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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.
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1. Introduction

The study of high-mass stars is vital to the understanding of the
evolution of star formation in galaxies. They directly influence
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their surrounding environments by feeding energy through vari-
ous feedback processes back into the interstellar medium (ISM).
This can alter the e�ciency 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 su↵er 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
di�cult 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 di↵erent 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., Kau↵mann 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 di↵erence 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 E↵elsberg
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 1800
and 1.500 at 5.8 GHz, respectively, to detect various tracers of

di↵erent 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 di↵erent 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 e↵ective frequency of the averaged image is 5.8 GHz
with a FWHM of 1800. 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
E↵elsberg 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 su↵er 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 Di↵use 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 e↵ective radii from
Kau↵mann et al. (2017) and the references therein.

absolute brightness measurements of the di↵use 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
(⇠50), 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 Br� 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

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 50 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.
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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 ⇠1000, 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 di�cult 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 5�. 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
e↵ects. 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 o↵set 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 >5�), are spatially separated with more than half a
beam, have an unclear association with an extended continuum
structure, or are most likely a↵ected 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 5� contours or covering an area of at least a
GLOSTAR beam size. This also serves to estimate an e↵ective
source diameter, De↵ , 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 5� 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 1000 of the continuum radio and within
a 5� contour. However, this is not always easily discernible
for all of our sources. For example, sources 307 and 311 were

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 10� (� = 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 E↵elsberg 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 E↵elsberg 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 5� 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 5� 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 di↵erent 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 3� 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 3�, which we note is lower than the
5� 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 a↵ect 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-E↵elsberg observations. Assuming that the
relationship between the flux and frequency is S ⌫ / ⌫↵ where
↵ is the spectral index and S ⌫ is the frequency-dependent inten-
sity at the associated frequency ⌫, we used scipy’s curve_fit to
perform a linear fit of the data in log-space in order to obtain the
slope, ↵ (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 su�cient to defini-
tively exclude these candidates. The remaining 16 sources have
values in between �0.5 < ↵ < �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
30 ⇥ 30 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 5� 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 4500, 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 (⇠100). 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

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 1900 (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 <1000 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 o↵set 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 su�ciently 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 1900 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 <1000 angular separation is likely
insu�cient 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 e↵ects, 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�,

A88, page 8 of 25

https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202140802&pdf_id=7


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

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) ⇥R

(a)
S i,5.8 GHz ⇥R

[mJy] [mJy] [00] [mJy] [00]

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, ⇥R, 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
3.006⇥ 2.005. 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 e↵ective 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 di↵erence 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 o↵set 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 ✓1 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 <0.500 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 .3000,
which is close to our beam size of ⇠1800. 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 10� to 50�
in steps of 10�. For sources B and C, the contour levels are 4�, 12�, and 20�. 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 ⇠100. 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
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Fig. 9. GLOSTAR cutout of a 90 ⇥ 90 area centred on the Arches clus-
ter. Plotted in white contours are 3, 5, and 10 times the local rms
(8 mJy beam�1).

Fig. 10. GLOSTAR cutout of a 90 ⇥ 90 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:
"
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where S is the flux density, T is the electron temperature, Dist is
the distance to the source, ⌫ is the frequency of the observation,
and b(⌫,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:
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and solved for NLyc by using expressions for EM and ne from
Panagia & Walmsley (1978):
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While S and ✓R (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 (⇠(M)) from Kroupa (2001) that
better estimates the contribution of lower mass stars to the total
stellar population and is given by

⇠(M) = ⇠0,1M
�2.3 for 0.5 M�  M  120 M� (7)

⇠(M) = ⇠0,2M
�1.3 for 0.08 M�  M  0.5 M� (8)

⇠(M) = ⇠0,3M
�0.3 for 0.01 M�  M  0.08 M� (9)

where ⇠0,1, ⇠0,2, and ⇠0,3 are scaling factors. Following the
method detailed in Immer et al. (2012b), we determined the scal-
ing factor ⇠0,1 by a non-linear least square fit to our data over
the mass range 10 M� < M⇤ < 40 M� (Fig. 12). By requiring
⇠(M) to be continuous, we scaled ⇠0,2 and ⇠0,3 accordingly. For
the scaling factors, we obtained ⇠0,1 = 6152, ⇠0,2 = 12 304, and
⇠0,3 = 153 807.

The total mass of the stars was then calculated using

Mtot =

Z 120

0.01
M⇠(M)dM, (10)

where ⇠(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/⌧YSO,
where ⌧YSO 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
Kau↵mann 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 ↵ = 2.7.
The distribution has a mean stellar mass of hm⇤i = 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 hm⇤i ⇥ 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 Kau↵mann et al. (2017), we
consider a timescale, ⌧Hii, 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 = hm⇤i ⇥ Ncl/⌧Hii. 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 Kau↵mann 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 Kau↵mann 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 di↵erent methods is summarised in Table 4 of
Nandakumar et al. (2018). The numerous di↵erent 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;
Kau↵mann et al. 2013; Mills et al. 2015; Rathborne et al. 2015).
Kruijssen et al. (2014) discuss additional possible mechanisms
that work on di↵erent 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 e�ciency.

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.

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 di↵erent 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 Kau↵mann 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 �S i ↵(S / ⌫↵) De↵ Separation rms Qshape Catalogues
l [�] b [�] l [�] b [�] [mJy beam�1] [mJy] [mJy] [00 ] [00 ] [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 (�S i; Purcell et al. 2013), and the spectral index (↵).
The e↵ective diameter of the source (De↵) 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 (2.500). 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’.

A88, page 15 of 25



A&A 651, A88 (2021)

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 De↵ 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), e↵ective diameter (De↵), 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.

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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Fig. B.1. continued.
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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 di↵erent frequency chan-
nels used in the spectral index determination for a given source,

which shows how the morphology is slightly di↵erent in each
channel and therefore necessitates using only the peak flux for
calculations.

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 5� 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 ↵ = 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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