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A B S T R A C T 

Active star-forming regions are excellent laboratories for studying the origins and evolution of young stellar object (YSO) 
clustering. The W40–Serpens South region is such a region, and we compile a large near- and mid-infrared catalogue of point 
sources in it, based on deep near-infrared observations of Canada-France-Hawaii Telescope (CFHT) in combination with Two 

Micron All Sky Survey (2MASS), UKIRT Infrared Deep Sky Survey (UKIDSS), and Spitzer catalogues. From this catalogue, 
we identify 832 YSOs, and classify 15, 135, 647, and 35 of them to be deeply embedded sources, Class I YSOs, Class II YSOs, 
and transition disc sources, respectively. In general, these YSOs are well correlated with the filamentary structures of molecular 
clouds, especially the deeply embedded sources and the Class I YSOs. The W40 central region is dominated by Class II YSOs, 
but in the Serpens South region, half of the YSOs are Class I. We further generate a minimum spanning tree (MST) for all the 
YSOs. Around the W40 cluster, there are eight prominent MST branches that may trace the vestigial molecular gas filaments that 
once fed gas to the central natal gas clump. Of the eight, only two now include detectable filamentary gas in Herschel data and 

corresponding Class I YSOs, while the other six are populated e xclusiv ely with Class II YSOs. Four MST branches o v erlap with 

the Serpens South main filament, and where they intersect, molecular gas ‘hubs’ and more Class I YSOs are found. Our results 
imply a mixture of YSO distributions composed of both primordial and somewhat evolved YSOs in this star-forming region. 

Key words: stars: formation – stars: pre-main sequence – stars: protostars – infrared: stars. 

1  I N T RO D U C T I O N  

Stars are the fundamental building blocks of galaxies. They originate 
from the collapse of molecular clouds, the coldest and densest parts 
of the interstellar medium (ISM), and form mainly in o v erdense 
groupings and clusters within these clouds. The forming stars can 
provide significant feedback to the surroundings and ultimately affect 
the formation and evolution of subsequent generations of stars. The 
deaths of high-mass stars in supernovae can have profound effects 
on nearby ISM conditions. Thus, stellar evolution from birth to 
death influences the evolution of multiple objects: stellar systems, 
molecular clouds, and host galaxies. An understanding of current star 
formation is critical to our gro wing kno wledge of galaxy formation 
and evolution, especially in those regions containing young stellar 
objects (YSOs) at different evolutionary stages. 

YSOs usually reside in dusty molecular cloud cores, which make 
them dim in the optical band or even undetectable. Nev ertheless, the y 
are visible in the near -, mid-, and far -infrared (NIR, MIR, and FIR) 
bands, not only because of their photospheric blackbody spectrum 

� E-mail: sun.jiaaaa@gmail.com

but also because of the heavy dust emission in their circumstellar 
material. Therefore, at dif ferent e v olutionary stages, YSOs ha ve 
distinct infrared spectral energy signatures (Lada 1987 ; Andr ́e 2002 ). 
Meanwhile, they also emit occasionally in the radio band owing to 
free–free emission from ionized plasma (e.g. Shang et al. 2004 ), in 
the UV band owing to accretion shocks or strong stellar winds (e.g. 
Calvet et al. 2004 ), and in the X-ray band owing to flares (Preibisch & 

Zinnecker 1999 ; Tsuboi et al. 2001 ; Winston et al. 2018 ). 
During the cloud evolution and star formation, there are a few 

observable stages of YSOs after the starless core stage, as follows. 
(1) Class 0 sources are deeply embedded protostellar condensa- 
tions that can be most ef fecti vely identified in the submillimetre,
millimetre, and FIR bands owing to the dust blackbody emission
(Hurt & Barsony 1996 ; Testi & Sargent 1998 ; Bontemps et al.
2010 ). (2) The canonical category of Class I YSOs, including flat- 
spectrum objects, describes protostars that have accreted enough 
mass and started to form circumstellar discs, but still possess 
infalling dusty envelopes (Caratti o Garatti et al. 2017 ; Greene et al. 
1994 ). (3) For a Class II YSO in the ‘discy’ pre-main-sequence 
star stage, the envelope is largely cleared and an optically thick 
protoplanetary disc remains behind (Fang et al. 2009 ; Liu et al. 
2019 ). (4) Class III YSOs have started hydrogen nuclear fusion, 
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Figure 1. Composite IR image of the W40 and Serpens South regions. The 
white boxes denote the ‘Control’ (no. 0) and ‘Target’ (nos 1–10) fields in 
WIRCam. The underlying image is composed of 2MASS K s (blue), Spitzer 
4.5- μm (green) and Herschel hydrogen column density (red) data. 

and their discs have only debris or some planets left (Su et al. 
2006 ). Finally, with increasing temperature, the YSOs enter the main 
sequence. 

Sensitive large-scale sky surveys at infrared wavelengths can 
provide a powerful tool with which to generate comprehensive 
and high-confidence catalogues of YSOs, especially in nearby 
(within 1 kpc) star-forming regions. Such surveys include ‘From 

Molecular Cores to Planet’ (c2d; Evans et al. 2009 ) and the ‘Gould 
Belt Surv e y’ (GB Surv e y; Dunham et al. 2013 ) conducted by the 
Spitzer Space Telescope, and the ‘Two Micron All Sky Survey’ 
(2MASS) (Skrutskie et al. 2006 ). Based on these surv e ys, thousands 
of YSOs have been identified and classified in many nearby star- 
forming regions (e.g. Gutermuth et al. 2009 ; Dunham et al. 
2015 ). 

This work studies two associated star-forming regions, namely 
W40 and Serpens South (Fig. 1 ), both of which belong to a larger 
complex of molecular clouds collectively known as the Aquila Rift. 
The W40 region was first observed in the NIR in 1978 (Zeilik & 

Lada 1978 ), but it was another 30 years before the Serpens South 
region was discovered and named (Gutermuth et al. 2008a ). The W40 
region is famous for its hourglass-shaped H II region illuminated by 
a few massive OB stars (Shuping et al. 2012 ), and its cloud structure, 
magnetic field, and star-formation activities, such as outflows and 
YSO populations, have been studied in detail through observations 
from NIR to millimetre bands (Gutermuth et al. 2008a ; Nakamura 
et al. 2011 ; Sugitani et al. 2011 ; Zhang et al. 2015 ; Winston et al. 
2018 ; Shimoikura et al. 2019 ). The Serpens South region is embedded 
in a dark cloud filament and contains a large number of extremely 
young objects, which have also received a lot of attention. The two 
regions are separated by only ∼20 arcmin (or ∼3 pc) from each other, 
and both of them are at a distance of ∼436 pc (Ortiz-Le ́on et al. 2017 ). 
As a consequence, the W40–Serpens South region can be considered 

as one complex with YSOs at different states, presenting an excellent 
laboratory in which study feedback influences. 

In this region, Bontemps et al. ( 2010 ) used the Herschel GB 

Surv e y data to identify several tens of Class 0/I sources in very 
early evolutionary stages. Dunham et al. ( 2015 ) used the c2d and 
Spitzer GB surv e y data to identify YSOs, with NIR data based on 
2MASS, which is not deep enough for those objects embedded 
in thick molecular filaments. In this work, we analyse NIR data 
provided by the Canada–France–Hawaii Telescope (CFHT) for the 
W40–Serpens South region, complemented by catalogues such as 
2MASS and UKIRT Infrared Deep Sky Survey (UKIDSS) . The 
deeper NIR observations can penetrate better towards the filaments 
around the W40 and Serpens South cores, and allow us to identify 
more embedded YSOs and depict the detailed structures of young 
clusters. Although we do not include a specific filament analysis 
here, we want briefly to check the spatial association between YSOs 
and filaments in the o v erall W40–Serpens South region. Such YSO 

structures can also be compared with a more delicate structure 
of molecular clouds, for example as detected by Atacama Large 
Millimeter Array (ALMA) (Plunkett et al. 2018 ). 

The paper is organized as follows. The used observations and 
data are introduced in Section 2 . Methods of image-processing and 
point-source catalogue production are explained in Section 3 . We 
present the identification of YSOs and discuss their relationships 
with molecular clouds and the entire star-forming region in Section 4 , 
and give a summary in Section 5 . 

2  OBSERVATI ONS  A N D  DATA  

2.1 CFHT obser v ations 

We used the Wide-Field Infrared Camera (WIRCam) on the CFHT 

to take NIR images of the W40 and Serpens South regions in the 
J , H , and K s bands. WIRCam has a field of view of 20 arcmin ×
20 arcmin, and a resolution of 0.3 arcsec per pixel. The ‘Target’ 
field has a size of ∼60 arcmin × 80 arcmin, or ∼ 7.6 pc ×
10.1 pc, and co v ers most of the main molecular complex. Fig. 1 
shows the entire region, consisting of 10 subfields of the ‘Target’, 
labelled from no. 1 to no. 10, during the actual observations, and 
one ‘Control’ field (labelled no. 0) of 20 arcmin × 20 arcmin as 
reference. The ‘Control’ field was selected based on the distance 
to the ‘Target’, and has a very low density of molecular clouds, 
so there are no young stars enclosed. 2MASS (blue), Spitzer 4.5- 
μm (green) and Herschel hydrogen column density (red) data are 
superimposed for illustrations. It can be seen that the 2MASS data 
co v er the entire area; Spitzer data co v er only the ‘Target’ and ∼1/4 
of the ‘Control’ field; and Herschel data cover only the ‘Target’ 
field. 

The CFHT observations were carried out in the J , H , and K s bands 
between 2012 July 27 and 29. Seeing was good, and the average full 
width at half-maximum (FWHM) of the subfields varied from 0.45 
to 0.96 arcsec. The single-image exposure times of J , H , and K s were 
30, 10.3, and 15 s, respectively. We selected the dithering mode so 
that bad pixels and cosmic rays could be ef fecti v ely remo v ed. Each 
subfield was co v ered by 4–24 exposures, and about 70 per cent of 
the final integrated images contain more than 16 exposures. The total 
exposure times reached 240, 123.6, and 120 s, on average, in the J , 
H , and K s bands, respectively. 

The image of each individual exposure was processed by 
CFHT’s IDL Interpreter of the WIRCam Images, namely the ‘I‘wii 
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pipeline. 1 In the pipeline, the following processes are performed 
automatically: chipbias and dark subtraction, flat-fielding, non- 
linearity correction, cross-talk remo val, and sk y subtraction. In 
addition, pixels that are bad or saturated are marked. 

2.2 2MASS and UKIDSS data 

Bright stars in our long-exposure-time images could be saturated and 
need to be resolved in our CFHT observations. This is also because 
of the wide field and high sensitivity of the WIRCam. For this reason, 
we combined 2MASS and UKIDSS data for the calibration of the 
bright stars. 

First, we used the 2MASS Point Source Catalog (PSC) (Skrutskie 
et al. 2006 ). 2MASS data corresponding to the ‘Target’ and the 
‘Control’ fields are available from the VizieR II/246 catalogue. 2 

We used stars with a high-quality flag ( qflag = ‘AAA’), which 
means that the source has a signal-to-noise (S/N) ratio greater than 
10 and an error less than 0.1. We also used a low-contamination 
flag ( cflag = ‘000’), which means that the source is unaffected 
by any known artefacts, or simply has no detection in some 
bands. 

Second, we introduced UKIDSS Galactic Plane Surv e y (GPS) data 
(Lucas et al. 2008 ) for calibration and used them as the medium- 
bright part of our catalogue. UKIDSS has integration times of 80, 
80, and 40 s for the J , H , and K bands respectively. The UKIDSS data 
we used are available from the WFCAM Science UKIDSS Archive 
release DR11. 3 Quality flags were selected as follows: priOrSec = 

0 or frameSetID for selecting out a seamless, best catalogue; 
ppErrbits < 256 to exclude all K -band sources with any error 
quality condition; −2 ≤ Class ≤ −1 to exclude noises, saturated 
sources, and galaxies. The last flag is strict and cuts off ∼32 per cent 
of the total number of UKIDSS stars. Among them, sources marked 
as ‘galaxy’ are mostly pairs of stars (Lucas et al. 2008 ); therefore we 
used CFHT data instead. 

2.3 Spitzer data 

MIR data is a good supplement to NIR data for both contamination 
removal and YSO identification. Aquila data from the Spitzer GB 

Le gac y Surv e y were therefore included in this work. This section is 
a summary of work performed by Gutermuth et al. (in preparation). 

The ‘Target’ field is fully co v ered, and the ‘Control’ field is 1/4 
co v ered by the Spitzer surv e y. The Spitzer photometry is derived 
from a draft catalogue of the Spitzer Extended Solar Neighborhood 
Archive (SESNA; Gutermuth et al., in preparation), and we summa- 
rize below the creation process via the Cluster Grinder IDL software 
collection for Spitzer data treatment (Gutermuth et al. 2009 ; Winston 
et al. 2018 ; Li et al. 2019 ; Pokhrel et al. 2020 ). 

The IRAC imaging has four bands, at 3.6, 4.5, 5.8, 8.0 μm, and 
the MIPS imaging is at 24 μm (Gutermuth et al. 2008a ). Images are 
treated for bright-source artefacts using custom IDL scripts. Cosmic- 
ray hits are identified and masked out, and all images are merged into 
mosaics using the World Coordinate System (WCS) mosaic module, 
with 0.87 arcsec per pixel resolution for IRAC and 1.8 arcsec per 
pixel for the MIPS. 

1 www.cfht .hawaii.edu/Inst rument s/Imaging/WIRCam/IiwiVersion1Doc.h 
tml 
2 http://vizier .u-str asbg.fr/viz- bin/VizieR?- source=II/246&- to = 3 
3 http://wsa.roe.ac.uk:8080/wsa/SQL form.jsp 

Sources are identified using the PhotVis module (Gutermuth 
et al. 2008b ), and aperture photometry of those sources is performed 
using aper.pro from the IDL Astronomy User’s Library (Lands- 
man 1993 ). The adopted aperture radius for IRAC is 2.4 arcsec, 
and the background is estimated from an annulus field with radii 
of 2.4 and 7.2 arcsec. Corresponding MIPS aperture and inner and 
outer annulus radii are 6.35, 7.62, and 17.78 arcsec, respectively. 
Instrumental fluxes are converted to Vega-standard magnitudes using 
magnitude zero points (e.g. magnitude for 1 DN/s net flux in 
aperture) of 20.21, 19.45, 17.25, and 17.64 mag for IRAC channels 
1 through 4, and 15.35 mag for MIPS 24 μm. Magnitude limits 
for fields averaging 90 per cent differential completeness are 14.5, 
14.2, 13.2, 12.0, and 8.4 mag at 3.6, 4.5, 5.8, 8.0 and 24 μm, 
respectively. 

2.4 Herschel data 

We also included the publicly available Herschel hydrogen column 
density map from the Herschel GB Survey for a higher resolution 
of the dust extinction estimation and better demonstration of the 
Molecular Clouds, as underlying images in Figs 7 and 8 show. The 
map is derived from greybody fitting of the 160-, 250-, 350-, and 
500- μm FIR images, and resampled and smoothed to match the
latter image’s 36-arcsec FWHM beam size (K ̈on yv es et al. 2015 ).

3  I MAGE  R E D U C T I O N ,  A P E RT U R E  

P H OTO M E T RY  A N D  T H E  L A R G E  I NFRARED  

C ATA L O G U E  

After 352, 528, and 384 WIRCam small images in the J , H and K s 

bands are output by the ‘I‘wii pipeline, many corrections are per- 
formed before the final catalogue is generated. This section describes 
the reduction and analysis of the NIR data only. 

3.1 Follow-up reduction of images 

Original images have many void pixels that affect both faint and 
bright stars, and combined images can ef fecti v ely remo v e them and 
also give a larger S/N ratio for star detection. Meanwhile, the resam- 
pling process can correct the distortions of the original images. To 
co-add individual images together, we chose a suite of astronomical 
pipeline software tools, ASTROMATIC (Bertin 2012 ), which includes 
the functions SEXTRACTOR (Source Extractor), SCAMP (Software 
for Calibrating AstroMetry and Photometry), and SWARP (Source 
Warp) (Bertin & Arnouts 2010 ; Bertin 2010a , b ). These tools were 
developed at the Institut d’Astrophysique de Paris (IAP) in France 
and are designed to be run in batch mode on large quantities of 
data. 

First, SEXTRACTOR extracts a point-source catalogue from images 
and outputs a rough catalogue. Second, SCAMP compares it with the 
standard 2MASS catalogue and calculates an astrometric solution. 
For our data, SCAMP corrects the catalogue distortion with polynomial 
functions under the TPV 

4 WCS in FITS (Calabretta & Greisen 2002 ). 
With these equation coefficients, SCAMP outputs the corresponding 
external header to each image. Eventually, SWARP performs image 
resampling and co-addition using polynomial distortion correction 
terms in external headers. We observe that this suite of tools 
performs better than the Simple Imaging and Mosaicking Pipeline 
( SIMPLE ) (Wang 2010 ). In the SIMPLE , astrometry is done with 

4 ht tps://fit s.gsfc.nasa.gov/regist ry/t pvwcs/tpv.ht ml 

file:www.cfht.hawaii.edu/Instruments/Imaging/WIRCam/IiwiVersion1Doc.html
http://vizier.u-strasbg.fr/viz-bin/VizieR?-source=II/246&-to=3
http://wsa.roe.ac.uk:8080/wsa/SQL_form.jsp
https://fits.gsfc.nasa.gov/registry/tpvwcs/tpv.html
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more resampling, during which extra spatially correlated noise is 
introduced (Zhang & Kainulainen 2019 ) and the FWHM of sources 
increases by ∼10 per cent. 

Detrended images output by the CFHT ‘I‘iwi pipeline are 
input to the abo v e pipeline. F or SEXTRACTOR and SCAMP, we used 
all the default settings. We changed three parameters instead of using 
the default in SWARP : combine with ‘AVERAGE’, resampled pixel 
scale to be ‘0.15 arcsec’, and background ‘NOT’ subtracted. For our 
images, ‘AVERAGE’ is better than the default ‘MEDIAN’, although 
the latter can ef fecti v ely remo v e cosmic rays. Although the FWHMs 
of stars increase on the final images, the sources are shaped well 
for photometry, as ‘AVERAGE’ can better preserve the shape of a 
source, especially for the peak. A 0.15-arcsec pixel scale gives a 
better image quality where pixels are not inte grally o v erlapped and 
defines a better location for a star. The background is not subtracted 
because it contains nebular emission. After SWARP , the ‘Target’ 
field is stitched to 10 pieces of images instead of one, which is 
required by the astigmatism correction in Section 3.4 . Therefore, the 
final catalogue is also stitched from 10 separated catalogues. After 
distortion correction, the typical astrometry difference with 2MASS 

for a star is 0.06 arcsec. In the final derived maps, the mean FWHM 

varies from 0.65 ∼1.0 arcsec, as images are more stretched after being 
combined. 

3.2 Aperture photometry 

On the final stacked images, the point spread functions (PSFs) are 
not uniform, and their sizes in each field are not the same. So we 
chose to perform aperture photometry instead of PSF photometry. 

We used PHOTVIS (Gutermuth et al. 2008b ) to identify stars and 
perform aperture photometry. The radius of the aperture, inner and 
outer radii of the background annulus were chosen to be 0.75, 1.5, and 
3 arcsec, which are relatively small to a v oid nearby starlight pollution 
when the typical nearest-neighbour distance is ∼1.8 arcsec for a star. 
We identified sources with statistics better than a S/N ratio of 6. The 
numbers of sources from the initial photometry were 422 442 for 
J , 543 212 for H , and 813 307 for K s . The number of detections in 
the K s band is nearly double that in the J band, mainly because the 
longer wavelength emitted by blocked background Milky Way stars 
can better penetrate dark clouds. We used TOPCAT to perform the 
cross-match, between the K s and H bands first, and then between the 
K s /H and J bands, because stars in the first two bands have lower 
FWHM values and a larger number of detections. In total 870 471 
sources were identified, and 369 420 sources appeared in all three 
bands. The position tolerance of cross-matches of the two catalogues 
was 1 arcsec. 

There are two methods to estimate detection completeness. The 
first is to successively add synthetic stars with known magnitude and 
count their detection ratio, as described in Gutermuth et al. ( 2005 ). 
The second is to fit a linear relationship between the magnitude 
histogram of log( N ) and magnitude, and then assume that the decline 
at faint magnitudes is entirely due to limited sensitivity (Lucas et al. 
2008 ). The latter method is easier in our case, as synthetic stars 
change in those corrections from the first photometry to the final 
magnitude catalogue. The typical 90 per cent completeness limits 
in uncrowded fields are J = 19.8, H = 18.6, and K = 18.0, with 
uncertainties of ∼0.2 mag. The non-uniform number of exposures 
in the various subfields also leads to different limiting magnitudes 
within the subfields and to a non-homogeneous photometric cata- 
logue. We checked that the mixed magnitude for the three bands is 
∼0.12 mag less than the theoretical magnitude, which is consistent
with our derived uncertainties.

Figure 2. Effects of bright stars on faint stars owing to telescope spikes and 
long exposure on J -band images. Green cross signs are faint stars that are 
marked as ‘affected by a spike’. Red plus signs are stars that are marked as 
‘affected by bright field’. 

Table 1. Fitting parameters for the spike length and radius of affection. 

Band a 0 a 1 b 0 b 1 

J 3.91 −0.206 3.30 −0.182
H 3.74 −0.209 3.19 −0.187
K s 3.51 −0.167 2.84 −0.145

3.3 Effects of telescope spike and long time exposure 

Bright stars can affect the identification of faint stars owing to the 
effects of telescope spikes and long exposure. Modern reflecting 
telescopes usually need spider vanes to support their second mirror. 
When incident light reaches the diffraction limit, telescope spikes 
can appear near these bright stars. In our CFHT images, bright stars 
have four main spikes. In addition, after a long exposure, the bright 
stars can look bigger and more square in shape, and thus affect their 
surrounding field. Fig. 2 shows both effects on J -band images. We 
examined bright stars with J / H / K mag < 13.5 and marked affected 
faint stars. 

To quantify these effects and mark faint stars, we introduced two 
values: the spike length L spike and the affected radius R affect . First, we 
chose bright stars from the 2MASS catalogue, and their magnitudes 
are evenly distributed. Second, we roughly recorded the pixel length 
of their spikes and their affected radius. By assuming an exponential 
relationship, we fitted both log ( L spike ) and log ( R affect ) as a linear 
function of magnitude M . The resultant formulas are as follows: 

L spike ( pixels ) = 10 a 0 + a 1 M , (1) 

R affect ( pixels ) = 10 b 0 + b 1 M . (2) 

The fitting parameters are shown in Table 1 . 
These functions were applied to our field to mark any star that 

is located near the bright sources. There are about 12 000 sources 
marked as ‘affected by a spike’ and 4700 sources marked as ‘affected 
by a bright field’. Two of our final YSOs are marked as ‘affected’, so 
we re-classified them with the 2MASS data instead. Coincidentally, 
their evolutionary stages remain unchanged. 

art/stac2191_f2.eps
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3.4 Astigmatism correction 

We cross-matched CFHT with UKIDSS to process corrections in the 
CFHT catalogue. The cross-match was carried out in each band 
separately, and there are about 289 000, 451 000, and 458 000 
stars cross-matched in the J , H , and K s bands respectively. When 
examining CFHT and UKIDSS magnitude-difference diagrams, we 
found that the points at the brighter end approached two distinct 
values rather than one value and thus formed two branches in the 
diagram. The second branch is wider and fainter than the first one. 
The top middle panel of Fig. 3 shows this effect. 

The right-hand panel of Fig. 3 shows that relatively faint stars 
are distributed mostly on the edges or corners, where the astigma- 
tism is worse than around the centre of the image. Astigmatism 

occurs because the telescope has slightly different refractive powers 
on different meridians. After the parallel light enters the optic 
mirrors, it cannot be concentrated at an accurate point but at a 
slightly deflected point. Distorted stars are stretched with images 
by SWARP during the previous step discussed in Section 3.1 , 
and they can occupy a bigger area than the undistorted stars. 
Under the same aperture, these bigger blobs lose some starlight 
counts. 

As fields 1–10 of the ‘Target’ repeat in the same observed pattern as 
the ‘Control’ field, their astigmatism patterns are also the same. With 
no extinction from clouds, the ‘Control’ field has enough stars that 
are randomly distributed. Therefore the ‘Control’ field can be used 
to draw a compensation map that can be applied to both itself and 
fields 1–10 of the ‘Target’ field. For each point of the compensation 
map, we found 40 nearest-neighbour stars in the ‘Control’ field that 
are detected by both UKIDSS and CFHT. The mean magnitude 
difference of them was calculated and taken to be the value of 
magnitude compensation at the point. The standard deviation of 
these differences was also calculated and placed on a ‘compensation 
deviation’ map. Finally, each star in field 0–10 has a compensated 
magnitude added, and magnitude uncertainties also have an error 
propagation in the same way as for the compensation deviation 
map. The J -band aperture ‘compensation’ map that we made for the 
astigmatism correction is shown in the left-hand panel of Fig. 3 . After 
this correction, the bright end of the magnitude difference between 
CFHT and UKIDSS converges, as the bottom-middle panel of Fig. 3 
shows. 

3.5 Colour-term fitting correction 

Each telescope has its own unique filter transmission curve, and 
therefore we need a colour term to correlate observations of the same 
source through CFHT and UKIDSS. Furthermore, UKIDSS uses 
the K band, while CFHT uses the K s band, which is ∼25 per cent 
narro wer. Gi ven that UKIDSS is a large-scale NIR surv e y co v ering 
a range of areas and depths, it is easier for us to shift the CFHT 

catalogue to the UKIDSS colour system. The 2MASS catalogue is 
not shifted to the UKIDSS colour, because only bright stars from 

2MASS are combined. They are usually saturated in UKIDSS, and 
lack detections to finish the fittings. 

By fitting a linear term with the median value of each segment, 
the transformation equations are as follows. First, for stars detected 
in at least two bands of the CFHT, we use the equations: 

J CFHT − J UKIDSS = a J + b J ( J CFHT − H CFHT ) , (3) 

H CFHT − H UKIDSS = a H 

+ b H 

( H CFHT − K sCFHT ) , (4) 

K sCFHT − K UKIDSS = a K 

+ b K 

( H CFHT − K sCFHT ) . (5) 

In the first case, we used CFHT magnitudes instead of UKDISS on 
the right side of the equals sign, because stars have to be detected in 
two bands to use these equations. The number of qualifying stars in 
UKIDSS is about half of that in CFHT (174 000 versus 376 000 for 
both J and H detected; 248 000 versus 510 000 for both H and K ). 
The relationships between J CFHT − H CFHT and J UKDISS − H UKIDSS , 
H CFHT –K CFHT and H UKIDSS – K UKIDSS were checked and found to be 
linear, and therefore these equations are compliant with those using 
UKIDSS on the right side of the equals sign. 

Second, for stars detected only in one band, or stars lacking a 
key band in the first case, we used A K as the colour term for fitting 
instead: 

J CFHT − J UKIDSS = a J + b J A K 

, (6) 

H CFHT − H UKIDSS = a H 

+ b H 

A K 

, (7) 

K sCFHT − K UKIDSS = a K 

+ b K 

A K 

. (8) 

The second case is for the stars that are significantly different from 

UKIDSS, lack detections, and are located in a high-extinction place. 
Their magnitude difference will be reduced through fitting with the 
A K value. A K data are derived from the Herschel column density map 
and converted using N H /A V = 1 . 8 × 10 21 cm 

−2 / mag (Predehl &
Schmitt 1995 ) and A K / A V = 0.112 (Rieke & Lebofsky 1985 ). Here 
A K is roughly a total extinction by all the molecular clouds along 
the line of sight, and is used as A K TOTAL in Section 4.2.2 . The 
relationships between J CFHT − H CFHT , H CFHT − K CFHT and A K are 
also checked to be approaching linear, which makes the second case 
compliant with the first. 

After the colour term is applied, a deeply reddened star has less 
colour difference between the CFHT and UKIDSS catalogues. Fig. 4 
shows the magnitude difference of the K s band before and after 
colour-term fitting. Stars that have low magnitude errors ( < 0.08), a 
nearest-neighbour distance > 10 pixels, and a de-reddened K s < 16 
mag were used to perform the fitting, and the results are applied to 
all other stars, as the bottom two panels of Fig. 4 show. For those 
stars with H – K s > 2.7 mag, K s can receive a colour correction of 
about 0.05 mag; for those stars with A K > 4 mag, K s can receive a 
colour correction of o v er 0.2 mag. 

3.6 Zer o-magnitude corr ection 

The observations were carried out o v er three days, and therefore the 
seeing turned out to be a variable of time. Fig. 5 shows the zero- 
magnitude correction we adopted in our work. The top panel shows 
the FWHM as a function of field number in those three days. Fields 
1, 2, 3, 4 were observed on 2012 July 27; fields 8, 9, 0 on 2012 July 
28; and fields 5, 6, 7, 10 on 2012 July 29. As a result, zero magnitude 
has different levels among the 10 subfields inside the ‘Target’ field. 
Therefore, we calculated a zero magnitude for each field so that the 
CFHT stars can be as close to the UKIDSS as possible. The zero 
magnitudes were calculated by fitting. First, we chose bright stars 
inside a window of 2 mag that started from 14.5, 14, and 13.5 mag 
for J , H , and K s , respectively. Second, their UKIDSS – CFHT magni- 
tudes were fitted with a Gaussian distribution. Third, the peak and the 
error of fitting were taken as the zero magnitude and its uncertainty 
in this field. The bottom panel of Fig. 5 shows the zero magnitudes 
for each band, which will be added back to our data accordingly. 

Uncertainty during fitting will also be added to all stars’ un- 
certainties through error propagation. The magnitude difference 
between two catalogues should be consistent with their uncertain- 
ties. 2MASS uncertainty is normal, but uncertainty of UKIDSS 
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Figure 3. Left - hand panel : J -band magnitude ‘aperture compensation’ map. Most parts, mainly located in the centre, are nearly zero. Those located on the 
edges have a bad performance and need correction. Top-middle panel : J -band magnitude difference between the UKIDSS and CFHT catalogues for the ‘Control’ 
field. The lower branch at the bright end is marked in the green box. Bottom-middle panel : Same stars as in the top right-hand panel after the compensation 
map is applied. Right-hand panel : Stars in the green box of the deviated branch are placed on the ‘Control’ field map with green circles. The compensation 
maps for H and K s are almost same as for J . For J , the compensation magnitude varies from –0.23 to 0.17 mag, with a mean value of ∼0.038 mag; for H , the 
compensation magnitude varies from –0.27 to 0.058 mag, with a mean value of ∼–0.057 mag; for K s , the compensation magnitude varies from –0.18 to 0.094 
mag, with a mean value of ∼0.025 mag. 

Figure 4. Left - hand panel : Colour-term fitting of the K s -band magnitude with H − K s (top), and after it is applied to the CFHT catalogue (bottom). Right-hand 
panel : Colour-term fitting with A K (top), and after it is applied to all qualified stars (bottom). The median values of each magnitude bin, namely the red asterisks, 
are the actual fitted points. The colour bars for the bottom panels are counts of a 2D histogram divided by 300 × 200 pixel grids. Considering that the colour 
correction is aimed mainly at stars with larger A K , the red blob in the bottom middle is allowed to be higher than zero here. These differences with UKIDSS are 
better corrected in the section on zero-magnitude correction. 
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Figure 5. Top panel : FWHM level and variation census of each band in 
the subfield images. Bottom panel : Zero points of magnitude and magnitude 
dif ference v ariation le vel of each band in the subfield catalogue. We finally 
added zero magnitude accordingly. 

is underestimated because it contains only a synthetic error term, 
as Lucas et al. ( 2008 ) issued. . Therefore an extra constant term, 
C Unc.UKIDSS , is required for expanding the UKIDSS uncertainty. We 
correct it by calculating the compromised magnitude difference: 
( M ag 2MASS − M ag UKIDSS ) ( U nc 2 2MASS + U nc 2 UKIDSS ) 

−1 / 2 
. For bright

stars, the standard deviation should be mostly less than 1. In this cal- 
culation, only those stars that are isolated, round-shaped and not very 
sharp in shape were used. We calculated C Unc.UKIDSS to be 0.0265, 
0.0347, and 0.0337 in the J , H , and K s bands. Then this constant 
term is added back, and the bigger ( Unc 2 UKIDSS + C 

2 
Unc . UKIDSS ) 

1 / 2

replaces the smaller Unc UKIDSS . After this step, the two catalogues, 
2MASS and UKIDSS, are compatible within their uncertainties. 
The CFHT uncertainty had already increased gradually in previous 
processes, such as astigmatism correction, colour-term fitting, and 
zero-magnitude adding. It is compatible with 2MASS and revised 
UKIDSS uncertainties. 

3.7 The large near-mid-infrared catalog 

After the abo v e steps, a large NIR catalogue is generated. Selection 
rules for NIR photometry in multiple catalogues are as follows: 1, if 
a star has J < 12.5, or H < 12.5, or K s < 12 then its data come 
from 2MASS; 2, if a star has any band of J , H , K s missing then its 
data come from CFHT. Then We cross-matched it with Spitzer MIR 

data and obtained a large near-mid-infrared catalogue. A census 

of this large near-mid-infrared catalogue is shown in Table 2 , and 
the point-source catalogue has a format as in Table 3 . It contains 
the following information: YSO ID; coordinates; magnitude and 
magnitude uncertainty of J / H / K s ; IRAC Ch1/Ch2/Ch3/Ch4; MIPS 24 
μm; whether this source is detected in the 2MASS/UKIDSS/CFHT 

surv e ys; front e xtinction (see Section 4.1 ); and total e xtinction (see 
Section 3.5 ) . 

4  I DENTI FI CATI ON  A N D  DI STRI BUTI ON  O F  

Y S O S  

4.1 Classification of YSOs 

Based on the large near-mid-infrared catalogue, we can identify 
IR-excess-bearing dusty YSOs in the ‘Target’ field and generate 
a comprehensive YSO catalogue. Fig. 6 shows our classification 
diagrams and processing steps, using the method described in 
Gutermuth et al. ( 2009 ) (G09 hereafter). 

First, we remo v ed contamination from non-stellar objects, which 
may have abnormally high fluxes in some specific narrow band 
channels owing to PAH line features, AGN torus emission, or shock- 
heated gas emission, and are confusing for YSO classifications. 
Figs 6 (a)–(d) show how the distinct colour gradient lines are used 
to separate stars and contamination sources: the exact expressions 
of these lines are detailed in G09’s appendix A. With reference to 
the diagrams, we excluded 28 unresolved star-forming galaxies, 46 
AGNs, 12 shock-emission knots, and 49 PAH aperture-contaminated 
sources in the ‘Target’ field. Fig. 7 (a) shows the distribution of these 
contamination sources. The shock-emission knots tend to appear in 
places where the molecular clouds have higher column densities, 
while the other three have roughly random distributions. 

Second, we identified and classified Class I/II YSOs according 
to their infrared excess, mainly by using Spitzer data if they were 
reliably detected by all IRAC Ch1–4 bands (Figs 6 e–f). Ho we ver, 
for those that lack IRAC Ch3/4 detections, which turns out to be 
∼31 per cent YSOs, we finally identified them using the deep K s -
band data (Fig. 6 i), with their reddening measured with another
NIR-band detection. The dereddening magnitude A K (also called
the ‘FRONT’ extinction in Section 4.2.2 ) was calculated for all those
stars with good NIR detections ( σ < 0.1) in Figs 6 (g)–(h). The results
are listed in the point-source catalogue in Section 3.7 . Visually, the
extinction of a star is proportional to the distance of its locus in
Figs 6 (g)–(h) from the dashed line in the arrow direction of A K = 2.

Third, we searched for deeply embedded sources and transition 
disc sources according to the Spitzer MIPS 24- μm data (Fig. 6 j–k). 
A deeply embedded source with a lower bolometric temperature or 
extreme reddening is dim in the MIR bands, and thus frequently 
lacks some vital MIR detections or has been misclassified as an 
AGN contaminant, but is relatively quite bright at MIPS 24 μm. 
These sources can be either Class 0 or Class I, but it is not possible to 
distinguish between them with current data. Transition disc sources 
have significant dust clearing within their inner discs, leading to 
an impression of no disc based on the MIR, but the relatively 
bright MIPS 24 μm reveals the presence of the disc beyond the 
large inferred inner gaps. These sources are added to the Class II 

Table 2. Census of the final large near-mid-infrared catalogue composition. 

Surv e y 2MASS UKIDSS CFHT Ch1 Ch2 Ch3 Ch4 MIPS H & K s & 1Ch 

Total 4247 159 980 737 683 122 704 119 859 43 083 32 547 1494 111 481 
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Figure 6. First Row : (a–d) Removal of non-YSO sources of star-forming galaxies (28), AGNs (47), shock emission (12), and PAH aperture-contaminated 
sources (53). Second Row : (e, f) Classification of Class I and Class II YSOs with Spitzer Ch1–4 bands. (g, h) Measuring extinction for dereddening of all the 
points and dots in (i). (g) Star loci before dereddening: the black dots will be on the two dashed lines after the dereddening, like those in (h). Stars not located on 
the two dashed lines in (h) have already been de-reddened in (g). Bottom Row : (i) Classification of Class I and Class II YSOs with K and Spitzer Ch1–2 bands, 
and (j, k) classification of deeply embedded sources and transition disc sources with MIPS. All of the colour excess ratios in this figure adopt the extinction law 

reported by Flaherty et al. ( 2007 ). 

tallies. The distributions of these classified YSOs are shown in 
Figs 7 (b)–(c). 

In total, 832 YSOs were classified in the ‘Target’ field, including 15 
deeply embedded sources, 135 Class I, 647 Class II, and 35 transition 
disc sources, as shown in Fig. 8 , and their detailed measurements are 
listed in Table 3 . In addition, two YSOs were found in the ‘Control’ 
field (one Class II, and one transition disc source). Because of the low 

column density of molecular clouds and the fact that these objects 
are unmatched with the YSOs from Dunham et al. ( 2015 ), these 
two are very likely contaminants and are not included in our YSO 

catalogue. 
We repeated the same classification procedures using only 2MASS 

as the NIR data, and obtained 657 YSOs in the ‘Target’ field. With 
UKIDSS–CFHT data, two of the 657 YSOs are not in the final 
catalogue, and another two have their stages re-classified. Therefore, 
our UKIDSS–CFHT data finds ∼27 per cent more YSOs. 

We briefly cross-matched our YSO catalogue with four earlier 
works (with 2-arcsec position tolerance), including: 557 YSOs with 
2MASS data in all our observed field from Dunham et al. ( 2015 ); 264 
Class III YSOs with Chandra data in the W40 subregion from Kuhn 
et al. ( 2010 ); 299 YSOs with Chandra data in the Serpens South 
subregion from Winston et al. ( 2018 ); and 67 Class 0/I protostars 

with ALMA data in the Serpens South subregion from Plunkett et al. 
( 2018 ). Note that the studies by Kuhn, Winston, and Plunkett have 
limited fields of view, and only Dunham has the same field co v erage 
for a full comparison. We obtained 379 YSOs matched with Dunham 

et al. ( 2015 ) in the ‘Target’ field, while obtaining 374 YSOs matched 
with the 657 YSOs that were identified using only 2MASS data, as 
described in Section 4.1 . In the latter case, the other 183 YSOs that 
are only in the work by Dunham are randomly distributed, while 
the 283 only in ours trace molecular clouds well. This is due to 
the differences between the YSO identification methods of G09 and 
Harv e y et al. ( 2007 ). We matched 82 YSOs with Kuhn et al. ( 2010 ) 
and all the 299 YSOs with Winston et al. ( 2018 ). This shows that the 
fraction of disc-less stars in Serpens South is not as big as in W40. 
We matched 33 YSOs with Plunkett et al. ( 2018 ), which suggests 
that Serpens South is younger than W40. In summary, when all these 
previously identified YSOs are deducted, 309 are unique to our 
catalogue. 

Nevertheless, this YSO catalogue may still contain some mis- 
classified contaminants. G09 applied these classification diagrams 
to the real AGNs that were identified by Stern et al. ( 2005 ) in 
the Bootes field. The results suggest a ubiquitous contamination 
such that 7.9 ± 1.0 AGNs will be classified as YSOs per square 
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Figure 7. (a) Distributions of contaminations. (b) Class II and transition disc sources. (c) Class I and deeply embedded sources. The positions of PAH galaxies 
( + ), AGNs ( ×), PAH aperture-contaminated sources ( � ), and shock-emission knots ( ∗) are marked in (a). The underlying images in the three panels are the
same, namely the extinction map of A K derived from the Herschel hydrogen column density map.

Figure 8. A more detailed YSO distribution in the ‘Target’ field. Black curves 
are the simplifications of nearby MST branches that connect surrounding 
YSOs to the centre cluster. The underlying image is the same as in Fig. 7 . 
The two boxes mark the main parts of the W40 and Serpens South clusters. 
The dashed circle marks a ‘Donut’ cloud, which has a donut-shaped MST 

subgraph of YSOs. 

de gree. Hence this giv es us about 8.8 ± 1.1 YSOs that will be AGN 

contaminations in the ‘Target’ field (area ∼ 1.11 deg 2 ). On the other 
hand, some real YSOs can be falsely flagged as PAH-emitting sources 
or AGNs. Gutermuth et al. ( 2008b ) analysed a large extragalactic 

Figure 9. Histogram of the total extinction of Class I (including deeply 
embedded sources) and Class II (including transition disc sources) YSOs. 
Both are normalized by the peak bin value, which is 30 for Class I and 319 
for Class II. The dashed line marks A K = 2, where Class I and Class II are 
almost separated. The ratios of normalized sources per bin between Class II 
and Class I are very distinct, and therefore we show them in the subfigure. 

surv e y field to estimate the residual extragalactic contamination in 
the YSO census at 6.4 deg −2 for Class I sources and 3.8 deg −2 for 
Class II sources. Thus we might misclassify ∼11.3 real YSOs as 
contamination sources in the ‘Target’ field, although we have ∼8.8 
contamination sources in the YSO list. 

4.2 Spatial distributions of YSOs 

4.2.1 Distributions of Class I and II YSOs 

As shown in Figs 7 (b)–(c), Class I YSOs (with deeply embedded 
sources included) have a stronger correlation with the molecular 
gas than do Class II sources (with transition disc sources included). 
And statistically, Fig. 9 shows the YSO histograms with the column 
density of molecular clouds in terms of A K . In the entire ‘Target’ 
field, around 74 per cent of Class I YSOs fall into the range of A K 
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> 2, but only 16 per cent of Class II YSOs are there. We can see
that most YSOs are concentrated in the W40 region and the Serpens
South region.

In W40, YSOs are mostly Class II. Based on the existence of O and 
B main-sequence stars in the central region of W40, Shuping et al. 
( 2012 ) give an upper limit of the cluster age of about 7 Myr. Thus the 
age of the W40 cluster is of the order of a few Myrs, consistent with 
typical ages of Class II YSOs. The two molecular filaments (black 
curves marked with arrows in Fig. 8 ) that converge to W40 from 

the top left and bottom left contain obviously more Class I YSOs, 
which are likely outside the W40 H II bubble (green hourglass shape 
in Fig. 1 ). 

In the Serpens South region, which consists of multiple less- 
massiv e star-forming subre gions, about half of the YSOs are clas- 
sified as Class I, which is a much higher percentage than in the 
W40 region. Along the central ridge of the molecular filament, 
massive YSOs are found to have ages mostly less than ∼ 0.46–
0.72 Myr (Plunkett et al. 2018 ), while a few flat-spectrum YSOs 
give an upper limit of the cluster age of about 1 Myr (Dunham et al. 
2015 ). Furthermore, based on the observations of HC7N clumps, 
the chemical evolution model suggests that the star-forming age 
along the ridge is less than ∼0.3 Myr (Friesen et al. 2013 ). A 

subregion north of Serpens South has its YSOs distributed along 
the cloud in the shape of a ring, so we name it the ‘Serpens South 
Donut’. In the Donut region, a HC7N clump is also detected around 
a deeply embedded source, suggesting a similar young age of about 
0.2 Myr. Consistently, the high percentages of Class I YSOs identified 
in these two regions represent a younger cluster age of less than 
∼1 Myr.

G09 calculated the number ratios of Class I/Class II in 36
star-forming cores, and the median value of them is ∼0.27. The 
entire W40–Serpens South region has a similar mean ratio of 0.22. 
Ho we ver, if we take YSOs from two specific box regions in Fig. 8 , the 
Class I/Class II ratio is 0.119 for W40, and 0.849 for Serpens South. 
The Serpens South region may rank among the youngest regions 
(Gutermuth et al. 2008a ; Li et al. 2019 ). 

4.2.2 YSOs and molecular clouds 

Fig. 10 shows a comparison between the ‘FRONT’ and the ‘TOTAL’ 
extinctions of YSOs, which represents how deeply these YSOs are 
embedded. As stated abo v e, A K FRONT is measured through the 
NIR/MIR colour excess, and A K TOTAL is estimated from the 
Hersc hel map. F or the deeply embedded sources, the magnitude 
in the MIPS band is used, and the max–min brightness range 
corresponds to [2.4, 8.6] mag. For the Class I YSOs , Ch2 band 
is used with a range of [4.7, 15.0] mag. For the Class II YSOs, Ch1 
band is used with a range of [3.2, 16.0] mag. For the transition disc 
sources, H band is used with a range of [6.7, 17.3] mag. In addition, 
the ‘FRONT’ extinction of 98 YSOs cannot be measured owing to 
the lack of H -band data, and thus they are not on the diagram. 

In general, we expect all the points to be located beneath the 
A K FR ONT = A K TO TAL equi v alent line (the middle black dashed 
line in Fig. 10 ), because the gas in front of a star should al w ays be 
less than the total. Ho we ver, most YSOs in Fig. 10 are beneath the 
upper A K line (with a ratio of 2). In addition to the measurement 
uncertainties of the front and the total extinction, this could also be 
caused by the different spatial resolutions of telescopes. Herschel 
images have a relatively lower resolution of ∼20 arcsec, which can 
attenuate the higher column densities of fibres (Hacar et al. 2018 ) 
to lower averaged values. Because NIR/MIR images have a higher 
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Figure 10. (a) Comparison between the total and the front extinction of all 
YSOs except for 98 that lack NIR detections for A K FRONT and 13 with 
A K FRONT = 0. (b) and (c) correspond to stars inside the two grey boxes 
in Fig. 8 . The symbol sizes for each species represent the relative brightness 
given by the dereddened magnitude. The dotted and dashed lines are A K 

FRONT = [2, 1, 0.5] A K TOTAL, from top to bottom. 
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resolution of ∼1 arcsec, the front extinction to YSOs caused by dense 
fibres is more precisely measured. Thus the front extinction can be 
higher than the total value. 

Nevertheless, this factor does not prevent us from noticing some 
interesting phenomena. (1) The Class II YSOs tend to lie in the 
region with A K TOTAL < 2 mag, while the Class I YSOs appear in 
the region between 2 and 20 mag, as also suggested in Fig. 9 . This 
again indicates the strong correlation between the Class I YSOs and 
the molecular gas. Most Class II YSOs are around the equi v alent 
line, within a factor of 2, suggesting that they are lying inside or 
around the molecular gas. Meanwhile, we can also see a fraction 
of Class II YSOs with A K FRONT < 0.6 mag and A K TOTAL 

< 2 mag are likely having smaller symbol sizes . These sources 
could be slightly farther away from the molecular filaments, and in 
these locations it would be hard to form massive YSOs because of 
the difficulty in accreting enough gas. (2) The YSOs in the W40 
region (the square region in Fig. 8 ) are more concentrated around 
A K ≈ 1 mag, both for the FRONT and for the TOTAL. These YSOs 
belong mainly to the compact central cluster that was born in a 
massive star-forming region. The cluster has been evolving for a 
few Myrs, and the surrounding molecular gas could be exhausted 
or expelled by stellar feedback. It could be the reason why the 
extinction of these Class II YSOs is relatively lower. The outliers 
at higher A K TOTAL lie roughly on the several filamentary branches 
that still converge towards the W40 cluster. (3) The YSOs in the 
Serpens South region (the long rectangular region in Fig. 8 ) are 
obviously distributed at a higher A K TOTAL between 1 and 20 mag. 
Consequently, compared with the Class II YSOs, the Class I YSOs 
are located at the ridge of the filament where the column densities 
are higher. Abo v e A K TOTAL > 3, the A K FRONT of YSOs does 
not increase linearly, but instead shows a flat trend. This suggests 
that some YSOs are not presented here, especially those deeply 
embedded in thick filaments with A K TOTAL > 3. These YSOs are 
not necessarily undetected though. There are 98 YSOs not in this 
diagram because they lack H -band detection, and we find that 88 
of them have A K TOTAL > 2, of which about 60 are in the Serpens 
South region. As a result, most YSOs in this region are likely to 
be detected, although some deeply embedded sources do not have 
the necessary H -band data for the front extinction calculation. In 
addition, while most YSOs surround the A K FRONT = A K TOTAL 

equi v alent line, a number of outliers are located below the lower 
A K line (with a ratio of 0.5) in Fig. 10 . Those outliers also have 
lower front extinction, although they have higher A K TOTAL values 
(around 10 mag). Most of these outliers belong to a small central 
cluster, including the one in the lower right corner. (4) The situation 
for the YSOs in the remaining regions is similar, in that the Class I 
YSOs lie on the thicker filaments. Most Class II YSOs are around 
the equi v alent line within a factor of 2, but a small portion of 
them and even a few Class I YSOs probably have a smaller front 
extinction, and are usually less bright. These fainter outliers may 
have originated in small star-forming regions, where the natal gas is 
quickly exhausted. 

4.2.3 Minimum spanning tree of YSOs 

To characterize the YSO distributions more quantitatively and ex- 
plore potential connections among different regions, we constructed 
the minimum spanning tree (MST) for these YSOs (e.g. G09). The 
MST is a concept that originated in graph theory, but is frequently 
used to separate close stellar clusters (e.g. Battinelli 1991 ; Hetem & 

Lepine 1993 ; Cartwright & Whitworth 2004 ; Gutermuth et al. 2009 ; 

Kirk, Offner & Redmond 2014 ). The MST here is generated by 
connecting the nearest neighbour of each point first to form an 
‘island’, and then connecting every two nearby ‘islands’ with the 
shortest path. New ‘islands’ gradually grow bigger, until all points 
are connected to form a tree structure in which the total branch length 
is the minimum. 

Fig. 8 shows some prominent MST branches of the main body of 
the W40 and the Serpens South regions, while the detailed analysis 
of the MST is presented in Sun et al. 2022 . The Donut cloud is young 
and its branches are well connected to the Serpens South rather than 
to the W40 region. Some clusters located to the west or north-west of 
the Serpens South region are relatively independent, and their MST 

branches are not marked here. 
For W40, eight branches spread to all directions from the central 

cluster, in the shape of a spider. Six of the branches, illuminated by 
Class II YSOs, have no obvious corresponding filamentary molecular 
clouds. But the other two match the filaments well, and they contain 
more Class I YSOs. Therefore, the W40 central cluster is probably 
sitting on what was a convergence point of many filaments in the 
past, as suggested by many works that find that massive star-forming 
regions need to accrete more gas from multiple subfilaments (e.g. 
Schneider et al. 2012 ; Peretto et al. 2013 ; Rayner et al. 2017 ). 

The Serpens South region also has several connected filaments, in 
the shape of a gecko, and its main body is on a thick and o v er-dense 
filament. The Class I YSOs (including the deeply embedded sources) 
lie roughly at intersection points of the MST branches and the ridge 
of the main filament. This again suggests that the gas is supplied 
from subfilaments. Although the main body is depicted by a long 
and straight MST branch, it consists of several smaller star-forming 
regions. Based on the HC7N detections, the star-forming age along 
the ridge of the molecular filament is less than ∼ 0.3 Myr (Friesen 
et al. 2013 ). But in the north part of this filament, where the cloud is 
the most o v erdense, the age is even younger. 

5  SUMMARY  

We compiled a large NIR and MIR catalogue of point sources in the 
W40–Serpens South region, based on the deep NIR data of CFHT 

observations in combination with the 2MASS, UKIDSS, and Spitzer 
catalogues. To identify stellar sources accurately, data reduction 
processes including image-stacking and photometry corrections need 
to be performed precisely. For the CFHT data, we adopted the 
‘AstrOmatic’ suite and optimized the reduction processes, instead of 
using the SIMPLE pipeline, to obtain precise images for photometry. 
Multiple corrections were applied to these photometry results, such as 
those for optics astigmatism and telescope spikes, colour term fitting, 
and zero-magnitude correction. To maximize the data accuracy, we 
used 2MASS and UKIDSS as the standard catalogues to resolve 
saturated bright stars, subdivide the zero magnitude, and perform 

the astigmatism correction. Catalogues were cross-calibrated before 
being integrated. In addition, we cross-matched the results with 
Spitzer data, and included the publicly available Herschel hydrogen 
column density map to reveal the total dust extinction. Finally, all 
the information was combined to form this large near-mid-infrared 
catalogue of point sources for this region. 

Based on this large catalogue, we identified 832 young stellar 
objects (YSOs) after filtering out contamination sources, and classi- 
fied 15, 135, 647, and 35 of them to be deeply embedded sources, 
Class I YSOs, Class II YSOs, and transition disc sources. We also 
compared the front extinction of these YSOs with the total column 
densities at their locations to check their depths in the molecular 
clouds, and generated the MST of the YSOs to check their spatial 
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correlation with the molecular clouds. In general, the YSOs are well 
correlated with the filamentary structures of the molecular clouds 
in this region, especially the Class I YSOs (including the deeply 
embedded sources). The W40 central region is dominated by evolved 
Class II YSOs, and the surrounding materials were probably expelled 
by previous stellar feedback. Around the W40 central cluster, there 
are eight prominent MST branches. Of these, six branches populated 
e xclusiv ely with Class II YSOs show little correlation with molecular 
filaments, but the other two include detectable gas and corresponding 
Class I YSOs. The YSOs in the Serpens South region lie mainly on 
the thick filamentary clouds, and the Class I YSOs emerge roughly 
at intersection points where the subbranches join with the main 
body filament. The front extinction of them is also higher compared 
with that in the W40 region, and the H -band emission of some 
deeply embedded ones cannot penetrate the thick molecular gas. In 
summary, the massive star formation in the W40–Serpens South 
region is commonly supported by the gas supply from multiple 
subfilaments. Our results imply a convoluted YSO distribution in 
this important star-forming region. 
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