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ABSTRACT

Context. The formation processes of massive stars are still unclear but a picture is emerging involving accretion disks and molecular
outflows in what appears to be a scaled-up version of low-mass star formation. A census of outflow activity towards high-mass
star-forming clumps in various evolutionary stages has the potential to shed light on high-mass star formation.

Aims. We conducted an outflow survey towards ATLASGAL (APEX Telescope Large Area Survey of the Galaxy) clumps, using
SEDIGISM (structure, Excitation, and Dynamics of the Inner Galactic InterStellar Medium) data and aimed to obtain a large sample
of clumps exhibiting outflow activity in different evolutionary stages.

Methods. We identify the high-velocity wings of the *CO lines, indicating outflow activity, toward ATLASGAL clumps by (1)
extracting the simultaneously observed 3CO (2-1) and C'30 (2 - 1) spectra from SEDIGISM, and (2) subtracting Gaussian fits to the
scaled C'®O (core emission) from the '*CO line after considering opacity broadening.

Results. We have detected high-velocity gas towards 1192 clumps out of a total sample of 2052 corresponding to an overall detection
rate of 58%. Outflow activity has been detected in the earliest (apparently) quiescent clumps (i.e., 70um weak), to the most evolved
Hu region stages i.e., 8um bright with tracers of massive star formation. The detection rate increases as a function of evolution
(quiescent=51%, protostellar=47%, YSO = 57%, UC Hu regions = 76%).

Conclusions. Our sample is the largest outflow sample identified so far. The high-detection rate from this large sample is consistent
with the results of similar studies reported in the literature and supports the scenario that outflows are a ubiquitous feature of high-
mass star formation. The lower detection rate in early evolutionary stages may be due to the fact that outflows in the early stages are
weak and difficult to detect. We obtain a statistically significant sample of outflow clumps for every evolutionary stage, especially for
outflow clumps in the earliest stage (i.e., 70 um dark). The detections of outflows in the 70 um-dark clumps suggest that the absence
of 70 um emission is not a robust indicator of starless/pre-stellar cores.

Key words. Accretion, accretion disks — Stars: formation — stars: massive—stars: early-type — Submillimeter: ISM — ISM: jets and
outflows
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2020), (2) the existence of velocity gradients perpendicular to

The formation processes of massive stars within molecular
clumps are still unclear (Zinnecker & Yorke 2007; Krumholz
et al. 2019; Motte et al. 2018). However, progress is being made
in understanding the accretion mechanism. With the growing ob-
servational evidence of disk-like structures around OB-type pro-
tostars (e.g., Kuiper et al. 2011; Beuther et al. 2012a; Boley et al.
2013; Haemmerlé et al. 2016; Ilee et al. 2018; Csengeri et al.
2018; Maud et al. 2019; Beuther et al. 2019; Zapata et al. 2019;
Goddi et al. 2020; Zhao et al. 2020), the picture and the role
of accretion disks in the formation of massive stars is becom-
ing increasingly clear, supporting the scenario that high-mass
star formation is a scaled-up version of low-mass star formation
involving disk accretion and molecular outflows (e.g. Beuther
et al. 2002; Duarte-Cabral et al. 2013; Beltran & de Wit 2016;
Ilee et al. 2018). Direct observational evidence of disks around
OB-type protostars, though, is limited and many details remain
uncertain (Beltran & de Wit 2016; Goddi et al. 2020).

The small-scale disks around massive stars in complex em-
bedded environments can be indirectly inferred by: (1) the pres-
ence of highly collimated molecular outflows (Goddi et al.

* E-mail: ayyang @mpifr-bonn.mpg.de

outflows (Ginsburg et al. 2018a; Maud et al. 2018), (3) elongated
compact emission perpendicular to outflow orientation (Kraus
et al. 2010), and (4) the presence of outflow direction perpendic-
ular to the distribution of the methanol/water masers (e.g., Bel-
trdn & de Wit 2016). In particular, large-scale outflows are found
to be perpendicular to the small-scale disk around massive pro-
tostars (Kraus et al. 2010; Beltran & de Wit 2016). Molecular
outflows are, therefore, a crucial first step to select good candi-
dates with disk-like structures that can then be studied in detail.

Outflows can be inferred by the presence of high-velocity
emission in the wings of molecular lines (e.g., Snell et al. 1980;
Zhang et al. 2001; Beuther et al. 2002; Arce et al. 2007; de Vil-
liers et al. 2014; Maud et al. 2015; Yang et al. 2018; Li et al.
2018), which have been detected in the observational stages
of massive star formation as classified by Zinnecker & Yorke
(2007), from the earliest infrared dark phase (Beuther et al. 2005;
Duarte-Cabral et al. 2013; Feng et al. 2016; Tan et al. 2016),
to hot cores (Kurtz et al. 2000), to the ultra-compact (UC) Hu
region phase (Codella et al. 2004; Qin et al. 2008; Yang et al.
2018). Outflows are thus a useful tool to improve our under-
standing of the accretion process in every stage of massive star
formation.
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However, these studies are either targeted observations or the
sample sizes in the various stages are very small. Large outflow
surveys are needed to provide statistically significant samples for
clumps in different evolutionary stages. Yang et al. (2018) con-
ducted an unbiased outflow survey using data from the CHIMPS
survey (Rigby et al. 2016) and found that there is an evolution-
ary trend for the outflow detection rate to increase as clumps
evolve, and suggested that clump-scale outflows are dominated
by the most massive and luminous source within the clump.
Only 2 sources associated with outflows were determined to be
in the earliest stages, i.e., 70um-dark sources. These 70um-dark
sources are thought to be massive, starless and early-stage core
candidates (e.g., Feng et al. 2016; Tan et al. 2016), but the asso-
ciated outflows implies that there is star formation within them.
These outflows could identify clumps in the earliest stages of
star formation before they become mid-infrared visible and to
obtain a statistically significant sample of these clumps in the
earliest stages, large surveys of outflows are required. Detailed,
high-resolution interferometric observations toward these young
outflow clumps are ultimately required to study the outflows at
a sufficient resolution to pinpoint their origin and to understand
the complex processes involved.

In this paper, we present the largest survey of CO outflows
carried out to date by combining the ATLASGAL (APEX Tele-
scope Large Area Survey of the Galaxy) and SEDIGISM (Struc-
ture, Excitation, and Dynamics of the Inner Galactic InterStellar
Medium) surveys. This large observational sample of outflows
provides statistically significant and well-selected sub-samples
across a range of evolutionary stages of clumps. This work is
a continuation of a series of outflow studies building on and
extending the results presented in Yang et al. (2018, hereafter
PaperI) who conducted an outflow survey and statistical analy-
sis of the outflow properties for clumps in different evolutionary
stages. This paper is inferring the presence of outflows due to the
observation of line wings, and discusses the detection statistics
of outflows. In Sect.2 we provide an overview of the surveys
used and the sample selection. We describe the outflow wings
identification method in Sect. 3 and present the results of outflow
detection and the statistics of detection rates in Sect. 4. In Sect. 5,
we discuss the potential implications of our results for the high-
mass star-formation process, and we summarise our work and
present our conclusions in Sect. 6.

2. The surveys and the clumps sample
2.1. SEDIGISM

The SEDIGISM' survey covers a region of —60° < £ < +18°
and |b| < 0.5°(Schuller et al. 2017, 2021; Urquhart et al. 2021;
Duarte-Cabral et al. 2021; Colombo et al. 2021), and was con-
ducted using the Atacama Pathfinder Experiment 12 m submil-
limetre telescope (APEX, Giisten et al. 2006). The '3CO/C'30
(J = 2 — 1) data used here are part of the DR1 dataset (for de-
tails see Schuller et al. 2021), which has a typical 1 —o rms noise
of ~ 0.8K (in Tyyp) per 0.25 kms™! channel and an FWHM
beam size of 28”. This rms allows for a 3 — o detection that
corresponds to column densities of Ny, ~ 3 X 10*! cm™ (or
60 Mg pc=2) for *CO and Ny, ~ 10*2c¢cm=2 (or 200 Mg pc~2)
for C!80, which is well suited to detect all molecular structures
associated with star formation and their surrounding medium
(Schuller et al. 2017). SEDIGISM is, therefore, a good tracer
of the molecular gas associated with star-forming regions, with

! https://sedigism.mpifr-bonn.mpg.de/index.html
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the '3CO line used to trace high-velocity structures. The simulta-
neously observed C'80 line is typically optically thin compared
to '3CO in the same clump, thus C'®0 is an excellent tracer of
emission from the dense cores within clumps (e.g., de Villiers
et al. 2014; Yang et al. 2018).

2.2. ATLASGAL

ATLASGAL is an unbiased 870 um submillimeter (submm) sur-
vey, covering |[£| < 60 and |b| < 1.5°. ATLASGAL has a res-
olution of 19” and a typical noise level of 50—70 mJy beam™!
(Schuller et al. 2009; Beuther et al. 2012b; Csengeri et al. 2014).
A comprehensive database of ~ 10163 massive star-forming
clumps has been compiled (ATLASGAL compact source cat-
alogue (CSC); Contreras et al. 2013; Csengeri et al. 2014;
Urquhart et al. 2014), which allows us to undertake a search
for CO outflow activity towards the clumps. Furthermore, the
physical properties (e.g., distance, clumps mass, column den-
sity, bolometric luminosity, density) have been measured and the
evolutionary stages classified (Konig et al. 2017; Urquhart et al.
2018, Urquhart et al. (2021 accepted.)). We will use this well-
characterised sample of clumps to conduct a statistical analysis
of correlations between outflow parameters and clump proper-
ties for a large and representative sample of massive star-forming
clumps in different evolutionary stages.

2.3. The sample

We use the common area of sky between the two surveys (i.e.
—60° < £ <+18° and |b| < 0.5°) to conduct a search for outflows.
We have excluded the Galactic Centre region (|| < 5°) due to
the complexities of the gas kinematics in this part of the Galaxy
(Schuller et al. 2021). This provides a search area of 68 deg®
within which there are a total of 4120 ATLASGAL clumps.

We have extracted the *CO (2—1) and C'#0 (2—1) spectra
from the SEDIGISM data for all of these clumps using the peak
position and an area of the source size of each clump. Follow-
ing the work presented in Paper I, we require that the emission
is detected in both '3CO and C'®0. We found a final sample of
2052 clumps that fulfilled these criteria, as listed in Table 1; this
corresponds to approximately 50% of the ATLASGAL sources
in the overlapping region. We excluded 99 clumps (i.e., ~2% of
the total sample) as they show complex '*CO spectra with mul-
tiple peaks (i.e. peaks > 2). Therefore, a final sample of 2052
clumps is obtained. As shown in Fig. 1, we overlay the surveyed
region (white shaded), the coordinates of the total 4120 clumps
(black dots) and the selected 2052 clumps (yellow circles) on
the artist’s impression image of the Galactic structure to put the
sampled clumps into a Galactic context. The physical proper-
ties of these clumps are presented in Table 1, which were cal-
culated in Urquhart et al. (2018) and Urquhart et al. (2021 ac-
cepted.). For the properties calculated in both Urquhart et al.
(2018) and Urquhart et al. (2021 accepted), we adopted the val-
ues in Urquhart et al. (2021 accepted) as they were re-calculated
using the FWHM sizes (determined from the pixels above the
half-power level), to eliminate any observational bias that would
make the clumps appear to increase in size and have decreas-
ing volume densities with evolution. For full details, please see
figure 33 of Urquhart et al. (2018) and section 4.2 of Billington
et al. (2019).

From the selection criteria that require the detection of both
13CO and C'30 as described above, we are likely to select near
and bright clumps in the total sample. This can be seen from the
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Fig. 1. A figure of the Galaxy showing the region covered by this work. The background image is an artist’s impression of the large structure of
the Galactic plane as viewed from the Northern Galactic Pole [courtesy of NASA/JPL-Caltech/R. Hurt (SSC/Caltech)]. The white shaded area
indicates the covered region by this work (SEDIGISM+ATLASGAL-GC) with the Galactic Center (GC) region ([¢| < 5°) excluded. The white
symbol © indicates the position of the Sun, and the black dots and yellow circles indicate the positions of the total 4120 and the selected 2052
clumps, respectively. The spiral arms are labelled in white and the Galactic quadrants are shown in the corners as Roman numerals.

cumulative distributions of distance (Dist.) between the two sam-
ples in Fig. 2, showing that the selected clumps have systemati-
cally more nearby distances than the total clump sample. Also,
the selected clumps have systematically higher values of bolo-
metric luminosity [Lyo/Le] and peak H, column density (peak
N(H,) [cm?], derived from the peak flux density), compared to
the total sample, as shown in Fig. 2. Kolmogorov—Smirnov (K-
S) tests between the two samples (p-value<0.001) also suggest
that they are significantly different in heliocentric distance, bolo-
metric luminosity, and peak N(H,)[cm?]. However, the selected
sample shows no significant differences from the total sample
for the mean mass surface density (X [Mg /pcz]) and mean vol-
ume density (n(H,)/cm?) from the K-S tests and the cumulative
distributions presented in Fig. 2.

In Table 2 we provide a statistical summary of the physical
properties for the full sample of clumps in the target region and
the selected sample that passes the selection criteria of the de-
tection of both '*CO and C'80 . Comparing these properties re-
veals that the selected clumps have comparable minimum, max-

imum, mean and median values of clump mass (Mcump/Mo),
bolometric luminosity (Lyo/Lo), peak H, column density [peak
N(H,)/cm?], mean volume density (n(H,)/cm?) and mean mass
surface density [Z (Mg, pc~2)], compared to the full clump sam-
ple. Therefore, despite the inevitable selection bias due to the
detection limit, the selected clump sample used to search for out-
flows, in general, has similar properties as the parent sample and
may be taken to be representative of the total clump sample.

3. Outflow wing identification

The strategy of identifying outflow wings builds on the method
from PaperI and de Villiers et al. (2014), which relies on us-
ing optically-thin C'®0 to trace the dense gas and '*CO to de-
tect the high-velocity gas. In this work, we extract *CO (2—1)
and C'80 (2—1) spectra from the SEDIGISM data cubes, inte-
grated over the area of each clump, centred on the peak emission
of each ATLASGAL source. The high-velocity outflow wings
are defined by the velocities where the observed '*CO profile is

Article number, page 3 of 13
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Table 1. Clump properties of the selected 2052 ATLASGAL clumps searched for outflows: clumps Galactic name, heliocentric distance (Dist.),
bolometric luminosity (Lyoi), clump mass (Mcjump), the peak H, column density (Ny, ), mean volume density (ny,) and mean mass surface density
() at FWHM level (i.e., within the 50% contour), the associations with methanol maser (CH;OH), water maser (H,0), and SiO emission.

ATLASGAL Dist.  logLpo  logMeump logNy, logng, logX CH;0H H,0 SiO
(CSC Gname ) (kpe)  (Lo) Mo) (cm™@)  (cm?) Mgpe?) - - -
AGALO005.001+00.086  2.93 2.29 2.07 22.17 4.59 2.89 N N N
AGALO005.076—00.091 10.80 4.02 3.64 22.36 4.2 3.16 N N N
AGALO005.321+00.184 2.94 1.92 2.18 22.08 - - N N N
AGALO005.371+00.319 12.81 4.04 2.8 22.06 4.03 2.76 N N N
AGALO005.387+00.187 2.94 1.66 2.3 22.71 5.15 3.34 N N N
AGALO005.397+00.194 2.94 1.96 2.59 22.62 4.66 3.11 N N N
AGAL005.474-00.244 296 4.22 2.83 22.48 4.2 2.89 N N N
AGALO005.884-00.392 3.0 5.33 2.72 23.49 6.14 4.14 Y Y Y
AGALO005.897-00.444 3.0 4.88 2.8 22.93 4.83 33 N Y N
AGALO005.899-00.429 3.0 4.75 2.71 23.3 5.73 3.86 Y Y N

Notes. These physical properties are taken from Urquhart et al. (2018) and Urquhart et al. (2021 accepted.), with uncertainties of a factor of a
few. The information of maser associations are from Billington et al. (2020), with the detection levels of 15-167 mJy (1¢0) for H,O (Walsh et al.
2011, 2014) and ~170 mJy (10) for CH;0OH maser (Green et al. 2009). The SiO data are collected from the SEDIGISM survey and the literature
(Harju et al. 1998; Csengeri et al. 2016; Stroh et al. 2019), with sensitivities of ~ 0.8 K (Schuller et al. 2017), ~0.03-0.07 K (Harju et al. 1998),
15-30 mK (Csengeri et al. 2016), and 14 mJy/beam (Stroh et al. 2019). The symbol ‘Y’ means maser detections. — means no measurements, whilst
"N" means no detections. Only a small part of the table is presented here with the full version available from CDS.
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Fig. 2. Top-left (a,b,c) to Bottom-right (d,e,f): cumulative distributions of clump mass Miump [Ms], bolometric luminosity of central objects
Lyoi [Lo], heliocentric distance Dist. [kpc], the peak H, column density [peak N(H,)/cm?], the mean mass surface density X [My/pc?], and the
mean volume H, density n(H,) [cm™3] of the total 4120 clumps (orange lines) and the selected 2052 clumps (black lines). The orange and black
vertical lines show the median values of the two samples for each parameter.

broader than the scaled C'30 line (as discussed below) represent-
ing core emission (e.g., Codella et al. 2004; van der Walt et al.
2007; de Villiers et al. 2014; Yang et al. 2018). Observed line
profiles can be affected by line opacity (Hacar et al. 2016), with
these effects previously reported in studies of the J=2—1 tran-
sition in *CO (e.g., Wilson et al. 1999). Therefore, the broad
wings derived from the '3CO (2— 1) line may be caused by this
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opacity broadening. As a result, we have developed a method of
identifying outflow wings in this work aiming to properly sub-
tract the corresponding opacity broadening from the observed
line. This is achieved by appending a new step before the sub-
traction procedure of the original method in Paper I, in which the
line broadening effects are added to the line representing core-
only emission.
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Fig. 3. Examples of outflow bipolar wings (top-panel), unipolar blue
wing (middle-panel), and unipolar red wing (bottom-panel). The wings
are selected by using spectra of the '*CO (grey solid line) and C'*0
(grey dashed line) for the ATLASGAL clump AGAL305.369+00.166,
AGAL309.236-00.457, and AGAL008.467-00.267. Blue wings and red
wings, shown as red cross symbols, can be identified following the pro-
cedures a b ¢, and d, in Sect. 3.

We illustrate the basic procedures of the developed method
in Fig. 3. As mentioned above, the *CO and '*CO (3-2) spec-
tra for all clumps are extracted from the SEDIGISM data at their
peak positions averaged over the area of clump sizes reported
by Urquhart et al. (2018). Starting from the observed spectra
of 13CO (grey solid line) and C'80 (grey dashed line) of the
ATLASGAL clumps, the steps to identify outflow wings are
(a) scaling the C'80 line to the peak temperature of the '*CO
line (red dash-dotted line); (b) fitting a Gaussian to the scaled
C!'80 line (blue dotted line); (c) adding opacity broadening ef-

fects to (b), the Gaussian fit to the scaled C'®0 line (lime dashed
line); (d) obtaining '*CO residuals (in black solid line), by sub-
tracting the scaled Gaussian C'80 line with opacity broadening
(lime dashed line) from the observed *CO line (grey solid line);
(e) identifying the blue and red line wings (red cross symbols)
where the 13CO residuals are larger than 30, where o is the noise
level of the emission-free regions of the corresponding spectrum
for each clump.

The added step (c) is the process to account for the contri-
bution from the opacity broadening to the Gaussian fit to the
scaled C'30 line (core-only emission) of step (b). This can be
achieved by applying the central optical depth of *CO (2—-1) to
the equations (1) and (2) in Hacar et al. (2016). To be specific,
the line opacity is assumed to have a Gaussian distribution in fre-
quency (v) and velocity (Vjy,), i.e., the equation (2) in Hacar et al.
(2016), 7, = 7g-exp(—(v—vp)?/20?) and 22 = Y=V Where
70, Vo, and V.o are the central opacity, line frequency, and line-
of-sight velocity, respectively, and o is the intrinsic velocity dis-
persion of the gas, i.e., the FWHM of the scaled Gaussian C'0
line. Then, applying 7,, the emission distribution of the molec-
ular line (Wilson et al. 2013), i.e., equation (1) in Hacar et al.
(2016), is Timp,y = (1 (Tex) — 11 (Tog)) - (1 — exp(~7,)), with radi-

ation temperature J,(T) = (%), T., being the excitation
temperature of the line, Ty, the cosmic microwave background
temperature (=2.7 K). Here, the J,(T,,) — J,(T,) refers to the in-
tensity of the Gaussian fit to the scaled C'30 (blue-dotted line in
Fig 3), as mentioned above. For each source, an estimate of the
central optical depth 7y of '*CO (2—-1) has been obtained from
the ratio of the intensities of 3CO(2-1) and C'80 (2-1), as-
suming that C'30 (2-1) is optically thin and a CO abundance
ratio X('*CO)/X(C'80)=7.3 (Goldsmith et al. 1984; Wilson &
Rood 1994; Jiménez-Donaire et al. 2017). The central optical
depth 7 of the sample has a median value of 2.8, ranging from
0.3 to 7.4, indicating that the contributions of opacity broadening
to the line-widths of '3CO are expected to be from ~5% to ~50%
(see figure 2 of Hacar et al. (2016)). Step (d) as outlined above is
to subtract both the opacity broadening and core emission (i.e.,
the lime line in Fig. 3) from the observed '*CO profile. This re-
moves the 3CO residuals above 30~ from step (d), allowing the
observed broad wings to be dominated by the kinematics of the
gas rather than the corresponding line opacity. Following the
above procedures, blue wings (-45.0kms™! to —41.75kms™")
and red wings (-37.25kms™! to =33.5km ') of outflow activ-
ity are determined for AGAL305.369+00.166, as displayed in
Fig. 3.

4. Results

Based on the search for outflows outlined above, we find that
1192 out of 2052 clumps are associated with high-velocity out-
flow signatures (i.e., the outflow candidates), and the remaining
860 clumps show no outflow wings (i.e., the non-outflow can-
didates). It is likely that we miss some outflows as the outflow
identification process can be affected by confusion (the observed
sources lie along the Galactic plane where most of the molecular
material resides), spectral noise (in the case of weak sources),
and outflow geometry (which determines the width of the broad
wings), as discussed in Codella et al. (2004) and Paper . In ad-
dition, the beam filling factor (i.e., Qgource size/ Lbeam size) Of PCO
line emission for clumps at different distances (e.g., Yan et al.
2021) and the opacity variations in the '*CO line wings (e.g.,
Goldsmith et al. 1984) can also affect the outflow identification
process in this work. However, given the homogeneity of the
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Table 2. Summary of physical parameters of clumps and outflows. In Columns (2-5) we give the minimum, maximum, mean =+ standard deviation,

and median values of these parameters for each subsample.

Parameter Xmin Xmax  Xmean £ Xstd ~ Xmed
4120 ATLASGAL clumps in SEDIGISM
log(Mcjump/Mo) -1.52 439 252+0.62 253
log(Lio1/Lo) -0.63 629 294+1.03 2.89
log[Liol /Mectump(Lo/Mo)] 20 325 042+0.88 040
log(Peak N(H,)/cm?) 21.58 23.80 22.31 £0.29 22.28
log[mass surface density (Mo pc2)] 2.16 4.79 3.04+0.29 3.02
log(n(H,)/cm™3) 295 6.55 456+048 4.55
2052 clumps with detection in ?CO and C™®0
log(Mcjump/Mo) -1.22 439 249+0.56 2.48
log(Liot/Lo) 00 629 3.18+1.03 3.14
log[Lpot /Meiump(Lo/Mo)] -1.70 294 0.69+0.84 0.70
log(Peak N(H,)/cm?) 21.58 23.80 22.38 +0.32 22.34
log[mass surface density (Mo pc?] 223 479 3.06+0.30 3.03
log(n(H,)/cm™) 3.27 6.55 4.60+047 4.57
1192 clumps with outflows
log(Mctump/Mo) -1.22 439 253+0.54 252
log(Lo1/Lo) 00 6.08 334+1.04 3.30
log[Luol /Mectump(Lo/Mo)] -1.70 294 0.82+0.85 0.84
log(Peak N(H,)/cm?) 21.58 23.80 22.43 +0.34 22.38
log[mass surface density X(Mg pc™2] 223 4.79 3.09+0.32 3.05
log(n(H,)/cm™3) 340 6.55 4.63+047 4.62
860 clumps without outflows
log(Mciump/Mo) 0.10 433 245+0.57 244
log(Lyo1/Le) 023 629 297+097 291
log[ Lot /Meiump(Lo/Mo)] -1.70 279 0.52+£0.79 0.50
log(Peak N(H,)/cm?) 21.73 23.41 2231 +0.28 22.27
log[mass surface density (Mg pc’z)] 236 4.00 3.01+0.27 299
log(n(Hy)/cm™) 327 597 455+046 453

Table 3. '3CO outflow calculations of all blue and red wings for 1192 ATLASGAL clumps: observed peak '*CO and C'30 velocities, main-beam
temperatures, velocity intervals, [Viin,, > Vinax,,] for blue and red wings of BCO spectra, maximum projected velocity AV pay, . for blue and red

shifted relative to the peak C'*O velocity, i.e., AV iy, = Veiso — Vinin, and
with a full version available from CDS.

AVimax, = Vinax, — Veis,. Only a small part of the table is presented here,

ATLASGAL 13Co Vp BCOT,, CPO Vp C®OTmb [Vming> Vimax,] [Vimin» Vmax,] AVimaxs AVimax,
CSC Gname (kms " (K) (kms " (K) (kms™h) (kms™h) (kms™") (kms™)
AGALO005.001+00.086 2.1 5.1 2.1 2.2 [-0.25,1.0] [3.5,7.25] 2.4 5.1
AGAL005.321+00.184 8.5 9.2 8.5 4.4 [6.5,7.0] [10.5,11.5] 2.0 3.0
AGALO005.329+00.181 8.6 9.8 8.8 4.1 [6.5,7.5] [10.25,12.0] 2.3 3.2
AGALO005.352+00.116 11.2 7.7 11.0 3.3 [9.5,9.75] - 1.5 0.0
AGAL005.354+00.094 12.0 9.9 11.8 4.8 [9.75,10.25] - 2.1 0.0
AGALO005.359+00.014 12.5 9.5 12.5 4.0 [10.5,11.5] [13.75,14.5] 2.0 2.0
AGALO005.387+00.187 11.2 7.3 11.2 3.8 [9.5,10.0] [12.5,13.0] 1.7 1.8
AGAL005.397+00.194 11.3 10.0 114 5.4 [9.5,10.25] [12.0,13.5] 1.9 2.1
AGALO005.637+00.237 8.5 13.6 9.2 6.7 [3.5,6.75] [11.75,17.0] 5.7 7.8
AGALO005.712-00.117 13.1 22.2 13.1 7.0 [11.25,12.0] [14.25,14.75] 1.8 1.7

present sample and the large number of observed clumps, the
results should be representative of the general population and
therefore give an accurate picture of the commonality of out-
flows and their properties.

A summary of the physical properties of the outflow and non-
outflow sample are listed in Table 2. The 1192 outflow clumps
have slightly higher mean and median values in mass, bolomet-
ric luminosity, as well as peak column-, mean mass surface-, and
mean volume-densities of H,, compared to the 860 non-outflow
sample, as displayed in Fig. 4. K-S tests of these physical proper-
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ties confirm that the two samples are significantly different from
each other with p-values <« 0.013, as shown in Fig.4. Among
the 1192 outflow clumps, 706 of them show bipolar wings, i.e.,
associated with both red and blue high-velocity structures, and
the remaining 486 clumps show unipolar red/blue high-velocity
wings. No significant differences are found for the two subsam-
ples: clumps with bipolar wings and clumps with unipolar wings,
when K-S tests are performed.

We list the red/blue wing velocities (Vmin,,»Vmax,,,) and the
maximum wing velocity (AVmax,,) in Table 3, where Vi, and
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Fig. 4. Top-left (a,b,c) to Bottom-right (d,e,f): cumulative distributions of clump mass [Mcump (Me)], bolometric luminosity of central ob-
jects [Lipoi/Lo], luminosity-to-mass ratio [Luye1/Mecump (Lo/Mo)], the peak H, column density [peak N(H,) /cm?], the mean mass surface density
[Z (Mo /pc?)], and the mean volume H, density [n(H,)/(cm?)] of the total 2052 clumps (black lines), the 1192 outflow clumps ( magenta lines) and
the 860 non-outflow clumps (green lines). We present the median values of the three samples in vertical lines, and p-values of K-S tests between

the outflow sample and the non-outflow in each plot.
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Fig. 5. Distributions of velocity ranges AV, (left-panel), maximum blue/red wing velocities AV, (right-panel) of the 1192 clumps with
outflow wings, including 706 clumps with bipolar wings, and 486 clumps with unipolar wings.

Vinax,, refers to the minimum and maximum velocities along
the blue or red wings, which indicates the velocity ranges of
outflows AVy;: = [Vinax,, = Viminy, s and AV, is the max-
imum velocity of the blue/red wings relative to the clump ve-
locity (as defined by C180), i.e., AVimax, = Veisg = Vi, and
AVmax, = Vmax, — Vciso, implying the maximum projected ve-
locity of the outflows. The wing velocity distributions are pre-
sented in Fig.5, which give averages of AVy,, ~ 2.3kms™!
and AV ~ 4.6km sl A K-S test suggests that there are
no significant differences between the velocity ranges of bipolar
and unipolar wings, as well as between the red and blue wings.
Due to the limitation of sensitivity of this outflow survey, we

should bear in mind that the outflow wing velocities are likely
to be lower limits. For instance, there are clumps in our out-
flow sample associated with extremely high-velocity outflows,
i.e., AV, > 20kms™" (Choi et al. 1993), detected in previous
work (e.g., Hervias-Caimapo et al. 2019; Zapata et al. 2020; Liu
et al. 2017), and many clumps with very broad SiO (2-1) line
wings observed by Csengeri et al. (2016).

4.1. Statistics of outflow detection rates

As outlined in Sect. 3, if a broader wing emission in the observed
13CO profile was found, outflows are thought to be detected in
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Fig. 6. The outflow detection rate as a function of clumps’ heliocentric
distances (Dist.), showing that the detection rates are more or less simi-
lar for clumps with Dist. < 14 kpc, and quickly decrease in clumps with
Dist. > 14kpc. As <1% of sources in the sample have Dist. > 14 kpc,
any distance bias wouldn’t significantly impact the statistical analysis
of the outflow detection in this work. The error bars on the x-axis are
derived the bin size of distances and y-axis are calculated from the stan-
dard error of binomial distribution of the detection rate, as shown in
Sect.4.1.

Table 4. Results of outflow detection rate for clumps in different evolu-
tionary stages.

Clumps Number With outflow
Total 2052 1192 (58%)
Quiescent 126 65 (51%)
Protostellar 322 153 (47% )
YSO 1152 656 (57% )
MSF 428 298 (70%)
SiO 95 73 (77%)
CH;O0H Masers 256 183 (71%)
H,O Masers 180 133 (74%)
CH;0H + H,O 103 76 (74%)
UC H regions 161 118 (73%)
UCHn +H,0 50 39 (78%)
UCHu +CH30H 69 57 (86%)
HCHu regions 5 5 (100%)
UCHu —Masers 74 48 (65%)

the clump. We have detected high-velocity wings, which we take
as being indicative of the presence of outflows towards 1192
of 2052 clumps examined, corresponding to a detection rate of
58+1%. Among these, 706 are associated with both red and blue
wings (~ 34 + 1%), 230 clumps showing unipolar red wings and
256 clumps having unipolar blue wings (corresponding to 11%
and 13% respectively). The uncertainties of the outflow detec-
tion rates in this work and those from the literature are calculated
from the standard error of binomial distribution of detection rate,
ie., \/detection rate = (1 — detection rate) [(the sample size).

To investigate the distance bias for the outflow detection rate,
as discussed in Sect. 2.3, we present the detection rates as a func-
tion of heliocentric distances of clumps in Fig. 6, showing that
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Fig. 7. The distribution of the ratio between the peak intensity of the
13CO line and the 30 detection level of the corresponding spectrum for
the outflow sample (magenta histogram) and the non-outflow sample
(green histogram).
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Fig. 8. Top-panel: outflow detection rate of clumps in different evolu-
tionary stages and associated with different star-forming activities, as
presented in Table 4. The error bars of each group are calculated from
the binomial errors and the error of the detection rate for clumps with
HC Hu regions is adopted from the binomial errors of the total clump
sample. Bottom-panel: cumulative distributions of luminosity-to-mass
ratios (Lyol/Mciump) for the subsamples of outflow clumps in the top
panel, which indicate the evolutionary stages of these subsamples.
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the detection rates are more or less similar for clumps with dis-
tances < 14 kpc and sharply decrease in clumps with distances >
14 kpc. This suggests that the detection rate suffers from a dis-
tance bias but only for clumps located further than 14 kpc, how-
ever, <1% of the sources have distances > 14 kpc in the 2052
total-clump sample, and the 1192 outflow sample. Therefore, the
distances bias for the outflow identification wouldn’t be signifi-
cant and the systematic analysis of the detection rate is valid.

Our overall detection rate of 58 + 1% (1192/2052) is derived
from the largest sample of clumps (2052), using '*CO lines. It
is comparable to the outflow frequency in many previous stud-
ies using CO lines, such as Zhang et al. 2001, 2005 (57+6%)
for 69 IRAS point sources (rms~0.05K), and Wu et al. 2010
(59+12%) for 17 maser sources (rms~0.1 K). It is larger than the
detection rate in Codella et al. 2004 (39%—50%) for 136 UCH
regions using *CO (2—1) (rms~0.5 K), and Li et al. 2018 (20%)
toward a sample of 770 clumps using CO (3 —2) data (rms~2 K)
from the COHRS survey (Dempsey et al. 2013). It is, however,
slightly smaller than PaperI (69+3%) for 325 massive clumps
using 1*CO (3 —2) data from the CHIMPS survey (rms ~ 0.6 K),
and Maud et al. 2015 (66+5%) for 89 massive young stellar ob-
jects and compact Hn regions (rms~0.6 K). The detection rates
for clumps associated with massive star-forming (MSF) activi-
ties are ~ 70-80% (see Table 4), which are also slightly smaller
than the work of targeted observations toward tracers of MSF,
such as Xu et al. 2006 (88+11%) for 8 methanol masers us-
ing CO (1-0) (rms~0.2K), de Villiers et al. 2014 (100%) for
54 methanol masers using '3CO (3-2) (rms~0.36 K), Lépez-
Sepulcre et al. 2009 (100%) for 11 very luminous massive YSOs
using BCco@2-1) (rms~0.3K), Shepherd & Churchwell 1996
(90+3%) for 94 high-mass star-forming regions using CO (1-0)
(rms~0.02 K), Beuther et al. 2002 (81+£8%) for 26 high-mass
star-forming regions using CO (2-1), and Lépez-Sepulcre et al.
2011 (88+4%) for 57 high-mass molecular clumps using SiO
(rms~0.01 K). Note that the detection rates from these are ob-
tained from limited samples, with small numbers of targets in a
particular stage/class/category, compared to this study. Given the
variations in the detection sensitivities and lines used, the differ-
ences in the detection rate between the studies are not considered
to be significant. Thus an overall detection rate of 58% can be
considered in reasonable agreement with the previous surveys.

The outflow detection rate is obviously a lower limit and one
may wonder what fraction of the non-outflow sources might be
associated with outflow wings if observed with better sensitivity.
In this respect, it is interesting to consider the distribution of the
ratio between the line peak and the 3-0 detection limit of out-
flow wings for the two samples, i.e., the outflow sample and the
non-outflow sample, as illustrated in Fig.7 (a similar approach
was used by Palagi et al. (1993); see their fig.14). The K-S test
of the ratio between the two samples suggests that they are sig-
nificantly different, with p-value <« 0.0001. The fact that the two
histograms peak at different values of that ratio proves that the
intensity of the line wings, Ty, must depend somewhat on the
line peak, Tpeak. In fact, if the two were independent of each
other, apart from the obvious condition Tying < Tpeak, the two
distributions should largely overlap, because the criterion used
to discriminate between the two samples (the detection of line
wings) would be almost unrelated to the parameter used to make
the histograms (the line peak intensity).

We conclude that the ratio between the line peak and wing
intensities, Tpeak/Twing, 1S not a random number >1 for out-
flows to become detectable but must span a limited range of
values. In order to clarify this concept, one may consider the ex-
treme (unrealistic) example where such a ratio is exactly equal

to N. In this case the distribution of non-outflow sources would
be strictly confined to Tpea /300 < N, whereas that of outflow
sources would have only Tpeac/30- > N. The real world is clearly
more complicated, and one expects this ideal scenario to be
"spoiled" by various effects. One is the presence of truly non-
outflow sources (i.e. lines intrinsically devoid of wings), which
broaden towards Tpear /30" > N the distribution of the so called
non-outflow sources; this can explain the long tail of the non-
outflow histogram in Fig.7, extending up to Tpe /300 = 20.
Furthermore, Tpeak/ Twing depends upon many source-dependent
physical factors (including the inclination of the outflow with re-
spect to the line of sight) that are bound to make the separation
between the two distributions much less sharp than in our illus-
trative example.

Despite all these caveats, the basic idea remains valid and
the shift between the two histograms in Fig. 7 must convey the
information on the typical ratio between line peak and wing in-
tensities. Based on the previous discussion, we conclude that
Tpeak/ Twing should lie roughly between the peaks of the two his-
tograms and thus range approximately between 4 and 10. As a
consequence, only the sources in the non-outflow sample with
Tpeak/30" > 10 are in all likelihood not associated with outflows
if outflows are not aligned with the plane of the sky. The rest of
the objects classified as non-outflow should contain a consider-
able fraction of outflow sources in disguise.

4.2. The evolutionary trends of outflow detection rates

The evolutionary trend of outflow detection rates has been dis-
cussed in Paperl, on the basis of the four evolutionary stages
of ATLASGAL clumps as classified by Konig et al. (2017) and
Urquhart et al. (2018), the earliest quiescent clumps (i.e., a star-
less or pre-stellar phase which are 70um weak), protostellar (i.e.,
clumps which are 24um weak but far-infrared bright), YSO-
forming clumps (YSO clumps; i.e., 24um-bright clumps), and
massive star-forming clumps (MSF clumps; i.e., 24um-bright
clumps with a tracer of massive star formation). Yang et al.
(2018) found that outflow activity becomes much more com-
mon as clumps evolve from the earliest quiescent clumps (2/4;
50 + 25%), to protostellar clumps (10/19; 53 + 11%), to YSO-
associated clumps (105/171; 61+4%) to MSF-associated clumps
(102/125; 82 + 3%). The trend for increasing detection rate with
the evolutionary stage of clumps is also found for our signifi-
cantly larger sample here, presented with very comparable detec-
tion statistics: from quiescent clumps (65/126; 51+1%), to pro-
tostellar clumps (153/322; 47+1%), to YSO clumps (656/1152;
57+1%) and to MSF clumps (298/428; 70+1%) %. Among the
four evolutionary stages, the outflow detection rates remain al-
most unchanged at the first two stages, and show an obvious in-
crease in the third YSO phase, and reach the peak of 70+1% for
clumps in the MSF stage. This increasing trend of detection rate
among the four evolutionary stages of clumps is also indicated
in Fig. 8.

For clumps in the MSF stage, i.e., the mid-infrared 24 um-
bright clumps associated with Hm regions and MYSOs by the
RMS survey (Lumsden et al. 2013), water masers by HOPS
survey (Walsh et al. 2011), and methanol masers identified by
the MMB survey (see Urquhart et al. 2013a,b, 2014, 2015 for
details), the probability to have an outflow is expected to rise,
as discussed in Paperl. In this work, the outflow detection fre-
quency of outflows increases to 72% (240/333) in clumps with

2 24 clumps that have not yet been classified into the four evolutionary
stages.
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Fig. 9. Top-left (a,b,c) to Bottom-right (d,e,f): detection rate as a function of clump mass Mcjump (Mo), bolometric luminosity of the central object
Lioi /Lo, luminosity-to-mass ratio Lye /Mcump (Lo /Mo), the peak H, column density [peak N(H,)/ cm?], the mean mass surface density X (My/pc?),
and the mean volume H, density n(H,)/(cm?) of clumps in logarithmic scales. The error bars on the x-axis and y-axis are determined following

the same method in Fig 6.

associated maser emission (6.7 GHz CH3;OH and/or 22.2 GHz
H,O (Billington et al. 2020)), compared to ~57% in those
without maser associations. The outflow detection rate is quite
high for clumps associated with both CH3;OH and H,O masers
(74+4%, 76/103). There is also a high detection rate towards
clumps associated with SiO (5-4,3-2,2-1) emission, which is a
shocked gas tracer (76.8%; 73/95), based on the SiO data col-
lected from the SEDIGISM survey and from the literature (Harju
et al. 1998; Csengeri et al. 2016; Stroh et al. 2019), as marked
in Table 1. The SiO emission is expected to be enhanced at the
edges of the outflow cavity where material in the outflow is col-
liding with the ambient medium and so the high correlation pro-
vides strong support that a molecular outflow is present.

The detection rate towards the 161 clumps associated with
ultra-compact (UC) Hu regions is 73% (118/161) (Urquhart
et al. 2013b; Kalcheva et al. 2018). The outflow wing detec-
tion rate in UC Hu regions can be as high as 80% (70/87) for
clumps associated with UC H 1 regions and masers (H,O: 39/50;
CH3;OH: 57/69), and it drops to 65% (48/74) for clumps with
UCH 1 regions without any maser emission. The detection frac-
tion can even rise to 100% (5/5) for clumps associated with
hyper-compact (HC) Hu regions (Yang et al. 2019, 2021), how-
ever, we note that the sample size is small. This suggests that
the outflow detection rate appears to peak in the pre-UCHu
stage (i.e., HCHm regions, maser-associated UC Hn regions),
as stated in Paperl, and then it starts to decrease in the late
UC Hu regions phase (no-maser-associated UC Hu regions). Al-
ternatively, the increase in detection rate might also be the result
of the increasing probability of detection due to the increase in
energy and poorer collimation of the outflow with age. This can
be supported by the bottom panel of Fig. 8, which shows that
the higher detection rate is associated with clumps with a larger
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luminosity-to-mass ratio (L/M). As the outflow energy is posi-
tively related to the L/M (Wu et al. 2004; de Villiers et al. 2014;
Maud et al. 2015; Yang et al. 2018), the clumps with higher L/M
produce stronger outflows that are easier to detect.

The growth trend of the outflow detection rate is also seen
in the increasing physical properties of clumps. These phys-
ical parameters are the clump mass (Mcump/Mo), bolomet-
ric luminosity of central objects (Lpo/Le), luminosity-to-mass
ratio (Lol /Mctump [Lo/Mo]), the mean mass surface density
(Z [Mg pc?]) and mean H; volume density (n(H,)/cm?) within
the 50% contour, as well as the peak H, column density of the
clumps [peak N(H,)/cm?]. For each parameter, we divide the
total clump sample into several bins covering the minimum to
maximum values given in Table 2, with equal bin widths. We
can then compare the detection rates as a function of the physical
properties of the clumps. The detection rate as a function of these
parameters are presented in Fig. 9. The detection rates rise with
an increase of Lpol, Liot/Mciump, and densities, while approach-
ing ~ 80% for clumps with high values of these parameters. This
can be seen from the cumulative distributions of these param-
eters between the outflow sample and the non-outflow sample
presented in Fig. 4, showing that the outflow sample has higher
values of these properties than the non-outflow sample. This in-
dicates that more luminous, dense, and evolved sources show
a much higher outflow detection fraction, in agreement with
PaperI. We also note that the outflow detection rate shows a
small increase as a function of clump mass, which means that
the strong correlation between Lio1 /Mciump and outflow detection
rate is almost entirely driven by luminosity. This is also consis-
tent with Urquhart et al. (2018) who find clump mass is inde-
pendent of evolutionary stage. Also, from the correlation with
these physical parameters in Fig.4, the outflow detection rate
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is found to be strongest correlated with the clump luminosity,
with a correlation coefficient of p =0.999 and p—value< 0.001.
Therefore, the luminosity is most closely related to the outflow
detection rate, which is consistent with Paper I which also found
the strongest correlation between outflow properties and clump
luminosity. As stated in PaperI, we find that there are a few
clumps at a later stage of evolution, with large values of L/M
and L, which show no evidence for outflow wings, which may
be due to outflow geometry, the complexity of the CO emission
(e.g., Zhang et al. 2001), interactions of the sources within the
clumps below our resolution (e.g., Codella et al. 2004), or exter-
nal winds/shocks (e.g., Maud et al. 2015).

5. Discussion
5.1. Are the variations in detection rate significant?

Based on the large clump sample in this work, the detection fre-
quency of outflows is found to increase as a function of their four
evolutionary stages, i.e., from the youngest quiescent (51%), to
protostellar (47%), to YSO (57%), and to MSF clumps (70%),
as seen in Paperl. This is supported by the outflow detection
rates rising with the increase of the luminosity-to-mass ratio
Lyot/Mciump, as shown in Fig. 8 and panel (c) of Fig. 9. This ratio
has been widely studied and used in the literature as an evolu-
tionary tracer (Urquhart et al. 2018, and reference therein), but
Pitts et al. (2019) have shown that it is physically the same as
clump-averaged Ty, and indeed, does not simply trace clump
evolution at lower clump densities than accessed by ATLAS-
GAL. Nevertheless, the outflow detection rates clearly vary with
Lbol/Mciump as shown in Fig. 9. The variation of outflow detec-
tion is also seen in the MSF stages, ranging from 70% to ~100%
for clumps associated with different tracers of massive star for-
mation, as shown in Table 4 and Fig. 8. In total, the outflow de-
tection rates are variable for different stages of clumps.

Do the variations in outflow detection rate for different stages
of clumps intrinsically? As discussed in Sect. 4.2, the outflow
detection rates show the strongest correlation ( p = 0.999 and
p—value < 0.001) with the clump bolometric luminosity. The
clump luminosity strongly increases as a function of the four
evolutionary stages of clumps and clump mass is found to be
independent of evolution (Urquhart et al. 2018). Therefore, the
correlation between outflow detection rate and Lyo/Mejump may
result from the strong increase of Ly as the clump evolves. Ad-
ditionally, the variation in outflow detection rates of the different
stages of clumps may be because they have different luminosi-
ties.

Furthermore, the clump outflow energy is found to increase
as a function of clump luminosity (e.g., Wu et al. 2004; de Vil-
liers et al. 2014; Yang et al. 2018). Clumps in the late stages with
higher luminosities (Urquhart et al. 2018) are likely to be associ-
ated with stronger outflows (PaperI) that are easily detected, re-
sulting in high outflow detection rates. The lower detection rates
of outflows in the three earlier stages (i.e., quiescent, protostel-
lar, and YSO stages), are, therefore, possibly due to the fact that
outflows are weak in these phases and thus difficult to detect. It
is then possible that the increase in detection rate with the evo-
lutionary stage is due to an increase in detectability rather than a
lower number of outflows clumps being present.

This hypothesis is supported by the top-panel of Fig. 10,
showing that the clumps in the later stages have higher values of
the peak to noise ratio ([peak 13CO Ty /307)), i.e., the detectabil-
ity of outflow wings, compared to the clumps in earlier stages.
In addition, as presented in the bottom-panel of Fig. 10, outflow
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Fig. 10. Top-panel: the cumulative distributions of the ratio between the
peak of '3CO and 3¢ noise level of each corresponding spectrum [peak
BCO(2—1) Tup/3c] for clumps in the four evolutionary stages in the
total 2052 sample. Bottom-panel: outflow detection rate as a function
of the [peak 3CO (2 1) Ty/307]. This indicates that outflow wings are
stronger for clumps in the late evolutionary stages and thus easier to de-
tect, compared to clumps in the early evolutionary stages. The detection
rates of outflows are likely to be similar for clumps in every evolutionary
stage. The error bars on the x-axis and y-axis are determined following
the same method in Fig 6.

detection rates increase as the increasing values of [peak '*CO
Thp/307] for clumps in each of the four evolutionary stages. For
clumps with high values of [peak '3CO Tp/307], the outflow
detection rates appear to be similar for the four stages.

As discussed above, the variation in detection rates of dif-
ferent stages of clumps may be due to the difference in outflow
detectability, and the existence of outflows are possibly similar
for each of the four evolutionary stages of clumps. Therefore, the
outflow activities are suggested to be switched on in the earliest
quiescent stage (i.e., 70 um weak or dark clumps) rather than the
late stages, and present through all four stages of evolution. Fur-
thermore, the detection of outflows in these 70 um-dark ATLAS-
GAL clumps suggest that they are not quiescent, and the absence
of 70 um emission is not a robust indicator of starless/pre-stellar
cores. This is also supported by the detection of outflows at a
high resolution (~ 3"") by Li et al. (2019) from a sample of seven
70 ym-dark ATLASGAL clumps.
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5.2. Implication of the high detection rates of outflows

Based on the results outlined above, we can find that the prob-
ability of detecting outflow wings is very high for massive and
luminous clumps at later evolutionary stages, approaching ~80%
when 10g[Lpot/Meump (Lo/Mo)] > 1.7 (94/117), log[Lpor/Le] >
5.34(41/50), as shown in Fig. 8 and Fig.9. We may miss some
outflows due to disadvantageous inclination angles, but the high
detection rate indicates that outflows are common toward these
luminous clumps.

The high detection rate of outflows would be expected if
high-mass stars are formed via an accretion disk, i.e. a scaled-
up version of low-mass star formation (e.g., Zhang et al. 2001;
Kim & Kurtz 2006). Recently, a growing number of disk candi-
dates have been reported around massive B-type forming stars,
based on high-resolution observations of molecular and contin-
uum tracers of disks (e.g., Plambeck & Wright 2016; Ginsburg
et al. 2018b; Beltran & de Wit 2016; Cesaroni et al. 2014; Chen
et al. 2016; Zhang et al. 2019; Sanchez-Monge et al. 2013; Bel-
tran et al. 2014; Beltran & de Wit 2016; Moscadelli et al. 2019).
For O-type stars, this hypothesis can be directly confirmed by
the detection of Keplerian disks around a forming O-type star.
So far, there are seven detections of Keplerian disc candidates
around O-type high-mass stars, as summarised by Goddi et al.
(2020). Three out of the seven cases are located in the same
sky region of this work and all of them are found to be as-
sociated with large-scale CO outflows. These are the O-type
stars G17.64+0.16 (Maud et al. 2018, 2019), AFGL 4176 (John-
ston et al. 2015, 2020), and IRAS16547-4247 (Zapata et al.
2019; Tanaka et al. 2020), which are associated with ATLAS-
GAL clumps AGALO017.637+00.154, AGAL308.917+00.122,
and AGAL343.128—-00.062, respectively. The disk-like struc-
tures in the three O-type protostars are found to be perpendic-
ular to the CO outflows in G17.64+0.16 (Maud et al. 2018) and
AFGL 4176 (Johnston et al. 2015), and to the jet-axis orientation
for IRAS16547-4247 (Zapata et al. 2019). The relative orien-
tation of the disk-axis and outflow direction supports the inter-
pretation these are driven by a central, massive protostar (Kraus
et al. 2010; Beltran & de Wit 2016).

There is mounting observational evidence showing that out-
flows and accretion disks are a common feature of high-mass
star formation. The high detection rate of outflows reported here
provides further indirect evidence of accretion disks in the for-
mation of high-mass stars and indicate that they are not only
common but are likely to be a ubiquitous feature of high-mass
star formation, i.e., supporting the scenario that high-mass star
formation is a scaled-up version of the mechanisms seen in low-
mass star formation. However, this is almost certainly an over-
simplification of what is undoubtedly a much more complicated
process (i.e. Goddi et al. 2020).

6. Summary and conclusion

We have conducted a CO outflow search covering an area
of 68sq.degs and including 2052 ATLASGAL clumps using
the simultaneously observed '*CO and C'®0 lines from the
SEDIGISM survey. 1192 of these clumps show the signatures
of high-velocity wings, indicative of outflows. Among the 1192
outflow candidates, 706 show bipolar wings and 486 show
unipolar wings (256 blue wings and 230 red wings). This is the
largest systematic sample of outflow candidates to date. We pro-
vide tables of the physical properties of the clumps associated
with the outflows and the properties of the outflows themselves.
We use these properties to investigate the detection rates as a
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function of the evolutionary state of the clumps and physical
properties, and the results are in agreement with Paper 1. Our
main findings are as follows:

1. The overall outflow detection rate is 58%=1, and reduces to
34%=+1 for bipolar wings and 24%=1 for unipolar wings,
including 13% and 11% for unipolar blue and red wings,
respectively.

2. The outflow detection rate increases with increasing
bolometric luminosities Lo, luminosity-to-mass ratios
Lvol/Mciump, and densities, in agreement with Paper 1.

3. Outflow detection rate increases as the clumps evolve, from
the earliest quiescent (51%), to protostellar (47%), to YSO
(57%), and to MSF clumps (70%), approaching ~80% for
clumps associated with masers and UC Hu regions.

4. Outflow detection rates are most closely related to the clump
luminosity Lye. The increase in detection rate as a function
of the evolutionary stages and the properties of clumps may
be due to an increase in detectability rather than a lower
fraction of outflow frequency. The low outflow detection
rates for clumps in the earlier stages are possibly due to the
association with weak wings that are difficult to detect. The
detection of outflows for the 70 um-dark clumps suggests
that the absence of 70 um emission is not a robust indicator
of starless/pre-stellar cores.

5. The high detection rate from this large sample of clumps
supports the scenario that high-mass star formation is a
scaled-up version of low-mass star formation involving
molecular outflows and accretion discs.

In conclusion, outflows are common features in all evolution-
ary stages of massive star formation. Combining the large out-
flow sample in Paper I, we obtain the largest outflow sample so
far, consisting of ~1500 outflow-harbouring clumps. This large
and unbiased sample provides a statistically significant sample
of interesting clumps in every evolutionary stage, especially for
clumps (1) in the earliest evolutionary stages, i.e., 70um dark,
and (2) with extremely high-velocity wings. Large-scale out-
flows can provide indirect evidence for the association of disk-
like structures around massive protostars. High-resolution obser-
vations to map outflows in small scales for the outflow-harboring
clumps are the next steps for investigation.

Acknowledgements. We would like to thank the anonymous referee for the help-
ful comments and suggestions that have helped improve the clarity of this work.
H.B. acknowledges support from the European Research Council under the Eu-
ropean Community’s Horizon 2020 framework program (2014-2020) via the
ERC Consolidator Grant OFrom Cloud to Star Formation (CSF)’ (project num-
ber 648505). H.B. also acknowledges funding from the Deutsche Forschungs-
gemeinschaft (DFG) via the Collaborative Research Center (SFB 881) ‘The
Milky Way System’ (subproject B1). L.B. acknowledges support from ANID
project Basal AFB-170002. This research made use of Astropy>, a community-
developed core Python package for Astronomy (Astropy Collaboration et al.
2013, 2018). This research has made use of the SIMBAD database and the
VizieR catalogue, operated at CDS, Strasbourg, France.

References
Arce, H. G., Shepherd, D., Gueth, F., et al. 2007, Protostars and Planets V, 245

3 http://www.astropy.org



Yang et al.: A search for Outflow Clumps

Astropy Collaboration, Price-Whelan, A. M., SipScz, B. M., et al. 2018, AJ, 156,
123

Astropy Collaboration, Robitaille, T. P., Tollerud, E. J., et al. 2013, A&A, 558,
A33

Beltrdn, M. T. & de Wit, W. J. 2016, A&A Rev., 24, 6

Beltran, M. T., Sdnchez-Monge, A., Cesaroni, R., et al. 2014, A&A, 571, A52

Beuther, H., Ahmadi, A., Mottram, J. C., et al. 2019, A&A, 621, A122

Beuther, H., Linz, H., & Henning, T. 2012a, A&A, 543, A88

Beuther, H., Schilke, P., Sridharan, T. K., et al. 2002, A&A, 383, 892

Beuther, H., Sridharan, T. K., & Saito, M. 2005, ApJ, 634, L185

Beuther, H., Tackenberg, J., Linz, H., et al. 2012b, ApJ, 747, 43

Billington, S. J., Urquhart, J. S., Konig, C., et al. 2020, MNRAS, 499, 2744

Billington, S. J., Urquhart, J. S., Konig, C., et al. 2019, MNRAS, 490, 2779

Boley, P. A, Linz, H., van Boekel, R, et al. 2013, A&A, 558, A24

Cesaroni, R., Galli, D., Neri, R., & Walmsley, C. M. 2014, A&A, 566, A73

Chen, H.-R. V,, Keto, E., Zhang, Q., et al. 2016, ApJ, 823, 125

Choi, M., Evans, Neal J., ., & Jaffe, D. T. 1993, ApJ, 417, 624

Codella, C., Lorenzani, A., Gallego, A. T., Cesaroni, R., & Moscadelli, L. 2004,
A&A, 417,615

Colombo, D., Duarte-Cabral, A., Pettitt, A. R., et al. 2021, arXiv e-prints,
arXiv:2110.06071

Contreras, Y., Schuller, F.,, Urquhart, J. S., et al. 2013, A&A, 549, A45

Csengeri, T., Bontemps, S., Wyrowski, F., et al. 2018, A&A, 617, A89

Csengeri, T., Leurini, S., Wyrowski, E, et al. 2016, A&A, 586, A149

Csengeri, T., Urquhart, J. S., Schuller, F,, et al. 2014, A&A, 565, A75

de Villiers, H. M., Chrysostomou, A., Thompson, M. A, et al. 2014, MNRAS,
444, 566

Dempsey, J. T., Thomas, H. S., & Currie, M. J. 2013, ApJS, 209, 8

Duarte-Cabral, A., Bontemps, S., Motte, F., et al. 2013, A&A, 558, A125

Duarte-Cabral, A., Colombo, D., Urquhart, J. S., et al. 2021, MNRAS, 500, 3027

Feng, S., Beuther, H., Zhang, Q., et al. 2016, ApJ, 828, 100

Ginsburg, A., Bally, J., Goddi, C., Plambeck, R., & Wright, M. 2018a, ApJ, 860,
119

Ginsburg, A., Bally, J., Goddi, C., Plambeck, R., & Wright, M. 2018b, ApJ, 860,
119

Goddi, C., Ginsburg, A., Maud, L. T., Zhang, Q., & Zapata, L. A. 2020, ApJ,
905, 25

Goldsmith, P. F., Snell, R. L., Hemeon-Heyer, M., & Langer, W. D. 1984, ApJ,
286, 599

Green, J. A., Caswell, J.OL., Fuller, G. A., et al. 2009, MNRAS, 392, 783

Giisten, R., Nyman, L. A., Schilke, P, et al. 2006, A&A, 454, L13

Hacar, A., Alves, J., Burkert, A., & Goldsmith, P. 2016, A&A, 591, A104

Haemmerlé, L., Eggenberger, P., Meynet, G., Maeder, A., & Charbonnel, C.
2016, A&A, 585, A65

Harju, J., Lehtinen, K., Booth, R. S., & Zinchenko, I. 1998, A&AS, 132, 211

Hervias-Caimapo, C., Merello, M., Bronfman, L., et al. 2019, ApJ, 872, 200

Ilee, J. D., Cyganowski, C. J., Brogan, C. L., et al. 2018, ApJ, 869, L24

Jiménez-Donaire, M. J., Bigiel, F.,, Leroy, A. K., et al. 2017, MNRAS, 466, 49

Johnston, K. G., Hoare, M. G., Beuther, H., et al. 2020, A&A, 634, L11

Johnston, K. G., Robitaille, T. P, Beuther, H., et al. 2015, ApJ, 813, L19

Kalcheva, I. E., Hoare, M. G., Urquhart, J. S., et al. 2018, A&A, 615, A103

Kim, K.-T. & Kurtz, S. E. 2006, ApJ, 643, 978

Konig, C., Urquhart, J. S., Csengeri, T., et al. 2017, A&A, 599, A139

Kraus, S., Hofmann, K.-H., Menten, K. M., et al. 2010, Nature, 466, 339

Krumholz, M. R., McKee, C. F., & Bland-Hawthorn, J. 2019, ARA&A, 57, 227

Kuiper, R., Klahr, H., Beuther, H., & Henning, T. 2011, ApJ, 732, 20

Kurtz, S., Cesaroni, R., Churchwell, E., Hofner, P., & Walmsley, C. M. 2000,
Protostars and Planets IV, 299

Li, Q., Zhou, J., Esimbek, J., et al. 2018, ApJ, 867, 167

Li, S., Zhang, Q., Pillai, T., et al. 2019, ApJ, 886, 130

Liu, T., Lacy, J., Li, P. S., et al. 2017, ApJ, 849, 25

Lépez-Sepulcre, A., Codella, C., Cesaroni, R., Marcelino, N., & Walmsley, C. M.
2009, A&A, 499, 811

Lépez-Sepulcre, A., Walmsley, C. M., Cesaroni, R., et al. 2011, A&A, 526, L2

Lumsden, S. L., Hoare, M. G., Urquhart, J. S., et al. 2013, ApJS, 208, 11

Maud, L. T., Cesaroni, R., Kumar, M. S. N., et al. 2019, A&A, 627, L6

Maud, L. T., Cesaroni, R., Kumar, M. S. N., et al. 2018, A&A, 620, A31

Maud, L. T., Moore, T. J. T., Lumsden, S. L., et al. 2015, MNRAS, 453, 645

Moscadelli, L., Sanna, A., Cesaroni, R., et al. 2019, A&A, 622, A206

Motte, F., Bontemps, S., & Louvet, F. 2018, ARA&A, 56, 41

Palagi, F., Cesaroni, R., Comoretto, G., Felli, M., & Natale, V. 1993, A&AS,
101, 153

Pitts, R. L., Barnes, P. J., & Varosi, F. 2019, MNRAS, 484, 305

Plambeck, R. L. & Wright, M. C. H. 2016, ApJ, 833, 219

Qin, S.-L., Wang, J.-J., Zhao, G., Miller, M., & Zhao, J.-H. 2008, A&A, 484,
361

Rigby, A.J., Moore, T. J. T., Plume, R, et al. 2016, MNRAS, 456, 2885

Sanchez-Monge, A., Cesaroni, R., Beltran, M. T, et al. 2013, A&A, 552, L10

Schuller, E., Csengeri, T., Urquhart, J. S., et al. 2017, A&A, 601, A124

Schuller, F., Menten, K. M., Contreras, Y., et al. 2009, A&A, 504, 415

Schuller, F., Urquhart, J. S., Csengeri, T., et al. 2021, MNRAS, 500, 3064

Shepherd, D. S. & Churchwell, E. 1996, Apl, 457, 267

Snell, R. L., Loren, R. B., & Plambeck, R. L. 1980, ApJ, 239, L17

Stroh, M. C., Pihlstrom, Y. M., Sjouwerman, L. O., et al. 2019, ApJS, 244, 25

Tan, J. C., Kong, S., Zhang, Y., et al. 2016, ApJ, 821, L3

Tanaka, K. E. ., Zhang, Y., Hirota, T., et al. 2020, ApJ, 900, L2

Urquhart, J. S., Csengeri, T., Wyrowski, F,, et al. 2014, A&A, 568, A41

Urquhart, J. S., Figura, C., Cross, J. R., et al. 2021, MNRAS, 500, 3050

Urquhart, J. S., Konig, C., Giannetti, A., et al. 2018, MNRAS, 473, 1059

Urquhart, J. S., Moore, T. J. T., Menten, K. M., et al. 2015, MNRAS, 446, 3461

Urquhart, J. S., Moore, T. J. T., Schuller, F,, et al. 2013a, MNRAS, 431, 1752

Urquhart, J. S., Thompson, M. A., Moore, T. J. T., et al. 2013b, MNRAS, 435,
400

van der Walt, D. J., Sobolev, A. M., & Butner, H. 2007, A&A, 464, 1015

Walsh, A. J., Breen, S. L., Britton, T., et al. 2011, MNRAS, 416, 1764

Walsh, A. J., Purcell, C. R., Longmore, S. N, et al. 2014, MNRAS, 442, 2240

Wilson, C. D., Howe, J. E., & Balogh, M. L. 1999, ApJ, 517, 174

Wilson, T. L., Rohlfs, K., & Hiittemeister, S. 2013, Tools of Radio Astronomy

Wilson, T. L. & Rood, R. 1994, ARA&A, 32, 191

Wu, Y., Weli, Y., Zhao, M., et al. 2004, A&A, 426, 503

Wu, Y. W,, Xu, Y., Pandian, J. D., et al. 2010, ApJ, 720, 392

Xu, Y., Shen, Z. Q., Yang, J., et al. 2006, AJ, 132, 20

Yan, Q.-Z., Yang, J., Yang, S., Sun, Y., & Wang, C. 2021, ApJ, 910, 109

Yang, A. Y., Thompson, M. A., Tian, W. W,, et al. 2019, MNRAS, 482, 2681

Yang, A. Y., Thompson, M. A., Urquhart, J. S., & Tian, W. W. 2018, ApJS, 235,
3

Yang, A. Y., Urquhart, J. S., Thompson, M. A, et al. 2021, A&A, 645, A110

Zapata, L. A., Garay, G., Palau, A., et al. 2019, ApJ, 872, 176

Zapata, L. A., Ho, P. T. P,, Fernandez-Lépez, M., et al. 2020, ApJ, 902, L47

Zhang, Q., Hunter, T. R., Brand, J., et al. 2005, ApJ, 625, 864

Zhang, Q., Hunter, T. R., Brand, J., et al. 2001, ApJ, 552, L167

Zhang, Y., Tan, J. C., Sakai, N., et al. 2019, ApJ, 873, 73

Zhao, B., Tomida, K., Hennebelle, P, et al. 2020, Space Sci. Rev., 216, 43

Zinnecker, H. & Yorke, H. W. 2007, ARA&A, 45, 481

! Max Planck Institute for Radio Astronomy, Auf dem Hiigel 69, 53121,
Bonn, Germany

2 Centre for Astrophysics and Planetary Science, University of Kent,
Canterbury, CT2 7NH, UK

3 School of Physics and Astronomy, University of Leeds, Leeds, LS2
9JT, UK

4 School of Physics and Astronomy, Cardiff University, Cardiff CF24
3AA, UK

> Leibniz-Institut fiir Astrophysik Potsdam (AIP), An der Sternwarte 16,
14482 Potsdam, Germany

6 Laboratoire d’astrophysique de Bordeaux, Univ. Bordeaux, CNRS,
BI8N, allée Geoffroy Saint-Hilaire, 33615 Pessac, France

7 Astrophysics Research Institute, Liverpool John Moores University,
146 Brownlow Hill, Liverpool, L3 5RF, UK

8 Space Science Institute, 4765 Walnut Street Suite B, Boulder, CO
80301, USA

9 Istituto di Astrofisica e Planetologia Spaziali, INAF, via Fosso del
Cavaliere 100, I-00133 Roma, Italy

10 Departamento de Astronomia, Universidad de Chile, Casilla 36-D,
Santiago, Chile

o Physikalisches Institut, Universitit zu Koln, Ziilpicher Str. 77,
D-50937 Koln, Germany

2Department of Astronomy, University of Florida, PO Box 112055,
USA

BKorea Astronomy and Space Science Institute, 776 Daedeok-daero,
34055 Daejeon, Republic of Korea

4 Observatorio Astrofisico di Arcetri, Largo Enrico Fermi 5, I-50125
Firenze, Italy

5 Max-Planck-Institut fiir Astronomie, Konigstuhl 17, D-69117 Heidel-
berg, Germany

16 School of Science and Technology, University of New England,
Armidale NSW 2351, Australia

Article number, page 13 of 13



