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A B S T R A C T 
The evolutionary sequence for high-mass star formation starts with massive starless clumps that go on to form protostellar, 
young stellar objects and then compact H II regions. While there are many examples of the three later stages, the very early stages 
hav e pro v ed to be elusiv e. We follow-up a sample of 110 mid-infrared dark clumps selected from the ATLASGAL catalogue 
with the IRAM telescope in an effort to identify a robust sample of massive starless clumps. We have used the HCO + and HNC 
(1-0) transitions to identify clumps associated with infall motion and the SiO (2-1) transition to identity outflow candidates. We 
have found blue asymmetric line profile in 65 per cent of the sample, and have measured the infall velocities and mass infall 
rates (0.6–36 × 10 −3 M # yr −1 ) for 33 of these clumps. We find a trend for the mass infall rate decreasing with an increase of 
bolometric luminosity to clump mass, i.e. star formation within the clumps evolves. Using the SiO 2-1 line, we have identified 
good outflow candidates. Combining the infall and outflow tracers reveals that 67 per cent of quiescent clumps are already 
undergoing gravitational collapse or are associated with star formation; these clumps provide us with our best opportunity to 
determine the initial conditions and study the earliest stages of massive star formation. Finally, we provide an overview of a 
systematic high-resolution ALMA study of quiescent clumps selected that allows us to develop a detailed understanding of 
earliest stages and their subsequent evolution. 
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1  I N T RO D U C T I O N  
Massive stars are born within giant molecular cloud complexes and 
reach the main sequence on very short time-scales such that finding 
true massive protostars remains a challenge. In particular, finding 
and characterizing the massive clumps prior to the onset of star 
formation is still one of the outstanding problems in star formation 
research (Tan et al. 2014 ). 

The vast majority of molecular gas resides within the Solar Circle 
[i.e. Galactocentric distances ( R gc ) < 8.35 kpc], and given the tight 
correlation found between molecular gas and star formation within 
the Galaxy (e.g. Heiderman et al. 2010 ; Lada, Lombardi & Alves 
2010 ), as well as in more distance galaxies (e.g. Wu et al. 2004 ), this 
is where star formation is also expected to be concentrated. The inner 
part of the Galaxy that hosts most of the massive stars and clusters 
corresponds to a Galactic longitude ( ! ) range of ±60 ◦, and this is an 
ob vious re gion to focus ef forts to de velop a deeper understanding of 
massive star formation. 
" E-mail: thushara@mit.edu (TGSP) J.S.Urquhart@kent.ac.uk (JSU) 

Depending on the source of mass accretion on to the most 
massive star, models of high-mass star formation fall into two 
broad categories: clump-fed accretion and core accretion. The former 
models are characterized by gas assembly through either global 
clump infall or coherent gas flows that results in the formation of 
high-mass stars in clusters. In certain clump-fed models, clump 
fragmentation produces Jeans-mass cores that proceed to accrete 
mass through gas infall from their larger environment. The low- 
mass cores that are closer to the centre of the evolving gravitational 
potential preferentially gain more mass to end up forming the highest 
mass stars in the cluster. Competitive accretion models (Bonnell, 
Vine & Bate 2004 ; Bonnell & Bate 2006 ; Smith, Longmore & 
Bonnell 2009 ; Wang et al. 2010 ), global hierarchical collapse models 
(V ́azquez-Semadeni et al. 2019 ) and a more recent inertial-inflow 
model (Padoan et al. 2020 ) fall into the ‘clump-fed’ category. 

The turbulent core accretion model (McKee & Tan 2003 ) posits 
that a high-mass star or cluster forms out of an unfragmented dense 
and high-mass starless core. It therefore treats the formation of high- 
mass stars in isolation rather than as part of cluster formation. Global 
infall in this scenario is slow (Tan, Krumholz & McKee 2006 ) and 
is not a major reservoir for the high-mass starless core. High-mass 
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starless cores are structures in near-virial equilibrium with a one-on- 
one mapping to high-mass stars and are a pre-requisite for this model 
(Rosen et al. 2019 ). 

Fundamental predictions of the abo v e models need to be tested on 
an unbiased sample of high-mass star-forming clumps. The APEX 
Telescope Large Area Surv e y of the Galaxy (ATLASGAL; Schuller 
et al. 2009 ) has produced the first such unbiased 870 µm dust surv e y 
of the inner Galactic plane. This surv e y is sensitiv e to clump masses 
of ∼1000 M # across the inner Galactic disc (Urquhart et al. 2014a ) 
and is therefore likely to include all massive star-forming clumps 
located within the inner Galactic disc. Furthermore, since the thermal 
dust-continuum emission at 870 µm is optically thin, it is sensitive to 
both cold and warm dust and is not biased to a particular evolutionary 
stage. For these reasons, this survey is the ideal starting point to search 
for the massive starless cold clumps that are the progenitors to high- 
mass protostars and young stellar object (YSOs) and ultracompact 
(UC) H II regions, which have proved to be elusive. 
1.1 Ov er view of the ATLASGAL Catalogue 
ATLASGAL co v ers 420 square degrees of the inner Galactic disc 
( −60 ◦≤! ≤ + 60 ◦, −1.5 ◦≤b ≤ + 1.5 ◦; Schuller et al. 2009 ) and was 
conducted with the 12-m Atacama Pathfinder Experiment telescope 
(G ̈usten et al. 2006 ). The resulting dust maps have been used to 
identify ∼10 000 dense molecular clumps primarily located within 
the Solar circle (Contreras et al. 2013 ; Csengeri et al. 2014 ; Urquhart 
et al. 2014b ) and includes samples of sources in all of the early 
evolutionary stages associated with high-mass star formation (K ̈onig 
et al. 2017 ). Dedicated follo w-up observ ations (Wienen et al. 2012 ; 
Giannetti et al. 2014 ; Wienen et al. 2015 ; Csengeri et al. 2016 ; Kim 
et al. 2017 , 2018 ; Tang et al. 2018 ; Wienen et al. 2018 ; Navarete et al. 
2019 ; Urquhart et al. 2019 ; Kim et al. 2020 ) and complementary 
surv e ys (e.g. WISE (Cutri et al. 2012 ), HiGAL (Molinari et al. 
2010 ), CORNISH (Hoare et al. 2012 ; Purcell et al. 2013 ; Irabor 
et al. 2023 ), and MALT90 (Jackson et al. 2013 ; Guzm ́an et al. 
2015 ; Rathborne et al. 2016 ; Contreras et al. 2017 ) have been used 
to characterize the physical properties of these clumps (Urquhart 
et al. 2014a , 2018 ), map their Galactic distribution, and investigate 
the evolutionary sequence for high-mass star formation (Urquhart 
et al. 2022 ). The ATLASGAL catalogue is complete to all potential 
massive star-forming clumps in the inner Galaxy and provides robust 
physical properties; it is therefore an ideal starting point for more 
focused high-resolution studies. 

Our current understanding of massive stars distinguishes the 
actively accreting high luminosity protostars in clusters with no cm 
continuum (high-mass protostars or clusters) from those with cm 
continuum (hypercompact and UC H II regions). In the framework of 
the le gac y project aimed at a complete characterization of massive 
stars across the evolutionary ladder, ATLASGAL has delivered a 
comprehensive sample of molecular clumps containing (i) massive 
and young protostars within 4.5 kpc (Csengeri et al. 2017 ), (ii) 
a more evolved phase characterized by 6.7 GHz methanol maser 
emission (Urquhart et al. 2013a ; Billington et al. 2019 ), and finally 
(iii) compact and UC H II regions (Urquhart et al. 2013b ). The initial 
evolutionary stage before the onset of protostellar collapse, where 
the young clumps are dense, cold, and starless, is a crucial phase yet 
to be characterized for the ATLASGAL project. 

In this paper, we report on the results of a molecular line surv e y 
conducted with the IRAM telescope towards a sample of 70 µm 
dark clumps that are assumed to be high-mass starless clumps. We 
focus specifically on the transitions that trace infall and outflow to 
distinguish between genuinely starless clumps and those showing 

signs of very early star formation. The structure of the paper is as 
follows: In Section 2 , we describe the source selection criteria and 
pro vide an o v erview of the IRAM 30-m spectral-line observations 
and the data reduction processes. In Section 3 , we present the 
detection statistics and investigate their bulk properties (e.g. outflows 
and infall motions). In Section 4 , we discuss the nature of the sample 
and their properties and describe our moti v ation for high angular 
resolution follow-up efforts with ALMA. In Section 5 , we provide 
a summary of the work presented here and an outline of the next 
papers in this series. 
2  OBSERVATI ONS  
2.1 Source selection 
We have initiated a search for the coldest dust cores in the inner 
Galactic plane based on the ATLASGAL data (Schuller et al. 2009 ). 
Cold and dense starless cores are distinguished from protostellar 
cores based on the lack of infrared (IR) emission, particularly at 
24 µm where protostellar activity would otherwise warm up the dust. 

We began by cross-matching the whole ATLASGAL catalogue 
(Contreras et al. 2013 ; Urquhart et al. 2014b ) with the WISE 
catalogue and excluded all clumps with a mid-infrared counterpart 
within 20 arcsec. In order to select only massive clumps, we estimate 
the clump masses, using the catalogue distances (Urquhart et al. 
2018 ) and assuming a dust temperature of 20 K, only selecting 
those that exceed the empirical mass-size threshold for high-mass 
star formation (Kauffmann & Pillai 2010 ; m ( r )/ m lim ( r ) > 2, where 
m lim ( r ) = 870M #[ r /pc] 1.33 ). While our adopted dust temperature of 
20 K would be appropriate for the majority of the sample, which is 
in a cold phase, slightly higher temperatures may be expected for the 
more evolved sources in the sample (Urquhart et al. 2022 ) and could 
introduce a small bias well within a factor of two in the mass estimate. 
Finally, we also exclude any sources more than 1 ◦ from the Galactic 
mid-plane (i.e. | b | > 1 ◦). These criteria produced a sample of 188 
clumps, 110 of which are observable from the IRAM 30-m telescope, 
which is located at Pico Veleta in the Spanish Sierra Ne v ada. 

The original source selection was done early in the characterization 
of the ATLASGAL catalogue when distances and HiGAL 70 µm 
images were not readily available. Since that time, despite our best 
efforts, a modest portion of the sample has since been found to 
be associated with star formation activity. In Fig. 1 , we show the 
distribution of this sample as a function of the four evolutionary 
stages described by Urquhart et al. ( 2022 ); these are, in sequences, 
quiescent, protostellar, YSO, and H II region stages. Clumps where a 
definitive classification into one of these four stages cannot be made 
are classified as ambiguous. Although the sample contains some 
more evolved stages, it is clear from Fig. 1 that the vast majority are 
in a very early stage in their evolution ( ∼85 per cent are classified as 
protostellar or pre-protostellar stage) and almost two-thirds show no 
signs that star formation has begun. 
2.2 IRAM 30-m obser v ations and data reduction 
A sub-sample of 110 targets were observed with the IRAM 30 m 
telescope in March 2016 (IRAM project code: 134–15) under varying 
weather conditions (1.3–3 mm precipitable water vapour). The EMIR 
receiver was used allowing these observations to co v er the 86–
93 GHz frequency range in one setup in dual polarization (Carter 
et al. 2012 ). The ef fecti ve spectral resolution is ∼0.6 km s −1 . The 
observations were conducted in total power position-switching mode 
with 10 min per position. We used Herschel 250 µm data to identify 
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Figure 1. Pie chart showing the fraction of clumps in one of four evolutionary 
stages based on Urquhart et al. 2022 or classified as ambiguous in cases where 
a definitive classification was not possible. The total sample consists of 110 
clumps. 
clean off-positions located close to our target sources. Ho we ver, there 
was still contamination in lower density tracers, such as HCO + in the 
of f-positions, to wards a few sources (e.g. AGAL031.464 + 00.186, 
A GAL022.634 + 00.112, A GAL022.304-00.629), and in some cases, 
these sources needed to be excluded from some parts of the analysis 
if it significantly affects the line profile and biases the line fitting. 
Pointing and focus measurements were checked regularly during the 
observing runs. 

These observations have a frequency coverage of 8 GHz and many 
spectral lines ( ∼20); ho we ver , in this paper , we focus on specific lines 
that are associated with direct or indirect signposts of clump collapse 
and star formation activity , namely , the 1–0 transitions of HNC and 
HCO + and their rarer optically thin isotopomers, and 2–1 transition 
of SiO; these are often used to identify infall and outflow motions in 
dense clumps (e.g. Traficante et al. 2017 ). In addition, N 2 H + 1–0 is 
used as a dense gas tracer. The CLASS package within the GILDAS 
softw are 1 w as used for data processing. This involv ed e xtracting 
the specific spectral lines studied here, defining a masking window 
around the lines, and subtracting a baseline of order 3. The spectra are 
reported here in antenna temperature units ( T " A ). The mean system 
temperature o v er the observing session was ∼90 K within a range of 
80–110 K. The corresponding mean rms is estimated to be ∼20 mK 
per ∼0.6 km s −1 spectral channel. 
3  RESULTS  
3.1 HCO + and HNC line asymmetries 
Infall motions in a dense clump are typically diagnosed through 
asymmetric profiles in optically thick lines. For a spherically sym- 
metric cloud with increasing density and/or temperature toward its 
centre, the corresponding excitation temperature increases towards 
the inner parts of the cloud as well. An optically thin spectral 
line should manifest as a symmetric profile since photons from 
the emitting gas, along the entire line of sight, contribute to the 
observed line intensities without being absorbed. When the line 
1 https:// www.iram.fr/ IRAMFR/GILDAS 

emission becomes optically thick, the layer corresponding to an 
optical depth of unity occurs at different parts in the clouds: the red- 
shifted emission in the observed line originates from material in front 
of the clump and becomes optically thick at the clump outer layer. 
On the other hand, the blueshifted emission of the line arises from the 
rear end, and the optically thick part is closer to the centre. Since the 
excitation temperature increases inward in a collapsing clump, this 
difference causes the blueshifted portion of the line to be stronger 
than the redshifted counterparts. This blue-and-red asymmetry in an 
optically thick line in combination with an optically thin line has 
been used widely as an infall diagnostic in dense molecular clumps 
(Mardones et al. 1997 ; Evans 2003 ; Fuller , W illiams & Sridharan 
2005 ; Evans Neal J. et al. 2015 ; Jackson et al. 2019 ). Fig. 2 show 
examples from our IRAM survey that show that the peak of the 
optically thin line (H 13 CO + 1–0) lies between the double peaks of 
the thick line (HCO + 1-0). Assuming a typical 12 C/ 13 C ratio of 50 
(Wilson & Rood 1994 ) and at least a 3 σ detection of H 13 CO + 1–0, 
one would naively expect a S/N of > 150 for the HCO + 1–0 line, not 
observed in our data. The significant detection ( ' 3 σ ) of H 13 CO + 
1–0 line towards all targets thus suggests that the HCO + 1–0 is 
optically thick. 

Note, ho we ver, that the sense of the line asymmetry is predicated 
on the assumption that the excitation temperature increases inward. 
Should it decrease inward, the emergent optically thick line will 
reverse its sense of asymmetry, exhibiting a stronger redshifted peak 
than the blueshifted peak. Additionally, certain molecular species 
(e.g. HCO + ) might be enhanced in molecular outflows (Arce & 
Sargent 2006 ; Cyganowski et al. 2011 ) and potentially obscure an 
infall signature. 

We first identify sources with significant line asymmetries using 
the dimensionless parameter δV defined by Mardones et al. 1997 : 
δV = V thick − V thin 

%V thin 
where V thick and V thin are the peak velocities of the optically thick 
and thin transitions, and % V thin is the full width at half-maximum 
(FWHM) line width of the optically thin transition. Dividing through 
the FWHM normalizes the parameter and a v oids the possibility 
of bias from lines with different line widths. The velocities are 
determined simply by taking the velocity of the channel with the 
peak intensity, while the line width of the optically thin line is 
determined from a Gaussian fit. This parameter is not reliable in cases 
where the optically thick line has two peaks with similar intensity. 
There are three such cases in our HCO + sample (AGAL010.991–
00.082, A GAL023.990 + 00.149, and A GAL024.314 + 00.086) and 
one case in our HNC sample (AGAL025.163–00.304); these have 
been excluded from this analysis. 

The distributions of the asymmetries for the HCO + and HNC 
transitions are shown in Fig. 3 (top panel). These plots reveal a 
roughly even number of blue and red asymmetries in both transitions, 
with slightly higher number of blue symmetries (ne gativ e values; cf. 
Mardones et al. 1997 ). In total, 71 clumps show a blue asymmetry 
in at least one of the optically thick lines, corresponding to approx- 
imately 65 per cent of the sample. We note that our coarse velocity 
resolution could potentially obscure double-peaked profiles with 
smaller infall motions that might pre v ail in the remaining sample. 

We conduct a more thorough assessment of the presence of 
asymmetry in our sample that takes the uncertainties in line-profile 
measurements for individual sources into account. For a given 
source, we first calculate δV from the observed data. We then take 
the observed HCO + and HNC spectra and add random noise as 
characteristic for our observed data to these. 
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Figure 2. Examples of HCO + (1-0) and H 13 CO + (1-0) spectra showing blue asymmetric profiles indicative of infall motion. The upper panels show examples 
of blueshifted asymmetries, the middle panels show examples where no asymmetries are seen, and the lower panels show examples of redshifted asymmetries. 

This noise spectrum is then added to our observed data. We then 
calculate the asymmetry parameter for each source. This insertion 
of random noise is repeated 10 4 times per observed spectrum, and 
the asymmetry parameter is calculated in every iteration of this 
process. We then obtain the uncertainly of the asymmetry parameter 
as the standard deviation of the synthetic measurements produced by 
insertion of noise, σ ( δV ). The resultant signal-to-noise ratio (SNR) 
of the asymmetry parameter, δV / σ ( δV ), calculated using these newly 
derived uncertainties is what is shown in Fig. 3 (bottom panel) and 
used to create Table 1 . The latter reports the observed number of 
sources for various ranges of δV / σ ( δV ), N obs , and the number of 
cases expected for a Gaussian distribution, N Gauss . Table 1 demon- 
strates that N obs > N Gauss for a wide range of δV / σ ( δV ), something 
also evident in Fig. 3 (bottom panel). In other words, substantial 
asymmetries are observed much more often than consistent with pure 
chance as induced by noise. Line asymmetries are substantial in our 
sample, indicating the presence of significant relative gas motions in 
our targets. 

We have also e v aluated the line asymmetry following a new 
method introduced by Jackson et al. ( 2019 ). In this case, the optically 
thin line is used to determine the systemic velocity using H 13 CO + 
and HN 13 C, and the integrated line intensities on the blue and red 
side of this systemic velocity are then calculated for the optically 
thick line, I blue and I red . The asymmetry is then calculated as 
A = ( I blue − I red )/( I blue + I red ). We again create 10 4 spectra with 
synthetic injected noise to determine the uncertainty of A for every 
source, as described for δV . Table 2 presents the results. As in the 

case of δV , we find that N obs > N Gauss , meaning that line asymmetries 
are significant. 

In Fig. 4 , we show the distribution of asymmetries as a function 
of the ATLASGAL source types described in Section 2.1 . This plot 
reveals a significant correlation between the values obtained from the 
two transitions. Using the observed line asymmetries, we obtain a 
Spearman correlation coefficient r s = 0.6 and a p -value < 0.001. We 
repeat the aforementioned experiment with injected artificial noise 
also for this correlation plot (i.e. we mo v e individual measurements 
δV i by their uncertainty to obtain 10 4 correlation diagrams for our 
analysis), and we find that r s > 0.11 for 99.73 per cent of all cases, 
equi v alent to a 3 σ -significance. In other words, the line asymmetries 
seen in HNC and HCO + are at some level correlated, and they 
probe similar motions. This result again underlines the fact that the 
line asymmetries are significant, as a correlation different from zero 
would otherwise not be found. Although there is no obvious pattern 
with respect to the evolutionary types, we do note that nearly all 
of the more evolved sources tend to display red asymmetries, while 
the majority of the protostellar population are associated with a blue 
asymmetry in at least one of the two lines. 

Jackson et al. ( 2019 ) derive the asymmetry parameter A for 
approximately 1000 ATLASGAL sources in their infall study and 
report a similar fraction of clumps associated with blue asymmetric 
profiles (60.7 ± 1.5 per cent) as we have found. They concluded that 
the majority of their sample of high-mass star-forming clumps are 
likely to be undergoing gravitational collapse. Jackson et al. ( 2019 ) 
report that the asymmetry was larger for the earlier evolutionary 
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Figure 3. Top panel: Distribution of the dimensionless parameter δV for the 
HCO + and HNC transitions. Positive and negative values indicate a red and 
blue asymmetries, respectively. Note more sources have negative velocity 
dif ferences than positi ve v alues. The bin size is 0.5 km s −1 . Bottom panel: 
Distribution of the SNR on δV for the HCO + and HNC transitions. 
Table 1. Statistical significance of non-zero line asymmetries in δV . 
δV / σ ( δV ) N obs (HCO + ) N obs (HNC) N Gauss 
< −3 5 1 0 .15 
< −2 14 9 2 .5 
< −1 35 32 17 
> + 1 31 20 17 
> + 2 11 6 2 .5 
> + 3 4 1 0 .15 
Table 2. Statistical significance of non-zero line asymmetries in A . 
δV / σ ( δV ) N obs (HCO + ) N obs (HNC) N Gauss 
< −3 11 5 0 .15 
< −2 19 12 2 .5 
< −1 33 26 17 
> + 1 36 31 17 
> + 2 20 16 2 .5 
> + 3 11 5 0 .15 
states than for later stages. This suggests that the infall motion may 
be more significant in the beginning of the star formation process 
and decreases as the embedded pro-cluster evolves (we discuss this 
in more detail in Section 4.1 ). Alternatively, the infall signature in 
the more evolved stages is compromised by other effects, such as 

Figure 4. Distribution of asymmetries for both HCO + and HNC transitions 
as a function of e volutionary stage. Representati ve uncertainties are indicated 
in the upper right corner; these are dominated by the channel resolution (i.e. 
0.6 km s −1 ). 
stronger outflows and more complicated dynamics due to feedback 
from already formed stars. 
3.2 Infall analysis: HCO + and HNC 
Blue asymmetric line profiles in optically thick tracers are a powerful 
indicator of gravitational collapse in star-forming clumps (Evans 
1999 ). Ho we ver, it is not possible to measure the infall velocity for 
all of these due to low-signal-to-noise contamination from the off- 
position and poor velocity resolution. We have therefore inspected 
the optically thick and thin transitions of HCO + and HNC to identify 
spectra where the infall signature can be reliably fitted. We then used 
the Python spectral-line fitting module pyspeckit and the Hill5 
function to fit the blue and redshifted peaks and estimate the infall 
velocity using the model of De Vries & Myers ( 2005 ). 

Using this method, we have been able to determine the infall 
velocity for 33 clumps, with 7 measurements from the HCO + 
transition, 15 measurements from the HNC, and 11 measurements 
in both transitions. Eleven of these are classified as protostellar 
and the remaining 22 being classified as being quiescent, which 
corresponds to almost a third of the quiescent clumps in the sample 
( ∼32 per cent). With 26 ± 5.14 detections in HNC compared to 
18 ± 4.7 detections in HCO + , we also note that the 1–0 transitions 
of HNC appear to be more useful in detecting and quantifying the 
infall motion in dense clumps than HCO + . Ho we ver, combining 
both transitions is significantly more ef fecti ve than using a single 
transition. Enhanced abundance of HNC relative to its isomer HCN 
observed at low temperatures and reproduced by temperature depen- 
dence in astrochemical models might provide some explanation for 
the moderately higher HNC detections in our pre-dominantly young 
(cold) sample (Hacar, Bosman & van Dishoeck 2020 ). In Fig. 5 , 
we compare the infall speeds for the two different optically thick 
lines for which a measurement has been possible. In general, the 
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Figure 5. Comparison of the infall speeds as measured from the two optically 
thick lines. 

Figure 6. Comparison of the infall speeds as measured from the two optically 
thick lines with the free-fall velocity. The dashed line shows the results of a 
linear least squares fit to all of the point (slope = 0.07 ± 0.08, intercept = 
0.65 ± 0.46). The uncertainties are shown for every third source. 
agreement is very good for these eleven sources 11 with all of the 
values agreeing within a factor of two. 

The free-fall velocity can be calculated using: 
V ff = −√ 

2 GM enc 
R 

where M enc is the mass enclosed within a radius R . Using the FWHM 
clump mass and FWHM radius from Urquhart et al. ( 2022 ), we have 
calculated this parameter for 75 clumps where these two parameters 
are available. In Fig. 6 , we compare these free-fall speeds to the 
infall velocities determined by the model. There is no correlation 

( r s = 0.18 with p -value = 0.32) between these two velocities, and the 
slope returned by a linear least squares fit to the data is consistent with 
zero. With the exception of four sources, all of the infall velocities are 
between 0.5 and 1.5 km s −1 , indicating that, in many cases, the infall 
speed is independent of the gas density. This would suggest that all 
clumps collapse at a similar rate perhaps limited by magnetic support 
and turbulence. It is also likely that the two approaches do not probe 
identical volumes of the same clump. While Urquhart et al. ( 2022 ) 
provide the properties of the entire clump, our data provide us a 
velocity from a clump radius where the HCO + optical depth is unity. 
Differences in the radial structure of clumps may therefore dilute 
any correlation of these two different radii. Exploring either of these 
scenarios is beyond the scope of the current study but would be worth 
investigating further with a larger statistical sample. We have also 
included free-fall calculations based on THz NH 3 absorption-line 
measurements for high-mass star-forming targets where the presence 
of inward motions has been established more directly (Wyrowski 
et al. 2016 ). Those reference data exhibit the same trend seen in 
our observations, i.e. that inward motions are slower than free-fall 
collapse and would fa v our a scenario where infall may be regulated 
by magnetic field support and turbulence. 

We use the infall-velocities determined from the HNC and HCO + 
transitions to estimate the mass accretion rate for these clump using 
the following equation assuming that the clumps are spherical: 
Ṁ = 4 πR 2 ρV in , 

where V in is the infall velocity determined by the model, R is the 
radius, and ρ is the clump density, which can also be written as 
ρ = 3 M 

4 πR 3 , 
where M is the clump mass. Converting the mass to solar masses, 
radius to parsecs, and the infall velocity to km s −1 , the infall rate 
becomes: 
Ṁ = 3 . 066 × 10 −6 × (

M 
M #

) (
R 
pc 

)−1 (
V in 

km s −1 
) [

M # yr −1 ] . 
We have used the FWHM clump mass and radius from Urquhart 

et al. ( 2022 ) and the infall velocities determined above to calculate 
the mass infall rates. These are given in Table 3 and are between 0.6 
and 36 × 10 −3 M # yr −1 . If, instead, the HCO + probed gas volume 
is different from that probed by ATLASGAL based dust emission, 
the mass infall rates have to be revised accordingly. We assume a 
characteristic volume density of ∼1000 cm −3 for the HCO + 1–0 
line (Kauffmann et al. 2017 ). We also need to extract a radius for 
the typical HCO + emission. For a 10–20 K dust clump, all of the 
ATLASGAL based dust emission will be abo v e a H 2 column density 
of 2 × 10 22 cm −2 , significantly abo v e the threshold of dense gas mass 
residing at A V > 7 mag (Lada et al. 2010 ). Therefore, HCO + emitting 
re gion should e xtend be yond the typical 30–60 arcsec radius from 
dust measurements (e.g. Hoq et al. 2013 ; Miettinen 2014 ). Assuming 
a 1 parsec radius ( ∼70 arcsec at 3 kpc), we then derive mass infall 
rates that are between 0.4 and 3 × 10 −3 M # yr −1 . Though the latter 
approach may be more imprecise, both estimates are consistent with 
the ranges reported by previous studies of high-mass star-forming 
clumps via absorption spectroscopy (e.g. 0.3–16 × 10 −3 M # yr −1 ; 
Wyrowski et al. 2016 ) or similar approaches as used here (e.g. 
0.7–71 × 10 −3 M # yr −1 ; He et al. 2015 , 0.5–45 × 10 −3 M # yr −1 ; 
Traficante et al. 2018 ). 
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Table 3. Infall velocities and mass infall rates for all sources where it has been possible to fit the blue asymmetric line profiles. 
ATLASGAL Classification L bol / M fwhm HCO + V in Ṁ HCO + HNC V in Ṁ HNC 
Name (L # M #−1 ) ( km s −1 ) (10 −3 M # yr −1 ) ( km s −1 ) (10 −3 M # yr −1 ) 
AGAL008.206 + 00.191 Protostellar 0 .93 1.05 2.1 0.95 1 .9 
AGAL008.706–00.414 Protostellar 0 .58 1.20 14.7 0.93 11 .4 
AGAL009.284–00.147 Protostellar 0 .37 0.91 4 .4 
AGAL009.879–00.111 Quiescent 0.85 0.68 
AGAL010.686–00.126 Protostellar 0 .04 0.82 6 .4 
AGAL011.381 + 00.811 Quiescent 0 .21 1.02 4 .1 
AGAL013.248 + 00.044 Quiescent 0 .09 2.08 8.2 
AGAL013.906–00.292 Quiescent 0 .32 1.16 3.2 
AGAL014.644–00.117 Quiescent 0 .82 0.26 0.8 0.39 1 .2 
AGAL014.726–00.202 Quiescent 0 .28 1.43 
AGAL016.343 + 00.922 Protostellar 0 .17 0.60 0.61 
AGAL016.418–00.634 Quiescent 0 .22 0.81 6 .2 
AGAL016.681–00.069 Protostellar 0 .29 0.64 
AGAL019.394–00.006 Quiescent 0 .3 1.18 4 .2 
AGAL019.902–00.582 Quiescent 0 .12 1.01 
AGAL022.056 + 00.191 Quiescent 0 .54 1.15 3.2 0.83 2 .3 
AGAL022.304–00.629 Quiescent 0 .05 0.69 3 .7 
AGAL022.376 + 00.447 Protostellar 0 .59 0.89 6.8 0.98 7 .5 
AGAL022.726 + 00.127 Quiescent 0 .22 1.23 1.20 
AGAL023.477 + 00.114 Quiescent 0 .38 1.30 9 .1 
AGAL024.049–00.214 Quiescent 0 .13 1.26 8.9 
AGAL024.089–00.104 Quiescent 0 .61 0.36 0 .9 
AGAL024.373–00.159 Protostellar 0 .38 3.18 10.1 
AGAL024.378–00.209 Quiescent 0 .34 1.67 1.35 
AGAL024.574–00.074 Protostellar 0 .53 0.93 2 .0 
AGAL028.374 + 00.054 Quiescent 0 .16 2.15 14 .2 
AGAL030.718 + 00.191 Quiescent 0 .04 0.86 
AGAL030.844 + 00.177 Quiescent 1 .15 0.73 2 .7 
AGAL030.913 + 00.719 Protostellar 0 .27 0.75 2 .9 
AGAL031.699–00.494 Quiescent 0 .08 0.09 0 .6 
AGAL031.946 + 00.076 Protostellar 0 .06 2.55 36.5 
AGAL035.431 + 00.137 Quiescent 0 .64 0.61 3.6 0.42 2 .5 
AGAL035.479–00.309 Quiescent 0 .05 1.05 9.3 0.93 8 .2 

3.3 SiO outflows 
Another spectroscopic approach to distinguishing protostellar 
clumps from starless or pre-stellar clumps is via searches for molec- 
ular outflows (e.g. de Villiers et al. 2014 ; Maud et al. 2015 ; Csengeri 
et al. 2016 ; Yang et al. 2018 ). While CO is the main outflow tracer, 
lo w-resolution observ ations in the inner galactic plane, particularly 
of the low excitation (J = 1-0, 2–1) transitions, are often contaminated 
by ambient cloud emission as well as by unrelated diffuse and dense 
emission along the line of sight. SiO is believed to form through sput- 
tering and grain–grain collisions of dust grains (Schilke et al. 1997 ). 
Unlike CO, SiO emission does not suffer from contamination from 
easily excited ambient gas or unrelated line-of-sight components. 
While SiO emission with a narrow velocity range may originate 
from large-scale colliding gas flows (e.g. Jim ́enez-Serra et al. 2010 , 
Cosentino et al. 2020 ), SiO emission with a broad velocity range is 
considered to be an ef fecti ve tracer of fast shocks from protostellar 
outflows. 

In this work, we also search for broad SiO emission as an indirect 
tracer of outflows from deeply embedded protostars. As described 
abo v e, the related observations were obtained simultaneously with 
those of the infall tracers. We do the outflow search in the following 
manner. We inspected the spectrum of each source close to the rest 
frequency of the SiO (2-1) transition and consider the line to be 
detected if the peak intensity in the spectrum is larger than 5 σ
(where σ corresponds to the rms noise per velocity channel). We 

then fit the hyperfine structure of the 1–0 transition of N 2 H + to 
determine the characteristic dense gas line widths. Line widths for 
this sub-sample are in the range 1.2–3.2 km s −1 with a mean value 
of 2.2 ± 0.5 km s −1 . The maximum line width (3.2 km s −1 ) is used 
as a threshold to separate broad and narrow SiO components. All 
sources have line widths that exceed that of N 2 H + , and 90 per cent 
have line widths that are larger by at least a factor 2. Therefore, we 
consider these to be bonafide outflow candidates. The SiO emission 
towards thirty-one clumps satisfy this criterion, corresponding to a 
low detection rate of 28 per cent. This is consistent with the general 
trend gleaned from pre vious outflo w searches towards ATLASGAL 
sources that at least on the clump scales, the outflow signatures in 
the earlier stages are weaker (Csengeri et al. 2016 ; Yang et al. 2022 ). 
4  DI SCUSSI ON  
4.1 Mass infall rate and protostellar evolution 
As mentioned previously, there is some evidence that the infall 
motion is lower for more evolved protostellar stages (Jackson et al. 
2019 ), suggesting that the mass infall rate decreases as the embedded 
pro-cluster evolves. Our sample contains few clumps in the later 
evolutionary stages, so we are unable to conduct a similar analysis. 
Ho we ver, we can look for changes in the mass infall rate as a function 
of the luminosity-to-mass ratio ( L / M ), which is considered to be a 
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Figure 7. Mass infall rates as a function of the L / M ratio. The values 
determined from the two transition are shown in different colours, and the 
dashed line shows the results of a linear least squares fit to the log values of 
both parameters (slope = −0.29 ± 0.18, intercept = 0.65 ± 0.12). 
Table 4. Infall and outflow statistic for the quiescent and protostellar clumps. 
Type # of clumps Infall Ouflow Total 
Quiescent 70 42 (60 per 

cent) 14 (20 per 
cent) 47 (67 per 

cent) 
Protostellar 23 17 (74 per 

cent) 13 (57 per 
cent) 20 (87 per 

cent) 
good diagnostic for the state of star formation within a clump with 
larger values, indicating more advanced evolution (e.g. Molinari et al. 
2008 ; Urquhart et al. 2014a ). 

In Fig. 7 , we show the distribution of the mass infall rate as 
a function of the bolometric luminosity and FWHM clump mass 
( L bol / M fwhm ; Urquhart et al. 2022 ). This plot rev eals a ne gativ e 
correlation between these two parameters with the mass infall rate 
decreasing with increasing evolution, which is consistent with the 
trend reported by Jackson et al. ( 2019 ). Ho we ver, the correlation 
coefficient is r s = −0.36 with a p -value = 0.045, indicating a weak 
correlation with the significance just abo v e 2 σ and so more data are 
needed to robustly confirm this trend. 
4.2 Star formation in quiescent clumps 
One of the main aims of this work was to investigate whether there is 
evidence of gravitational collapse or star formation activity towards 
a sample of clumps in the earliest stages in their evolution. In Table 4 , 
we present a summary of the infall and outflow associations for the 
quiescent and protostellar clumps. 

Almost two-third of the sample has been classified as quiescent, 
and a further 20 per cent are classified as being protostellar. Of the 70 
quiescent sources in the sample, 42 are associated with infall motion 
(corresponding to 60 per cent of the sample), 22 of which we have 
been able to measure the infall velocity for. In addition to the infall 
motions detected, we have detected SiO emission towards 31 clumps 

including 14 of the quiescent clumps. In total, 47 of the clumps 
classified as being quiescent show evidence of either infall or have 
been identified as outflow candidates, or both, which corresponds to 
∼67 per cent of the quiescent sample (i.e. two-thirds). 

The fraction of quiescent sources associated with SiO emission 
is 20 per cent, which is less than half of the association rate found 
for the protostellar sample (57 per cent), suggesting that the incident 
of outflows increases with evolution (e.g. Urquhart et al. 2022 ). 
The number of protostellar sources associated with infall motion is 
74 per cent. This is again significantly higher than found for quiescent 
clumps where only 57 per cent are associated with infall motions. 
Approximately 87 per cent of protostellar clumps are associated 
with either infall or outflow motions, which is unsurprising given 
their nature. 

Yang et al. ( 2022 ) recently conducted an outflow surv e y towards 
∼2000 ATLASGAL clumps using the SEDIGISM surv e y (Schuller 
et al. 2021 ) and report approximately 50 per cent of the quiescent and 
protostellar clumps are associated with outflows. Their detection rate 
towards protostellar clumps is comparable with ours but significantly 
higher than we have found for the quiescent clumps. Ho we ver, 
Yang et al. have used the 2–1 transition of 13 CO, a molecule whose 
abundance even in typical molecular cloud conditions is much higher 
than that of SiO (Cosentino et al. 2020 ). Only 13 targets from our 
sample o v erlap with the Yang et al. sample, out of which 6 have 13 CO 
associations and 4 of these also ha ve ha ve been detected in our SiO 
observations. Two sources identified as SiO outflow candidates have 
no counterpart in 13 CO. This suggests that more of the quiescent 
sources may be associated with outflows and our detection statistic 
is likely to be a lower limit. 

Although the sample examined here is relatively modest in size 
(110), it does reveal a couple of interesting trends. First, a significant 
number of the clumps classified as be being quiescent appear to 
be undergoing gravitational collapse with a smaller fraction being 
associated with SiO emission, which suggests that many of these 
seemingly starless cores are pre-stellar in nature and at least in some 
of them protostars have already started to form despite the lack of a 
corresponding embedded infrared detection. Secondly, the incidence 
rates of infall and outflow motions increase in the protostellar stage, 
consistent with the hypothesis that star formation in clumps classified 
as protostellar is more evolved. 
4.3 Towards an ALMA sample 
Although a significant number of the quiescent clumps identified 
by ATLASGAL appears to be undergoing gravitational collapse, it 
is likely to be in a very early stage where the initial conditions 
unlikely to have been significantly affected by feedback. Further- 
more, a significant number still appear to be genuinely quiescent 
( ∼32 per cent of the sample). This sample of quiescent clumps is 
therefore likely to include examples of all of the very earliest stages 
in a clumps evolution, from the contraction of the clumps themselves, 
fragmentation and formation of starless cores, and the formation of 
protostellar objects. 

Understanding the properties of these clumps and thus the initial 
conditions in the earliest phase is one of the most important steps that 
will lead us to a better understanding of the process of formation of a 
high-mass protostar and its subsequent e volution. Ho we ver, while the 
single-dish data discussed here provides a physical characterization 
of the high-mass clumps, only high angular resolution continuum and 
line data can characterize these candidates as true pre-stellar massive 
clumps. This has moti v ated us to identify a large and statistically 
representative sample of quiescence clumps to observe with ALMA. 
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The ATLASGAL sample is one of the most well-characterized 
samples of high-mass star-forming clumps available. It has identified 
∼1000 quiescent and a similar number of protostellar clumps; 
it is therefore an ideal starting point for selecting a large and 
representative sample of quiescent clumps. We have applied our 
selection criteria (described in Section 2.1 ) to the whole ATLASGAL 
catalogue (Contreras et al. 2013 ; Urquhart et al. 2014b ) and have 
identified a sample of 238 quiescent clumps within 5 kpc that 
satisfy the empirical mass-size threshold for high-mass star formation 
(Kauffmann & Pillai 2010 ; Urquhart et al. 2014a ); we refer to this 
sample as the Co ld Co res with A LMA (CoCoA) sample. 

Given the similarities in selection criteria, we expect the dis- 
trib ution of ev olutionary stages to also be similar to that of the 
sample presented here (see Fig. 1 for details). The inclusion of some 
later stages is useful for comparison of the statistical properties of 
the quiescent clumps in an evolutionary framework in an identical 
observational setup. This sample has subsequently been followed-up 
with ALMA and the first results of CoCoA surv e y will be presented 
in a subsequent paper (Pillai et al. 2023, in preparation). 
5  C O N C L U S I O N S  
We hav e observ ed a sample of 110 high-mass clumps at frequencies 
between 86 and 93 GHz using the IRAM 30-m telescope. This sample 
consists primarily of clumps that have been classified as quiescent 
or in the protostellar stage (Urquhart et al. 2022 ). This work uses 
the HCO + and HNC (1-0) transitions to investigate infall within the 
clumps, and SiO (2-1) to identify potential outflow candidates. These 
are our main findings: 

(i) We have conducted a statistical analysis to assess the presence 
of contraction and expansion motions in our data. This analysis e v al- 
uates, for every individual target, the uncertainty of the asymmetry 
measurement using two different methods, and then compares the 
observed asymmetry to its uncertainty. We find that the number of 
sources with line asymmetries exceeds the number expected from 
the impact of noise. Line asymmetries are thus substantial in our 
sample, indicating the presence of significant relative gas motions in 
our targets. 

(ii) We have detected SiO emission towards 31 clumps corre- 
sponding to ∼28 per cent of the sample. These are considered to be 
good outflow candidates. We find that the detection rate is a factor 
of two higher for protostellar clumps than quiescent clumps, which 
is consistent with the star formation in the protostellar clumps being 
more evolved. 

(iii) Combining the infall and outflow tracers, we find that 
67 per cent of the clumps classified as being quiescent are associated 
with the early signposts of gravitational collapse or star formation. 
Studying the star formation taking place in these clumps is likely 
to provide us with our best opportunity to determine the initial 
conditions required for the onset of star formation and determine 
how fragmentation proceeds and when the first protostars start to 
appear. 

(iv) We provide an overview of a systematic high-resolution 
ALMA study that has been designed to investigate the star for- 
mation in a large sample of quiescent ATLASGAL clumps. These 
observ ations will allo w us to resolve these clumps on core scales 
and investigate the fragmentation statistics and derive the physical 
and star-forming properties of the cores identified. This will reveal 
the initial conditions for high-mass star formation and allow us to 
develop a detailed understanding of earliest stages and subsequent 
evolution. 
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