05
G34.3957+0.2215 0.03 0.01 56.43 0.25±0.02 0.30±0.03
G34.3957+0.2215 -0.33 -0.04 56.61 0.08±0.01 0.43±0.09
G34.3957+0.2215 -0.02 -0.04 56.79 0.24±0.02 0.26±0.03
G34.3957+0.2215 -0.15 -0.02 56.97 0.09±0.02 0.22±0.05
G34.3957+0.2215 0.03 -0.07 57.69 0.08±0.02 0.24±0.06
G34.3957+0.2215 0.00 -0.16 57.87 0.83±0.02 0.90±0.04
G34.3957+0.2215 0.23 -0.49 58.05 0.06±0.02 0.48±0.16
G34.3957+0.2215 -0.11 0.12 59.49 0.08±0.01 0.12±0.04
G34.3957+0.2215 -0.07 0.13 59.67 0.28±0.02 0.34±0.04
G34.3957+0.2215 0.01 0.04 59.85 0.97±0.02 1.03±0.04
G34.3957+0.2215 -0.01 0.02 60.03 0.79±0.02 0.92±0.04
G34.3957+0.2215 -0.01 -0.10 60.21 1.52±0.03 1.59±0.05
G34.3957+0.2215 -0.02 -0.09 60.39 3.02±0.03 3.10±0.06
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G34.3957+0.2215 -0.00 -0.10 60.57 1.04±0.02 1.12±0.04
G34.3957+0.2215 0.01 -0.04 60.75 0.52±0.02 0.52±0.03
G34.3957+0.2215 -0.01 -0.02 60.93 0.74±0.01 0.75±0.03
G34.3957+0.2215 -0.05 -0.03 61.11 0.82±0.02 0.84±0.04
G34.3957+0.2215 -0.02 0.01 61.29 1.35±0.02 1.39±0.04
G34.3957+0.2215 -0.06 -0.02 61.47 1.12±0.02 1.16±0.04
G34.3957+0.2215 -0.06 0.03 61.65 1.09±0.02 1.16±0.04
G34.3957+0.2215 -0.05 0.03 61.83 1.95±0.02 2.04±0.04
G34.3957+0.2215 -0.06 0.03 62.01 2.33±0.03 2.40±0.05
G34.3957+0.2215 -0.05 0.02 62.19 3.31±0.03 3.44±0.06
G34.3957+0.2215 -0.05 0.03 62.37 3.29±0.03 3.34±0.06
G34.3957+0.2215 -0.04 0.03 62.55 3.76±0.04 3.91±0.07
G34.3957+0.2215 -0.03 0.04 62.73 1.88±0.03 1.94±0.05
G34.3957+0.2215 0.01 0.15 62.91 0.34±0.02 0.44±0.04
G34.3957+0.2215 0.06 -0.04 63.09 0.20±0.02 0.28±0.04
G34.3957+0.2215 -0.00 0.06 63.27 0.09±0.02 0.12±0.04
G34.4113+0.2349 18:53:18.0031 +01:25:25.503 63.44 0.39±0.02 0.45±0.03 NEW
G34.4113+0.2349 -0.12 -0.21 60.38 0.10±0.02 0.37±0.10
G34.4113+0.2349 -0.07 0.24 60.56 0.13±0.02 0.27±0.05
G34.4113+0.2349 0.46 0.48 60.74 0.05±0.01 0.24±0.08
G34.4113+0.2349 0.05 -0.02 61.10 0.06±0.01 0.28±0.09
G34.4113+0.2349 -0.00 -0.05 63.26 0.23±0.02 0.28±0.04
G35.4574–0.1786 18:56:40.9716 +02:09:57.252 55.93 0.25±0.02 0.31±0.03 NEW
G35.4574–0.1786 0.04 -0.23 54.67 0.05±0.01 0.13±0.05
G35.4574–0.1786 0.12 -0.06 54.85 0.12±0.01 0.14±0.02
G35.4574–0.1786 0.33 0.28 55.03 0.04±0.01 0.16±0.06
G35.4574–0.1786 0.07 0.05 55.21 0.18±0.01 0.25±0.03
G35.4574–0.1786 0.06 -0.09 55.39 0.10±0.01 0.10±0.02
G35.4574–0.1786 0.02 -0.00 55.57 0.16±0.01 0.19±0.03
G35.4574–0.1786 -0.07 -0.06 55.75 0.22±0.01 0.23±0.02
G35.4574–0.1786 -0.03 -0.10 56.11 0.23±0.01 0.25±0.03
G35.4574–0.1786 -0.01 0.03 56.29 0.19±0.01 0.17±0.02
G35.4574–0.1786 0.12 -0.22 56.65 0.11±0.02 0.20±0.04
G35.4574–0.1786 0.12 0.02 56.83 0.11±0.01 0.11±0.02
G35.4574–0.1786 0.19 0.16 57.01 0.07±0.01 0.06±0.02
G35.5879+0.0605 18:56:04.2214 +02:23:28.249 46.14 0.27±0.02 0.28±0.03 MMB
G35.5879+0.0605 -0.01 -0.06 43.80 0.08±0.02 0.13±0.05
G35.5879+0.0605 -0.02 0.08 43.98 0.26±0.02 0.21±0.03
G35.5879+0.0605 -0.33 -0.56 44.16 0.07±0.02 0.16±0.05
G35.5879+0.0605 0.19 -0.94 44.34 0.09±0.02 0.21±0.06
G35.5879+0.0605 0.01 0.03 44.52 0.21±0.02 0.25±0.04
G35.5879+0.0605 0.01 0.07 44.88 0.09±0.02 0.21±0.05
G35.5879+0.0605 -0.06 0.04 45.24 0.20±0.02 0.37±0.05
G35.5879+0.0605 0.03 -0.05 45.42 0.14±0.02 0.31±0.05
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G35.5879+0.0605 0.11 -0.09 45.60 0.12±0.02 0.37±0.07
G35.5879+0.0605 -0.11 -0.04 45.78 0.10±0.02 0.43±0.10
G35.5879+0.0605 -0.08 0.09 45.96 0.12±0.02 0.12±0.03
G35.7927–0.1744 18:57:16.8929 +02:27:58.062 60.75 25.35±0.30 26.80±0.54 MMB
G35.7927–0.1744 -0.00 0.16 56.79 0.12±0.02 0.19±0.05
G35.7927–0.1744 -0.18 0.07 56.97 0.26±0.02 0.50±0.07
G35.7927–0.1744 -0.16 0.06 57.15 0.49±0.02 0.64±0.04
G35.7927–0.1744 -0.19 0.24 57.33 0.24±0.02 0.31±0.04
G35.7927–0.1744 -0.08 0.12 57.51 0.18±0.02 0.24±0.05
G35.7927–0.1744 -0.09 -0.05 57.69 0.19±0.02 0.36±0.06
G35.7927–0.1744 -0.13 0.06 57.87 0.62±0.02 0.70±0.05
G35.7927–0.1744 -0.11 0.05 58.05 0.95±0.03 1.02±0.05
G35.7927–0.1744 -0.13 0.06 58.23 1.25±0.03 1.33±0.05
G35.7927–0.1744 -0.14 0.03 58.41 1.74±0.03 1.81±0.06
G35.7927–0.1744 -0.14 0.03 58.59 2.83±0.05 2.99±0.10
G35.7927–0.1744 -0.14 0.02 58.77 3.27±0.06 3.40±0.12
G35.7927–0.1744 -0.13 0.03 58.95 2.62±0.05 2.81±0.09
G35.7927–0.1744 -0.13 0.02 59.13 1.49±0.03 1.63±0.06
G35.7927–0.1744 -0.14 0.02 59.31 1.00±0.03 1.09±0.05
G35.7927–0.1744 -0.12 0.04 59.49 1.41±0.03 1.56±0.06
G35.7927–0.1744 -0.10 0.02 59.67 1.15±0.04 1.23±0.07
G35.7927–0.1744 -0.03 0.01 59.85 3.25±0.05 3.48±0.09
G35.7927–0.1744 0.00 0.04 60.03 1.83±0.05 2.00±0.09
G35.7927–0.1744 -0.03 -0.04 60.21 1.97±0.04 2.11±0.08
G35.7927–0.1744 0.00 0.03 60.39 2.28±0.06 2.42±0.10
G35.7927–0.1744 -0.01 -0.01 60.57 13.48±0.15 14.40±0.28
G35.7927–0.1744 0.00 -0.00 60.93 13.65±0.16 14.45±0.29
G35.7927–0.1744 -0.00 0.01 61.11 8.51±0.13 8.87±0.24
G35.7927–0.1744 0.00 0.01 61.29 7.29±0.10 7.61±0.18
G35.7927–0.1744 0.01 0.00 61.47 9.69±0.15 10.17±0.27
G35.7927–0.1744 0.02 0.01 61.65 5.49±0.10 5.80±0.18
G35.7927–0.1744 0.00 0.00 61.83 8.00±0.11 8.36±0.21
G35.7927–0.1744 0.01 0.01 62.01 7.85±0.13 8.21±0.24
G35.7927–0.1744 0.01 0.01 62.19 6.16±0.10 6.43±0.18
G35.7927–0.1744 0.01 0.00 62.37 4.65±0.09 4.97±0.16
G35.7927–0.1744 0.01 -0.00 62.55 2.01±0.05 2.08±0.09
G35.7927–0.1744 0.02 -0.05 62.73 3.45±0.06 3.66±0.12
G35.7927–0.1744 0.01 -0.07 62.91 4.30±0.07 4.55±0.13
G35.7927–0.1744 0.03 -0.07 63.09 1.14±0.04 1.19±0.07
G35.7927–0.1744 -0.01 -0.02 63.27 0.53±0.03 0.60±0.05
G35.7927–0.1744 0.12 -0.07 63.45 0.20±0.02 0.39±0.07
G35.7927–0.1744 0.05 -0.09 63.63 0.39±0.02 0.48±0.05
G35.7927–0.1744 0.12 -0.03 63.81 0.25±0.02 0.33±0.05
G35.7927–0.1744 -0.04 -0.06 63.99 0.48±0.02 0.61±0.05
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G35.7927–0.1744 0.01 -0.06 64.17 0.44±0.02 0.56±0.05
G35.7927–0.1744 0.00 -0.12 64.35 0.43±0.02 0.49±0.04
G35.7927–0.1744 -0.03 -0.25 64.53 0.13±0.02 0.29±0.06
G35.7927–0.1744 -0.01 -0.12 64.71 0.18±0.02 0.32±0.05
G35.0248+0.3497 18:54:00.6579 +02:01:19.186 44.38 14.49±0.08 15.12±0.14 MMB
G35.0248+0.3497 -0.03 0.22 41.32 0.13±0.02 0.31±0.07
G35.0248+0.3497 -0.01 0.08 41.50 0.54±0.02 0.64±0.04
G35.0248+0.3497 -0.08 0.04 41.68 0.46±0.02 0.60±0.05
G35.0248+0.3497 -0.03 -0.01 41.86 0.37±0.03 0.47±0.05
G35.0248+0.3497 -0.04 0.05 42.04 2.43±0.04 2.57±0.07
G35.0248+0.3497 -0.02 0.04 42.22 1.69±0.04 1.78±0.07
G35.0248+0.3497 0.00 0.04 42.40 1.03±0.02 1.10±0.04
G35.0248+0.3497 -0.02 -0.00 42.58 1.20±0.03 1.32±0.06
G35.0248+0.3497 -0.01 0.03 42.76 0.85±0.02 0.90±0.05
G35.0248+0.3497 -0.00 0.02 42.94 1.52±0.03 1.62±0.06
G35.0248+0.3497 -0.00 -0.01 43.12 1.17±0.03 1.33±0.06
G35.0248+0.3497 -0.02 0.00 43.30 1.74±0.03 1.82±0.06
G35.0248+0.3497 -0.02 0.03 43.48 1.58±0.03 1.61±0.06
G35.0248+0.3497 -0.02 0.08 43.66 6.97±0.06 7.14±0.10
G35.0248+0.3497 -0.01 0.07 43.84 12.36±0.07 12.73±0.13
G35.0248+0.3497 -0.01 0.04 44.02 9.70±0.07 10.05±0.13
G35.0248+0.3497 -0.00 0.01 44.20 12.28±0.07 12.79±0.12
G35.0248+0.3497 -0.00 0.01 44.56 5.10±0.06 5.38±0.10
G35.0248+0.3497 0.04 0.11 44.74 1.58±0.04 1.68±0.07
G35.0248+0.3497 0.03 0.09 44.92 2.25±0.03 2.37±0.06
G35.0248+0.3497 0.03 0.11 45.10 1.27±0.03 1.38±0.05
G35.0248+0.3497 0.00 0.01 45.28 1.85±0.03 2.02±0.06
G35.0248+0.3497 -0.00 -0.00 45.46 2.10±0.04 2.28±0.07
G35.0248+0.3497 -0.01 0.02 45.64 2.61±0.04 2.81±0.08
G35.0248+0.3497 -0.01 0.01 45.82 3.25±0.04 3.43±0.08
G35.0248+0.3497 -0.04 0.06 46.00 2.83±0.04 2.99±0.08
G35.0248+0.3497 -0.09 0.14 46.18 2.48±0.04 2.65±0.07
G35.0248+0.3497 -0.07 0.12 46.36 2.83±0.04 3.04±0.07
G35.0248+0.3497 -0.04 0.05 46.54 1.43±0.03 1.64±0.06
G35.0248+0.3497 -0.20 0.11 46.72 0.25±0.03 0.39±0.06
G35.0248+0.3497 -0.03 0.26 46.90 0.07±0.01 0.11±0.03
G35.1327–0.7440 18:58:06.1392 +01:37:07.503 36.56 22.18±0.29 22.54±0.52 MMB
G35.1327–0.7440 -0.20 -0.16 28.82 0.97±0.16 1.58±0.40
G35.1327–0.7440 -0.09 0.00 29.00 3.90±0.15 4.45±0.29
G35.1327–0.7440 -0.09 -0.02 29.18 7.15±0.19 7.94±0.36
G35.1327–0.7440 -0.12 -0.03 29.36 6.11±0.17 6.59±0.32
G35.1327–0.7440 -0.11 -0.08 29.54 7.76±0.14 8.01±0.26
G35.1327–0.7440 -0.11 -0.08 29.72 7.85±0.15 8.00±0.27
G35.1327–0.7440 -0.10 -0.07 29.90 9.74±0.18 10.11±0.33
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G35.1327–0.7440 -0.12 -0.06 30.08 5.34±0.14 5.34±0.25
G35.1327–0.7440 -0.13 -0.05 30.26 4.24±0.13 4.33±0.22
G35.1327–0.7440 -0.20 0.06 30.44 0.98±0.11 0.97±0.19
G35.1327–0.7440 -0.17 -0.04 30.62 1.82±0.10 1.99±0.18
G35.1327–0.7440 -0.14 -0.08 30.98 13.88±0.22 13.96±0.39
G35.1327–0.7440 -0.13 -0.08 31.16 12.04±0.21 12.04±0.38
G35.1327–0.7440 -0.15 -0.08 31.52 1.21±0.06 1.55±0.12
G35.1327–0.7440 -0.26 -0.06 31.88 0.34±0.05 0.73±0.15
G35.1327–0.7440 -0.17 0.03 32.24 0.65±0.06 0.64±0.10
G35.1327–0.7440 -0.12 -0.12 32.42 4.24±0.07 4.34±0.13
G35.1327–0.7440 -0.13 -0.12 32.60 2.07±0.06 2.33±0.11
G35.1327–0.7440 -0.21 0.01 32.96 0.55±0.05 0.78±0.12
G35.1327–0.7440 0.04 0.27 35.66 0.20±0.05 0.31±0.12
G35.1327–0.7440 -0.08 0.06 35.84 0.30±0.03 0.34±0.05
G35.1327–0.7440 -0.09 -0.00 36.02 0.63±0.05 0.99±0.13
G35.1327–0.7440 -0.10 0.03 36.20 0.89±0.06 1.17±0.12
G35.1327–0.7440 -0.02 -0.01 36.38 4.83±0.12 4.88±0.22
G35.1327–0.7440 0.00 -0.00 36.74 12.05±0.21 12.17±0.37
G35.1327–0.7440 -0.03 0.03 36.92 1.12±0.08 1.26±0.14
G35.1327–0.7440 0.02 -0.03 37.10 0.64±0.06 1.15±0.16
G35.1327–0.7440 0.06 0.02 37.28 0.34±0.04 0.76±0.12
G35.1327–0.7440 0.01 0.04 37.46 1.06±0.06 1.48±0.13
G35.1327–0.7440 0.03 -0.04 37.64 1.56±0.07 1.81±0.13
G35.1327–0.7440 0.02 -0.00 37.82 2.14±0.07 2.36±0.13
G35.1327–0.7440 -0.01 0.07 38.00 0.69±0.07 1.03±0.15
G35.1327–0.7440 0.12 -0.16 38.18 0.16±0.03 0.34±0.09
G35.1327–0.7440 0.03 0.22 38.36 0.17±0.03 0.45±0.09
G35.1327–0.7440 0.02 0.21 38.54 0.43±0.04 0.75±0.12
G35.1327–0.7440 -0.04 0.33 38.72 0.39±0.05 0.79±0.14
G35.1327–0.7440 0.19 0.03 38.90 0.29±0.04 0.79±0.14
G35.1327–0.7440 0.05 0.26 39.08 0.12±0.02 0.17±0.05
G35.1489+0.8092 18:52:36.0231 +02:20:31.143 72.02 0.13±0.02 0.25±0.05 YAN19
G35.1489+0.8092 -0.02 0.31 71.84 0.07±0.02 0.18±0.05
G35.1971–0.7432 18:58:13.0557 +01:40:35.715 28.51 147.52±0.76 153.33±1.38 MMB,

G35.1973-0.7428

G35.1971–0.7432 -0.39 0.29 25.99 0.32±0.02 0.55±0.06
G35.1971–0.7432 -0.33 0.29 26.35 0.28±0.02 0.52±0.06
G35.1971–0.7432 -0.28 -0.09 26.53 0.13±0.01 0.33±0.03
G35.1971–0.7432 -0.37 0.27 26.71 0.45±0.05 1.22±0.18
G35.1971–0.7432 -0.58 0.68 26.89 0.58±0.07 2.37±0.35
G35.1971–0.7432 -0.08 0.06 27.07 2.06±0.09 2.74±0.20
G35.1971–0.7432 -0.14 0.12 27.25 1.09±0.09 1.82±0.24
G35.1971–0.7432 -0.02 0.04 27.43 5.72±0.08 6.30±0.16
G35.1971–0.7432 0.01 0.05 27.61 6.49±0.08 7.03±0.16
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Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G35.1971–0.7432 -0.03 0.04 27.79 6.19±0.10 6.78±0.18
G35.1971–0.7432 -0.08 0.04 27.97 2.38±0.11 2.91±0.23
G35.1971–0.7432 -0.01 0.00 28.15 41.84±0.33 43.50±0.60
G35.1971–0.7432 -0.01 -0.00 28.33 136.25±0.82 141.07±1.49
G35.1971–0.7432 -0.00 0.00 28.69 63.76±0.36 66.29±0.66
G35.1971–0.7432 -0.03 0.05 28.87 8.01±0.32 9.46±0.64
G35.1974–0.7426 18:58:12.9574 +01:40:37.626 29.23 44.57±0.21 47.03±0.38 G35.1973-0.7428b

G35.1974–0.7426 0.03 -0.01 25.81 0.12±0.00 0.17±0.00
G35.1974–0.7426 -0.08 0.01 25.99 0.70±0.01 0.78±0.03
G35.1974–0.7426 -0.01 -0.01 26.17 2.95±0.02 3.07±0.04
G35.1974–0.7426 -0.07 0.02 26.35 0.65±0.02 0.73±0.04
G35.1974–0.7426 -0.06 -0.02 26.53 0.38±0.01 0.44±0.02
G35.1974–0.7426 -0.03 -0.01 26.71 1.43±0.02 1.56±0.04
G35.1974–0.7426 -0.01 -0.01 26.89 2.50±0.02 2.65±0.04
G35.1974–0.7426 -0.03 -0.02 27.07 3.56±0.04 3.81±0.08
G35.1974–0.7426 -0.04 -0.04 27.25 3.63±0.03 3.89±0.06
G35.1974–0.7426 -0.01 -0.09 27.43 1.81±0.05 2.16±0.11
G35.1974–0.7426 -0.01 -0.13 27.61 1.67±0.05 2.02±0.10
G35.1974–0.7426 -0.07 -0.10 27.79 3.05±0.06 3.37±0.11
G35.1974–0.7426 -0.07 -0.08 27.97 3.61±0.04 3.93±0.07
G35.1974–0.7426 0.09 0.03 28.87 11.74±0.12 12.64±0.22
G35.1974–0.7426 0.07 0.03 29.05 41.84±0.25 44.49±0.47
G35.1974–0.7426 -0.07 -0.05 29.41 34.38±0.15 35.69±0.28
G35.1974–0.7426 -0.04 -0.07 29.59 11.34±0.08 11.86±0.14
G35.1974–0.7426 -0.12 -0.13 29.77 30.91±0.20 31.62±0.35
G35.1974–0.7426 -0.12 -0.11 29.95 44.20±0.23 45.27±0.42
G35.1974–0.7426 -0.11 -0.12 30.13 19.43±0.15 19.77±0.26
G35.1974–0.7426 -0.10 -0.13 30.31 17.43±0.12 17.92±0.21
G35.1974–0.7426 -0.11 -0.14 30.49 14.07±0.09 14.49±0.17
G35.1974–0.7426 -0.13 -0.11 30.67 7.95±0.06 8.26±0.11
G35.1974–0.7426 -0.13 -0.15 30.85 4.71±0.04 4.95±0.08
G35.1974–0.7426 -0.09 -0.19 31.03 3.24±0.03 3.42±0.05
G35.1974–0.7426 -0.10 -0.20 31.21 0.92±0.02 0.98±0.04
G35.1974–0.7426 -0.04 -0.18 31.39 0.67±0.01 0.78±0.03
G35.1974–0.7426 0.00 -0.21 31.57 0.61±0.02 0.77±0.05
G35.1974–0.7426 0.07 -0.15 31.75 0.64±0.02 0.79±0.04
G35.1974–0.7426 0.09 -0.18 31.93 0.84±0.02 0.98±0.04
G35.1974–0.7426 0.07 -0.13 32.11 1.35±0.02 1.49±0.03
G35.1974–0.7426 0.05 -0.14 32.29 2.11±0.02 2.20±0.03
G35.1974–0.7426 0.04 -0.17 32.47 0.89±0.02 0.94±0.03
G35.1974–0.7426 0.04 -0.13 32.65 0.63±0.01 0.69±0.02
G35.1974–0.7426 -0.04 -0.09 32.83 0.51±0.01 0.57±0.02
G35.1974–0.7426 -0.02 -0.02 33.01 2.84±0.04 2.87±0.08
G35.1974–0.7426 -0.08 -0.03 33.19 15.56±0.10 15.93±0.18
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Continuation
of Table C.1
Name α/∆α δ/∆δ VLSR Sv,Peak Sv, Int Notes

h:m:s/′′ d:m:s/′′ km s−1 Jy beam−1 Jy
(1) (2) (3) (4) (5) (6) (7)
G35.1974–0.7426 -0.07 -0.04 33.37 24.60±0.11 25.22±0.21
G35.1974–0.7426 -0.06 -0.08 33.55 8.23±0.06 8.33±0.11
G35.1974–0.7426 -0.02 -0.10 33.73 0.56±0.02 0.54±0.03
G35.1974–0.7426 -0.02 -0.21 33.91 0.61±0.01 0.71±0.03
G35.1974–0.7426 -0.03 -0.26 34.27 0.38±0.01 0.38±0.01
G35.1974–0.7426 -0.07 -0.30 34.63 0.63±0.01 0.72±0.02
G35.1974–0.7426 -0.07 -0.32 34.99 3.84±0.03 4.00±0.05
G35.1974–0.7426 -0.09 -0.31 35.35 26.96±0.17 27.40±0.30
G35.1974–0.7426 -0.09 -0.31 35.53 25.76±0.15 26.18±0.26
G35.1974–0.7426 -0.07 -0.33 35.89 1.76±0.02 1.79±0.03
G35.1974–0.7426 -0.09 -0.32 36.25 1.00±0.02 1.06±0.03
G35.1974–0.7426 -0.11 -0.29 36.43 1.40±0.02 1.44±0.03
G35.1974–0.7426 -0.10 -0.30 36.61 4.59±0.03 4.70±0.05
G35.1974–0.7426 -0.08 -0.32 36.97 0.56±0.01 0.63±0.02
G35.1974–0.7426 -0.11 -0.34 37.33 0.27±0.01 0.30±0.01
G35.2260–0.3544 18:56:53.2156 +01:52:47.498 59.49 0.25±0.02 0.33±0.04 YAN19
G35.2260–0.3544 -0.22 0.77 59.13 0.06±0.01 0.26±0.07
G35.2260–0.3544 0.02 0.08 59.31 0.12±0.02 0.16±0.04
G35.2260–0.3544 0.14 -0.49 59.67 0.04±0.01 0.53±0.17
G35.2476–0.2365 18:56:30.3879 +01:57:08.863 72.43 1.38±0.02 1.41±0.03 MMB
G35.2476–0.2365 0.37 0.05 71.89 0.06±0.02 0.15±0.05
G35.2476–0.2365 0.02 -0.06 72.25 1.13±0.02 1.22±0.04
G35.3971+0.0253 18:55:50.7799 +02:12:19.043 89.07 0.36±0.02 0.35±0.03 MMB
G35.3971+0.0253 0.05 0.08 89.25 0.27±0.02 0.24±0.03
G35.3971+0.0253 -0.07 0.12 89.43 0.28±0.01 0.25±0.02
G35.3971+0.0253 -0.04 -0.00 89.61 0.24±0.02 0.20±0.03
G35.3971+0.0253 -0.31 0.00 89.79 0.08±0.02 0.07±0.03
G35.4170–0.2840 18:56:59.0634 +02:04:54.541 56.29 0.89±0.02 0.89±0.03 NEW
G35.4170–0.2840 -0.05 0.17 55.93 0.19±0.02 0.20±0.03
G35.4170–0.2840 0.03 0.01 56.11 0.62±0.02 0.65±0.04
G35.4170–0.2840 0.03 -0.01 56.47 0.56±0.02 0.60±0.03
G35.4170–0.2840 0.06 0.10 56.65 0.13±0.02 0.13±0.04
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Table C.2: The complete version of Table 5.3.

Name ∆VB Dist. Note SInt Lmaser,B

(glon, glat) (km s−1) (kpc) (Jy km s−1) (L⊙)
(1) (2) (3) (4) (5) (6)
G28.6079+0.0180 4.14 5.00±0.50 AGAL 9.82±0.19 1.7× 10−6

G28.7003+0.4060 2.70 4.70±0.34 AGAL 5.39±0.24 8.0× 10−7

G28.8175+0.3649 5.40 4.70±0.34 AGAL 68.80±0.23 1.0× 10−5

G28.8195+0.3543 1.08 4.70±0.34 AGAL 1.57±0.11 2.3× 10−7

G28.8322–0.2528 9.90 5.00±1.04 AGAL 588.79±1.32 9.9× 10−5

G28.8421+0.4938 5.40 4.70±0.34 AGAL 18.60±0.26 2.8× 10−6

G28.8421+0.4938b 1.80 4.70±0.34 AGAL 5.55±0.33 8.3× 10−7

G28.8481–0.2279 4.32 5.70±0.64 AGAL 23.28±0.58 5.1× 10−6

G28.8621+0.0660 0.72 5.00±0.47 AGAL 3.00±0.07 5.1× 10−7

G28.0113-0.4263 6.48 1.90±0.43 AGAL 37.03±0.30 9.0× 10−7

G28.9289+0.0193 0.72 10.71±0.36 BAYE 0.80±0.08 6.2× 10−7

G28.1467–0.0045 6.66 6.30±0.94 AGAL 132.62±0.67 3.6× 10−5

G28.2006–0.0495 7.92 6.30±0.90 AGAL 29.44±0.43 7.9× 10−6

G28.2817–0.3590 1.62 7.70±3.29 BAYE 16.11±0.12 6.4× 10−6

G28.3047–0.3877 7.20 4.37±0.33 BAYE 232.06±0.54 3.0× 10−5

G28.3211–0.0110 3.42 6.30±0.90 AGAL 12.23±0.29 3.3× 10−6

G28.3972+0.0803 8.28 4.30±0.28 AGAL 95.75±0.27 1.2× 10−5

G28.5228+0.1270 1.08 10.75±0.38 BAYE 12.83±0.14 1.0× 10−5

G28.5322+0.1287 3.06 12.50±0.27 BAYE 7.74±0.15 8.2× 10−6

G29.9556–0.0156b 2.52 4.90±0.45 AGAL 60.23±0.78 9.8× 10−6

G29.2815–0.3295 1.44 5.60±0.62 AGAL 10.25±0.11 2.2× 10−6

G29.3197–0.1619 3.96 3.00±0.43 AGAL 25.13±0.26 1.5× 10−6

G29.5809+0.1320 0.54 12.30±0.27 BAYE 1.07±0.16 1.1× 10−6

G29.6032–0.6250 2.34 4.40±0.26 AGAL 8.89±0.16 1.2× 10−6

G29.8621–0.0441 5.94 4.90±0.63 AGAL 438.18±2.98 7.1× 10−5

G29.9157–0.0236 5.58 7.10±0.76 BAYE 88.59±4.31 3.0× 10−5

G29.9556–0.0156 5.76 4.90±0.45 AGAL 504.49±2.09 8.2× 10−5

G29.9609–0.0675 1.26 4.90±0.70 AGAL 19.09±0.57 3.1× 10−6

G29.9781–0.0478 7.92 4.90±0.70 AGAL 381.02±2.19 6.2× 10−5

G30.5891–0.0424 8.46 11.50±0.43 AGAL 34.58±0.29 3.1× 10−5

G30.6214+0.0826 1.08 11.40±0.43 AGAL 1.58±0.14 1.4× 10−6

G30.7028–0.0683 4.50 4.90±0.87 AGAL 367.41±1.63 6.0× 10−5

G30.7599–0.0523 5.40 7.13±0.77 BAYE 239.99±1.68 8.2× 10−5

G30.7700–0.8043 3.06 4.40±0.43 AGAL 72.92±0.27 9.5× 10−6

G30.7744+0.0783 1.80 7.23±0.73 BAYE 6.15±0.24 2.2× 10−6

G30.7799+0.2301 1.80 2.60±0.43 AGAL 78.90±0.43 3.6× 10−6

G30.7880+0.2039 9.90 4.90±1.72 AGAL 144.81±0.42 2.3× 10−5

G30.7880+0.2039b 3.06 4.90±1.72 AGAL 30.62±0.28 5.0× 10−6

G30.8176–0.0547 3.06 4.90±0.70 AGAL 25.74±0.46 4.2× 10−6

G30.0095–0.2734 1.44 4.90±0.70 AGAL 7.49±0.11 1.2× 10−6

G30.8178–0.0570 9.90 4.90±0.70 AGAL 133.86±0.86 2.2× 10−5

G30.8184+0.2725 4.14 4.90±0.70 AGAL 12.22±0.35 2.0× 10−6

G30.8507+0.1221 1.98 1.92±0.27 BAYE 4.60±0.14 1.1× 10−7

G30.8979+0.1612 11.34 4.90±0.70 AGAL 621.62±2.30 1.0× 10−4
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Continuation
of Table C.2
Name ∆VB Dist. Note SInt Lmaser,B

(glon, glat) (km s−1) (kpc) (Jy km s−1) (L⊙)
(1) (2) (3) (4) (5) (6)
G30.9584+0.0861 0.90 11.80±0.43 AGAL 1.77±0.13 1.7× 10−6

G30.9726–0.1414 6.84 4.90±0.26 AGAL 144.25±0.66 2.3× 10−5

G30.9801+0.2158 0.72 4.90±0.70 AGAL 1.12±0.15 1.8× 10−7

G30.9729+0.5624 0.72 12.39±0.30 BAYE 1.10±0.08 1.1× 10−6

G30.1981–0.1688 8.28 4.90±0.22 AGAL 173.69±0.74 2.8× 10−5

G30.2244–0.1803 4.86 4.90±0.70 AGAL 85.12±0.51 1.4× 10−5

G30.3177+0.0703 9.90 2.80±0.43 AGAL 74.38±0.34 3.9× 10−6

G30.3705+0.4827 3.06 1.10±0.54 AGAL 14.66±0.15 1.2× 10−7

G30.4006–0.2958 6.12 4.90±0.70 AGAL 35.67±0.25 5.8× 10−6

G30.4194–0.2316 3.24 4.90±0.33 AGAL 37.66±0.20 6.1× 10−6

G30.4234+0.4661 2.52 1.10±0.54 AGAL 4.46±0.10 3.6× 10−8

G30.5426+0.0110 2.88 10.42±0.34 BAYE 5.59±0.18 4.1× 10−6

G31.3959–0.2576 0.36 4.90±0.70 AGAL 0.68±0.06 1.1× 10−7

G31.4122+0.3071 12.78 4.90±0.41 AGAL 228.26±0.88 3.7× 10−5

G31.5811+0.0769 3.96 4.90±0.99 AGAL 50.48±0.23 8.2× 10−6

G31.5937–0.1920 1.44 2.10±0.13 AGAL 8.78±0.09 2.6× 10−7

G31.0470+0.3562 5.76 4.90±0.70 AGAL 45.97±0.26 7.5× 10−6

G31.0592+0.0933 3.78 13.20±0.54 AGAL 60.93±0.31 7.2× 10−5

G31.0767+0.4573 1.98 12.30±0.49 AGAL 9.31±0.22 9.5× 10−6

G31.1213+0.0628 3.42 11.40±0.43 AGAL 7.96±0.19 7.0× 10−6

G31.1580+0.0457 2.88 2.50±0.43 AGAL 11.76±0.19 5.0× 10−7

G31.1824–0.1477 4.86 2.70±0.43 AGAL 20.40±0.28 1.0× 10−6

G31.2526+0.0029 0.72 2.80±0.43 AGAL 0.83±0.08 4.4× 10−8

G31.2756+0.0053 0.72 2.14±0.26 BAYE 1.06±0.07 3.3× 10−8

G31.2805+0.0617 11.88 4.90±0.67 AGAL 756.14±1.89 1.2× 10−4

G32.8027+0.1926 2.70 12.03±0.28 BAYE 6.16±0.17 6.0× 10−6

G32.8212–0.3301 0.72 5.10±0.28 AGAL 2.34±0.16 4.1× 10−7

G32.9175–0.0935 0.36 6.86±0.60 BAYE 1.83±0.15 5.8× 10−7

G32.9645–0.3394 1.62 2.56±0.26 BAYE 4.21±0.15 1.9× 10−7

G32.9918+0.0343 3.78 9.20±0.55 AGAL 67.05±0.25 3.8× 10−5

G32.0446+0.0593 10.08 5.10±0.38 AGAL 583.46±1.35 1.0× 10−4

G32.1056–0.0741 0.90 10.16±0.37 BAYE 1.66±0.12 1.2× 10−6

G32.1176+0.0906 6.12 5.10±0.40 AGAL 52.89±0.59 9.3× 10−6

G32.5150+0.3229 0.54 10.28±0.66 BAYE 2.35±0.10 1.7× 10−6

G32.7443–0.0753 2.70 7.90±1.02 AGAL 230.37±1.24 9.7× 10−5

G32.7443–0.0753b 9.72 7.90±1.02 AGAL 340.74±1.48 1.4× 10−4

G32.7443–0.0753c 1.26 7.90±1.02 AGAL 1.35±0.09 5.7× 10−7

G32.7496–0.0642 0.90 2.15±0.24 BAYE 7.92±0.35 2.5× 10−7

G33.6412–0.2276 5.76 7.60±1.19 AGAL 621.52±1.25 2.4× 10−4

G33.7258–0.1202 4.14 9.79±0.38 BAYE 19.53±0.25 1.3× 10−5

G33.8520+0.0178 4.32 10.50±0.43 AGAL 29.29±0.17 2.2× 10−5

G33.9798–0.0189 6.66 2.90±0.10 AGAL 25.56±0.26 1.5× 10−6

G33.0925–0.0725 10.08 6.83±0.58 BAYE 118.68±0.62 3.7× 10−5

G33.1328–0.0916 5.58 9.40±0.43 AGAL 79.80±0.40 4.8× 10−5
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Continuation
of Table C.2
Name ∆VB Dist. Note SInt Lmaser,B

(glon, glat) (km s−1) (kpc) (Jy km s−1) (L⊙)
(1) (2) (3) (4) (5) (6)
G33.1996+0.0010 1.44 6.83±0.56 BAYE 1.90±0.17 6.0× 10−7

G33.2037–0.0101 2.88 8.80±2.40 AGAL 5.81±0.17 3.0× 10−6

G33.3174–0.3599 1.80 2.20±0.43 AGAL 4.72±0.13 1.5× 10−7

G33.3930+0.0097 11.16 8.80±2.43 AGAL 218.16±1.02 1.1× 10−4

G33.4246–0.3150 0.90 2.51±0.18 BAYE 1.64±0.08 7.0× 10−8

G33.4870+0.0407 2.70 6.80±1.40 BAYE 14.40±0.28 4.5× 10−6

G33.6339–0.0206 2.52 8.80±2.40 AGAL 6.36±0.16 3.3× 10−6

G34.7510–0.0925 3.24 3.10±0.43 AGAL 31.27±0.22 2.0× 10−6

G34.7567+0.0250 0.90 4.80±0.41 AGAL 3.59±0.07 5.6× 10−7

G34.8221+0.3518 0.36 3.40±0.43 AGAL 0.55±0.18 4.3× 10−8

G34.2839+0.1837b 1.08 2.90±0.10 AGAL 1.34±0.16 7.6× 10−8

G34.0957+0.0178 3.60 2.90±0.10 AGAL 22.20±0.18 1.3× 10−6

G34.1953–0.5928 1.62 3.60±0.43 AGAL 3.57±0.16 3.1× 10−7

G34.2448+0.1333 7.74 2.90±0.10 AGAL 56.61±0.45 3.2× 10−6

G34.2582+0.1534 3.60 2.90±0.10 AGAL 82.38±0.53 4.7× 10−6

G34.2582+0.1534b 1.44 2.90±0.10 AGAL 5.39±0.09 3.1× 10−7

G34.2672–0.2094 3.60 3.10±0.47 AGAL 30.87±0.20 2.0× 10−6

G34.2839+0.1837 0.54 2.90±0.10 AGAL 0.63±0.10 3.6× 10−8

G34.3957+0.2215 6.48 9.82±0.39 BAYE 100.71±0.48 6.6× 10−5

G34.4113+0.2349 1.08 2.90±0.10 AGAL 1.89±0.17 1.1× 10−7

G35.4571–0.1782 2.34 4.10±0.43 AGAL 2.30±0.12 2.6× 10−7

G35.5879+0.0605 2.16 10.40±0.27 AGAL 3.07±0.19 2.2× 10−6

G35.7927–0.1744 8.10 8.80±1.03 AGAL 163.46±0.99 8.5× 10−5

G35.0248+0.3497 5.76 2.30±0.22 AGAL 106.08±0.44 3.8× 10−6

G35.1327–0.7440 7.02 2.20±0.20 AGAL 151.20±1.41 4.9× 10−6

G35.1491+0.8095 0.36 4.80±0.43 AGAL 0.43±0.07 6.7× 10−8

G35.1973–0.7428 2.88 2.20±0.22 AGAL 446.23±2.40 1.5× 10−5

G35.1973–0.7428b 9.54 2.20±0.22 AGAL 458.38±1.14 1.5× 10−5

G35.2260–0.3544 0.72 9.43±0.36 BAYE 1.28±0.20 7.7× 10−7

G35.2476–0.2365 0.54 4.84±0.61 BAYE 2.78±0.07 4.4× 10−7

G35.3974+0.0252 0.90 5.90±0.54 AGAL 1.11±0.06 2.6× 10−7

G35.4166–0.2839 0.90 3.20±0.43 AGAL 2.47±0.07 1.7× 10−7
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Nomenclature

Frequently Used Acronyms

APEX Atacama Pathfinder Experiment
ATLASGAL APEX Telescope Large Area Survey of the Galaxy
CMB Cosmic microwave background
CMZ Central molecular zone
FIR Far infrared
FWHM Full width at half maximum
GC Galactic centre
GLOSTAR Global view on star formation in the Milky Way
GMC Giant molecular cloud
IMF Initial mass function
HC Hyper-compact
HMC Hot molecular core
HPBW Half power beam width
ISM Interstellar medium
(J)VLA Karl G. Jansky Very Large Array
MDC Massive dense core
MIR mid-infrared
MMB Methanol multi-beam
(M)YSO (Massive) Young stellar object
NIR Near infrared
PA Position angle
PIM Peak intensity map
PV Position-velocity
S/N Signal-to-noise ratio
SEC Source Extraction Code
SFR Star formation rate
UC Ultra-compact
UV ultraviolet
WISE Wide-field Infrared Survey Explorer



Numerical Constants
π = 3.14156

1 rad = 57.296 degrees
e = 2.7183

Physical Constants

Speed of light c = 2.9979× 1010 cm sec−1

Planck’s constant h = 6.626× 10−27 erg sec
Boltzmann’s constant kB = 1.381× 10−16 erg deg−1

Stefan–Boltzmann constant σ = 5.6704× 10−5 erg cm−2 s−1 K−4

Electron mass me = 9.110× 10−28 gr
Proton mass mp = 1.673× 10−24 gr
Mass of hydrogen atom mH = 1.673× 10−24 gr

Astronomical Constants
Astronomical unit (1AU) = 1.496× 1013 cm
Parcec (1 pc) = 3.086× 1018 cm
Julian light year (1 ly) = 9.460730472× 1017 cm
Julian year (1 yr) = 3.15576× 107 sec
Solar mass (1M⊙) = 1.989× 1027 gr
Solar luminosity (1 L⊙) = 3.9× 1033 erg s−1
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