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ABSTRACT

We present a multiwavelength study of the W40 star-forming region using infrared (IR) observations
in UKIRT JHK bands, Spitzer IRAC bands, and Herschel PACS bands; 2.12 µm H2 narrow-band
imaging; and radio continuum observations from GMRT (610 and 1280 MHz), in a field of view (FoV)
of ∼ 34′× 40′ . Archival Spitzer observations in conjunction with near-IR (NIR) observations are used
to identify 1162 Class II/III and 40 Class I sources in the FoV. The nearest-neighbour stellar surface
density analysis shows that majority of these young stellar objects (YSOs) constitute the embedded
cluster centered on the high-mass source IRS 1A South. Some YSOs, predominantly younger popula-
tion, are distributed along and trace the filamentary structures at lower stellar surface density. The
cluster radius is obtained as 0.44 pc - matching well with the extent of radio emission - with a peak
density of 650 pc−2. The JHK data is used to map the extinction in the region which is subsequently
used to compute the cloud mass. It has resulted in 126 M� and 71 M� for the central cluster and
the northern IRS 5 region, respectively. H2 narrow-band imaging displays significant emission, which
prominently resembles fluorescent emission arising at the borders of dense regions. Radio contin-
uum analysis shows this region as having blister morphology, with the radio peak coinciding with a
protostellar source. Free-free emission spectral energy distribution (SED) analysis is used to obtain
physical parameters of the overall photoionized region and the IRS 5 sub-region. This multiwavelength
scenario is suggestive of star formation having resulted from merging of multiple filaments to form a
hub. Star formation seems to have taken place in two successive epochs, with the first epoch traced
by the central cluster and the high-mass star(s) - followed by a second epoch which is spreading into
the filaments as uncovered by the Class I sources and even younger protostellar sources along the
filaments. The IRS 5 H ii region displays indications of swept-up material which has possibly led to
the formation of protostars.

Subject headings: H ii regions - ISM: bubbles - ISM: individual objects(W40) - Infrared: ISM - Radio
continuum: ISM - Stars: formation

1. INTRODUCTION

W40 (Westerhout 1958) (also known as Sh2-64) is
an optically visible H ii region (Fich & Blitz 1984) in
the Serpens-Aquila Rift region. Located at α2000 ∼

Electronic address: kshitiz@tifr.res.in

18h31m29s, δ2000 ∼ −02o05′ 24′′ , it is visible as a bipo-
lar nebula at mid and far IR wavelengths; harbouring
complex features such as filamentary structures and an
embedded arc-shaped nebula (Figure 1).

Early CO observations of this region showed the W40
H ii region to be located at the edge of the molecular
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cloud G28.8+3.5 (Zeilik & Lada 1978), resulting in the
well-known blister morphology. Even so, the full extent
of the molecular gas in this region is not mapped so
far. Only the central few arcminutes of this cloud are
mapped, using isotopologues of CO, finding the mass of
central cloud core to be ∼ 100 M� (Vallee et al. 1992).
W40 also has an associated dense molecular clump of ∼
20′ diameter (TGU 279 P7; Dobashi et al. 2005). A large
scale, weak molecular outflow is also found, through CO
observations, to originate in the molecular cloud (Zhu et
al. 2006). Located at a Galactic latitude of ∼ 3.5o, this
region is above the main Galactic plane, and the distance
estimates to it vary from 300 to 900 pc (Radhakrishnan
et al. 1972; Shuping et al. 2012; Vallee 1987; Rodney &
Reipurth 2008, and references therein). In the present
work, we have adopted a distance of 500 pc from Rad-
hakrishnan et al. (1972); Shuping et al. (2012). The cen-
tral region of the W40 molecular cloud and H ii region is
known to host an embedded cluster of young stars, with
a significant population of early-type sources (Smith et
al. 1985), with the earliest spectral type of about O9.5
(Shuping et al. 2012). This cluster of early-type sources
also partially reveals itself as a cluster of compact ra-
dio sources, coexisting with other compact radio sources
which are classified as candidate ultra-compact H ii re-
gions and radio variable sources (Rodŕıguez et al. 2010).
Together, these observations show that the W40 molec-
ular cloud/H ii region is one of the few nearby regions
with active star formation away from the Galactic plane,
hosting an embedded cluster including high-mass stars,
and thus representing a template laboratory to investi-
gate the process of star formation.

Recent observations of the larger Serpens-Aquila Rift
in the (sub)millimeter wavelengths include this region,
and have produced a systematic, unbiased sample of star-
less as well as protostellar dense cores within this cloud
(Bontemps et al. 2010; Maury et al. 2011). Also, high res-
olution X-ray observation using Chandra has revealed the
near-complete census of young stellar population within
the embedded cluster (Kuhn et al. 2010). Low frequency
radio observations show newer compact sources in this
region (Pirogov et al. 2012).

Despite the multitude of individual studies of the W40
molecular cloud, embedded cluster and H ii region, at
wavelengths ranging from X-rays to radio, an analysis of
the overall star formation scenario in W40 is pending.
In this paper, the aim is to fill this lacuna by using the
vast archival dataset together with new NIR and radio
observations.

In Section 2, we present the observations (archival or
otherwise) and data reduction procedures. We discuss
the results pertaining to stellar sources (classification and
their analysis), the morphology, and the physical param-
eters of the region from various datasets in Sections 3,
4, and 5, respectively; followed by a discussion on the
possible star formation scenario in Section 6. The main
conclusions are presented in Section 7.

1 pc
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Fig. 1.— Colour composite image of the W40 region (∼ 34′× 40′)
using Herschel PACS 160 µm (red), 100 µm (green), and IRAC 8
µm (blue) images. The dashed white arrows mark the two promi-
nent northern and southern lobes of this bipolar nebula. The solid
white arrow indicates one of the prominent filamentary structures.
Dashed white box shows the location of a distinct smaller arc-
shaped nebula around IRS 5 source.

2. OBSERVATIONS AND DATA ANALYSIS

2.1. Near Infrared Photometry

NIR photometric imaging observations were carried
out using the Wide Field Camera (WFCAM; Casali et
al. 2007) mounted on the 3.8 m United Kingdom Infrared
Telescope (UKIRT). WFCAM contains four Rockwell
Hawaii-II (HgCdTe 2048 × 2048 pixel) arrays spaced by
94% in the focal plane. With a pixel scale of 0.4′′ , the
FoV of each array is ∼ 13.7′. JHK band data were ob-
tained in the service mode during the period 2009 Decem-
ber 15-17. Observations at four positions are required to
observe a contiguous (∼ 0.75 deg2) square field - called
a WFCAM ‘tile’ . Observation at each of these posi-
tions was taken using a nine point jitter pattern, and a
2×2 microstepping pattern, with an exposure time of 5 s
each. The seeing was in the range 1.3′′ -1.8′′ . We use
the starlink software to do the initial processing, fol-
lowed by mosaic making using the routine makemos in
a manner similar to Davis et al. (2007) (see this paper
for details of WFCAM processing).

The SExtractor software (Bertin & Arnouts 1996) was
used to detect all the stellar sources in the region. Source
detection and deblending is highly effective with this soft-
ware. A detection threshold of 3, and a deblend contrast
factor of 32 was used for our purposes. Subsequent to
first pass of detection, the detection catalogue was fil-
tered using the full-width-at-half-maxima (FWHM), stel-
larness parameter, and ellipticity to remove spurious de-



Star Formation in W40 3

tections. Finally, some leftover spurious detections were
removed manually to create a reliable detection cata-
logue. Aperture photometry for the detected sources was
performed using the phot routine in the IRAF apphot
package. The aperture radius was set to 3 pixels (=
1.2′′), and the sky annulus was located 9 pixels away -
with a width of 7 pixels. Sources without any centering
error (cier), sky fitting error (sier) and photometric error
(pier) were retained for further work.

Instrumental magnitudes are in the WFCAM native
system (the Mauna Kea Consortium Filter System or
MKO system). Absolute photometric calibration of the
J, H, and K photometry was done using the Two Micron
All Sky Survey (2MASS) stars in the FoV as explained
below. We obtained 2MASS data with the constraints of
“phqual = AAA” and “ccflag = 000” for all the stars in
the FoV. This ensures detections which have the highest
photometric quality without neighbouring source confu-
sion in all the three bands. We first constructed a J-
H/H-K colour-colour (CC) diagram using this data to
identify only the main sequence (MS) stars in the re-
gion. The MS stars obtained using the CC diagram were
then used to carry out the photometric calibration of the
WFCAM data. The 2MASS data was converted to WF-
CAM system using the transformation equations given
by Hodgkin et al. (2009). WFCAM data saturates for
magnitudes brighter than 11.5 mag in all the three bands,
and these saturated points were replaced by 2MASS mag-
nitudes.

Completeness limit tests were carried out for all the
three bands by choosing subimages of size 5′× 5′ located
in the cloud region and field region. The 90% complete-
ness limits for the J, H, and K band data are 19, 18, and
17 mag - respectively - for the field region; and 18, 17, and
16 mag - respectively - for the cloud region; giving the
mean as 18.5, 17.5, and 16.5 mag, respectively. These
early observations of WFCAM have small differences in
background matching between multiple chips and tiles,
primarily resulting from the presence of large scale neb-
ula contaminating the jittered frames. Therefore, the J,
H, and K catalogs were clipped at 18, 17 and 16 mag
limits for NIR CC, NIR colour-magnitude (CM), and ex-
tinction map analyses to obtain conservative and robust
classifications of both young stellar objects (YSOs) and
extinction measurements. Since all NIR magnitudes had
low errors associated with them, they were not filtered
by any error criteria. The magnitudes of bright sources
which were saturated in the WFCAM image, but had
good quality (“phqual=AAA” ) detections in 2MASS,
were taken from the 2MASS catalogue after converting
them to the WFCAM system using Hodgkin et al. (2009).

2.2. Spitzer Photometry

The Spitzer archival data for the Gould belt survey
of Allen et al. (2006, PID : 30574) in all the four IRAC
bands - 3.6 (Ch1), 4.5 (Ch2), 5.8 (Ch3), and 8.0 (Ch4)
µm was obtained using the Spitzer Heritage Archive.
Final image mosaics were created with the MOPEX
data reduction software, by using the corrected basic
calibrated data (cbcd) (S18.5 processed version), imask
(bimsk), and uncertainty (cbunc) files. Mosaic images in
all the four IRAC bands were created with a final pixel
scale of 0.6′′ .

Aperture photometry was carried out for the four

IRAC bands. We first used SExtractor for source de-
tection as described above (see Section 2.1) and filtered
to build a complete detection catalogue. The detection
catalogue was used as input to the phot task in IRAF
to obtain the aperture photometry of IRAC images. The
aperture size, radius of the inner annulus, and radius of
the outer annulus were taken as 2.4

′′
, 2.4

′′
, and 7.2

′′
,

respectively. The zero point magnitudes (with aperture
corrections applied) were taken as 18.593, 18.090, 17.484,
and 16.700 for the four IRAC bands, respectively; cal-
culated using the IRAC Instrument Handbook (Version
2.0.2, March 2012).

Average completeness limits were determined using the
peak of the luminosity function for the four bands. As
is elucidated in the “Final Delivery Document For IRAC
and MIPS data” 1 2 (see its Section 3.4.2), for c2d legacy
project (Evans et al. 2003), the peak of the observed lu-
minosity function can be assumed to estimate the 90%
completeness limit. We constructed the luminosity func-
tions with 0.5 mag bin size for each band, and the peak
(and thus the approximate 90% completeness limit) was
found to be at ∼ 14, 14, 11.5, and 11.5 for Ch1, Ch2,
Ch3, and Ch4, respectively.

The south-east region of the wide-field image where
the extinction is low was the only region where both
WFCAM and Spitzer had a high density of sources caus-
ing source crowding problems. However, as mentioned in
above sections, double-care was exercised in filtering first
at the level of SExtractor and then at photometry allow-
ing us to be quite certain that the detected sources were
all real and uncontaminated. Finally, the cross-matching
makes it even more robust.

2.3. Cross-matching the Photometric Catalogues

The number of source detections in individual photo-
metric catalogues of each band are different due to re-
spective band extinctions, point spread function (psf),
sensitivity limits and area of coverage. Different cross-
matched catalogues were produced for different analyses.
The final analysis is done on an area of size ∼ 34.33

′×
40.00

′
, centered at α2000 ∼ 18h31m41.23s, δ2000 ∼ -

02o06
′
29.21

′′
. We obtained the following cross-matched

and merged catalogues for various analyses :

• Ch1-Ch2-Ch3-Ch4 catalogue : The IRAC Ch1,
Ch2, Ch3 and Ch4 band catalogues were cross-
matched (within 0.6′′ ) with the constraint that all
individual band errors are ≤ 0.15 mag to produce
an all-IRAC catalogue of 1874 sources. This was
used in the classification of YSOs.

• H-K-Ch1-Ch2 catalogue : Not all sources are de-
tected in IRAC Ch3 and Ch4 bands, but have good
quality detections at H and K wavelengths. For
classification of such sources into different evolu-
tionary stages, we obtain a cross-matched cata-
logue of H, K, Ch1, and Ch2 magnitudes (NIR H
and K catalogues were matched with 0.4′′ match-
ing radius, Ch1 and Ch2 catalogues were matched
with 0.6′′ matching radius; followed by matching
the resultant NIR and Spitzer catalogues with 0.6′′

1 http://peggysue.as.utexas.edu/SIRTF/
2 http://irsa.ipac.caltech.edu/data/SPITZER/C2D/



4 Mallick et al.

radius) with good quality detections in IRAC Ch1
and Ch2 bands, i.e. sources with IRAC Ch1 and
Ch2 magnitude errors ≤ 0.15 mag. The resulting
catalogue contains 8585 cross-matched sources.

• J-H-K catalogue : Next, we obtained a cross-
matched (within 0.4

′′
) J-H-K catalogue which was

further clipped by conservative J, H, and K com-
pleteness limits 18, 17, and 16 mag as elucidated
in Section 2.1. This filtered NIR catalogue contain-
ing 10990 sources was used for the identification of
YSOs and to produce the extinction map (see Sec-
tion 3.2) of the region.

• H-K catalogue : Many embedded NIR sources are
detected only at H and K wavelengths. For iden-
tification of additional YSOs from amongst these,
cross-matched NIR sources (within 0.4′′ ) with de-
tections in only H and K bands (clipped at H and
K conservative completeness limits of 17 and 16,
repectively) were obtained.

The above described catalogues are not mutually ex-
clusive. Respective YSOs were identified using these in
Section 3.1.

2.4. H2 narrow-band imaging

Narrow-band imaging in the 2.12 µm H2 (v=1–0) S(1)
filter and broad band imaging in the K ′ for continuum
subtraction was obtained for a 19′×14′ region centered
on the W40 embedded cluster. These data were obtained
with the Calar-Alto 3.5 m telescope during the night of
2001 June 13 using the Omega Prime camera. The cam-
era used an HgCdTe detector with 1024×1024 pixels with
a plate scale of 0.39′′ pixel−1 resulting in a 6.75′×6.75′

FoV. Observations were carried out using a 9 point jitter
pattern. The exposure time was 30 s and 3 s - per jit-
ter pointing - in the NB2122 and K ′ filters respectively,
resulting in total integration times of 180 s and 18 s per
pixel, respectively. Standard image reduction of dark
subtraction, flat-fielding and sky-subtraction was carried
out for each pointing. The K ′ images were psf matched
and scaled to the H2 narrow-band image to perform con-
tinuum subtraction.

2.5. Herschel Archival Data

Herschel Space Observatory, a 3.5 m telescope, was
launched to carry out observations in the wavelength
range 51-670 µm using the instruments Photodetector
Array Camera and Spectrometer (PACS), SPIRE, and
HIFI (Pilbratt et al. 2010). We obtained the publicly
available level2 5 processed archival data for PACS 100
µm (3.2′′ pixel−1) and 160 µm (6.4′′ pixel−1) bands - ob-
tained as part of the Proposal ID:KGBT pandre 1. The
“MADmap”(Cantalupo et al. 2010; Waskett et al. 2007)
processed products are used, as opposed to “PhotPro-
ject” processing, since our aim is to analyse extended
features in the region. A detailed overview of procedures
involved, data reduction pipeline, and data products is
available on the Herschel website 3 4 We use the im-
ages to examine the filamentary structures vis-a-vis the
distribution of YSOs and radio continuum emission.

3 http://herschel.esac.esa.int/Data Processing.shtml
4 http://herschel.esac.esa.int/Data Products.shtml

TABLE 1
Details of GMRT Observations

1280 MHz 610 MHz

Date of Obs. 2011 Nov. 15 2011 Nov. 18
Phase Center α2000=18h31m15.75s α2000=18h31m15.75s

δ2000=-02o06
′
49.30

′′
δ2000=-02o06

′
49.30

′′

Flux Calibrator 3C286, 3C48 3C286, 3C48
Phase Calibrator 1822-096 1822-096
Cont. Bandwidth 32 MHz 32 MHz

Primary Beam 24
′

43
′

Resolution of maps

used for fitting 45.84
′′×44.40

′′
44.11

′′×40.67
′′

Peak Flux Density 0.45 Jy/beam 0.35 Jy/beam
rms noise 6.34 mJy/beam 5.52 mJy/beam

Total Integrated
Flux Density

within 4σ area 7.55 Jy 4.07 Jy
Integrated Flux
Density within
50′′ radius of

IRS 5 radio peak 109 mJy 121 mJy

2.6. Radio Continuum Observations

New radio continuum observations are obtained using
the Giant Metre-wave Radio Telescope (GMRT) in two
bands centered at 1280 MHz and 610 MHz. Data was
obtained on 2011 November 15, and 2011 November 18
(Project ID 21 015), respectively, the details of which are
given in Table 1. The GMRT array consists of 30 anten-
nae located in an approximately Y shaped configuration.
Each antenna has a diameter of 45 m. A central region of
about 1 km × 1 km consists of 12 (randomly distributed)
antennae, while the rest are distributed along three ra-
dial arms (6 along each arm) upto a distance of ∼ 14 km.
It results in a baseline of ∼ 100 m–25 km, providing sen-
sitivity to features . 8

′
and 17

′
in the 1280 MHz and

610 MHz bands, respectively. Details about the GMRT
array can be found in Swarup et al. (1991).

Data reduction was carried out with the AIPS soft-
ware. Bad data were flagged using AIPS tasks “TVFLG”
and “UVFLG”. Multiple rounds of flagging and cali-
bration were done to improve the calibration succes-
sively. Calibrated object data (W40) was subsequently
split from the raw file (which contains phase and flux
calibrator data also), following which low resolution (∼
45

′′× 45
′′
) images were finally made using facet imaging

with the help of the task “IMAGR”. A few rounds of
(phase) self-calibration were carried out to remove the
ionospheric phase distortion effects.

3. YOUNG STELLAR POPULATION

3.1. Identification of YSOs

The YSOs were identified using sources detected in
IRAC bands first, followed by using the catalogue of
sources with detections in NIR and IRAC bands, and
lastly using the NIR catalogue of sources. Following is
an elucidation of the set of steps followed :

• Identification of YSOs from the IRAC data was ac-
complished by computing the IRAC spectral index
for the sources with detections in all four IRAC
bands (i.e sources from Ch1-Ch2-Ch3-Ch4 cata-
logue; see Section 2.3). The IRAC spectral index
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Fig. 2.— (a) Histogram of IRAC spectral index of sources. The boundary of Class I and Class II sources has been marked with vertical
grey dashed lines. (b) NIR/IRAC CC plot showing the location of Class I and Class II sources, with areas demarcated (by black dashed
and solid lines) using the procedure of Gutermuth et al. (2009). The filled black circles mark the sources identified. (c) J-H/H-K CC
diagram for the region. Solid blue line is the CTTS locus from Yasui et al. (2008). Red curve marks the locus of the dwarfs from Hewett et
al. (2006). Dashed green lines are the reddening vectors, drawn (starting from the turning point, and the low-mass end of dwarf locus; and
upper end of CTTS locus) using the reddening laws from Rieke & Lebofsky (1985). Three regions - ‘F’ , ‘T’ , and ‘P’ mark the location
of different classes of YSOs. The horizontal grey dot-dashed line has been drawn at J − H = 0.89. All points are in MKO system. (d)
H/H-K CM diagram for the NIR sources with detections in only H and K bands. The grey vertical line (at H-K = 1.5) marks the cut-off
upwards of which YSOs have been selected.

(αIRAC = d log(λFλ)/d log(λ); Lada 1987), for
each source, was calculated using linear regression.
Thereafter, using the spectral index limits as given
in Chavarŕıa et al. (2008) (Class I : 0 < αIRAC ,
and Class II : -2 ≤ αIRAC ≤ 0), sources were clas-
sified into Class I and Class II categories (see Figure
2(a)).

• H-K-Ch1-Ch2 cross-matched catalogue (see Sec-
tion 2.3) was used for the identification of addi-
tional Class I and Class II sources using the classi-
fication scheme of Gutermuth et al. (2009, 2010, see
their Appendix A - Phase 2). For this, the dered-
dened (K-[3.6]) and ([3.6]-[4.5]) colours, calculated
using the colour excess ratios from Flaherty et al.
(2007), were used. As is stated in Gutermuth et
al. (2009), to filter out possible dim extragalactic
contaminants, we also applied the limits on dered-
dened Ch1 band magnitude to be ≤ 15 and ≤ 14.5
for Class I and Class II categories, respectively. We

used the average extinction value estimated in Sec-
tion 3.2) (converted to AK using Rieke & Lebof-
sky 1985) to calculate the extinction for Ch1 band
in this region, and thus intrinsic Ch1 magnitudes,
to impose this condition. The reddening law from
Flaherty et al. (2007) for Serpens (since it is clos-
est to our region) was used for this purpose. Figure
2(b) shows the location of these Class I and Class
II sources - which have been marked as filled black
circles - on the (K -[3.6])o vs. ([3.6]-[4.5])o CC dia-
gram.

• In the next step, the J-H-K photometric catalogue
was used as follows. For the sources in this cat-
alogue, a J-H/H-K CC diagram was constructed.
Figure 2(c) shows the NIR J-H/H-K CC diagram.
The Classical T-Tauri Star (CTTS) locus (blue
line) was taken from Yasui et al. (2008) (which is
derived from Meyer et al. 1997), while the locus for
dwarfs (red curve) in MKO system was taken from
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TABLE 2
YSOs identified in the FoV

RA Dec J H K [3.6] [4.5] [5.8] [8.0] Class
(J2000) (J2000) (mag) (mag) (mag) (mag) (mag) (mag) (mag)

277.635620 -2.305891 14.637 ± 0.038 11.474 ± 0.025 9.499 ± 0.025 8.417 ± 0.002 8.249 ± 0.002 7.810 ± 0.004 7.860 ± 0.004 Class2
277.638031 -2.118266 · · · · · · · · · 11.351 ± 0.006 10.719 ± 0.006 10.156 ± 0.016 9.422 ± 0.016 Class2
277.638184 -2.349572 14.582 ± 0.048 11.551 ± 0.025 9.273 ± 0.020 7.709 ± 0.001 6.973 ± 0.001 6.402 ± 0.002 6.179 ± 0.001 Class2
277.638580 -2.190570 · · · · · · · · · 10.309 ± 0.004 9.623 ± 0.003 8.998 ± 0.009 8.210 ± 0.004 Class2
277.641449 -1.932326 · · · 14.189 ± 0.002 12.462 ± 0.001 · · · · · · · · · · · · Class2
Note. — Only a portion of the table is shown here. The complete table is available in electronic form as part of the online material.

Hewett et al. (2006). Similar to Yasui et al. (2008),
the reddening laws of Rieke & Lebofsky (1985)
(AJ/AV = 0.282, AH/AV = 0.175, and AK/AV =
0.112) were used. The dashed green lines show the
reddening vectors. The sources which were located
in the ‘T’ and ‘P’ regions - similar to the method
of Ojha et al. (2004a,b), Lada & Adams (1992) -
were taken as NIR Class II/III sources. There may
be an overlap between the Herbig Ae/Be stars and
Class II sources in this ‘T’ region (Hillenbrand et
al. 1992). To decrease any contamination in the
‘P’ region, we took only those sources which were
above J −H = 0.89 threshold.

• Additionally, those NIR sources detected only in
the H and K bands (i.e. using the H-K catalogue
from Section 2.3) were also used to identify YSOs
using the H/H-K CM diagram (Figure 2(d)). From
the H/H-K CM diagram, only the sources with an
IR excess upwards of H-K = 1.5 were selected.
This cut-off was chosen as - in the CM diagram
- it marks a clear low density gap between the field
sources branch and the YSOs’ branch. CM dia-
grams of nearby non-nebular regions also show the
sources in those regions (i.e. the field sources) to be
confined below this value. YSOs selected using the
NIR photometry mostly fall into the Class II/III
category.

The YSOs selected from each of the above steps are not
mutually exclusive and there are overlapping YSOs be-
tween various methods. The selected YSOs were hence
merged (with the class of a YSO taken as what it was
identified as first in the above order of steps) to obtain a
final catalog of 1202 YSOs, of which 40 are in the Class
I category and 1162 in the Class II/III category. The
central high-mass IRS sources (1A South, 2B, 3A, and
5) were detected as Class II in the above set of steps, but
were expunged from the YSO catalogue as they have al-
ready been identified as main-sequence sources by Shup-
ing et al. (2012). Table 2 gives the YSOs detected in
the FoV. A sample of Table 2 is given here, whereas the
complete table is available in electronic form as part of
the online material.

3.2. Extinction in the Region

The NIR photometry from the new WFCAM data is
deeper by two magnitudes compared to the 2MASS data.
The NIR J-H/H-K CC diagram of the region was used
to select the reddened MS sources. Sources in the ‘F’ re-
gion (see Figure 2(c)), which were not classified as YSOs
in Section 3.1, were selected for this analysis (a total of

Fig. 3.— Visual extinction map of the region calculated using
median value of 20 nearest neighbours. The (AV ) contours are
drawn from 12 to 20 mag, with steps of 2 mag. The star symbols
mark the location of central high-mass stars. Arrows indicate the
locations of filamentary structures

.

10011 sources used here). We estimated the average vi-
sual extinction in the region by using a method similar
to the Near-IR-Colour-Excess (NICE) method of Lada et
al. (1994); Kainulainen et al. (2007); Ojha et al. (2004a).
First, the (H-K) colour excess for each of the selected
sources was calculated by dereddening them, along the
reddening vectors, to the dwarf locus which was approxi-
mated by a straight line asymptote. AV , for each source,
was subsequently calculated using the reddening laws of
Rieke & Lebofsky (1985).

The dereddenned extinction values were used to pro-
duce an extinction map of the region as shown in Figure
3. In producing this extinction map, at each position on
the regular grid, a median extinction from the 20 valid
nearest neighbours was computed. The choice of me-
dian instead of average value is because median works
like an outlier rejection. Figure 3 displays two distinct
features : a) a low extinction cavity around the ionizing
stars, and b) higher extinction towards west and north.
The filamentary structures (whose locations have been
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Fig. 4.— Surface Density contours of the region. (left) Made using 50 nearest neighbours and overlaid on PACS 160 µm image. The
contours are drawn at 40, 70, 100, 130, 200, 300, 400, 500, and 600 YSOs pc−2. (right) Made using 20 nearest neighbours and overlaid on
IRAC 3.6 µm image. The contours are drawn at 25, 50, 75, 100, 150, 275, 400, 525, and 650 YSOs pc−2. The arrow marks a prominent
compact nebula (see text). The star symbol in both the figures marks the location of IRS 1A.

marked with arrows) are partially traceable (with the
one along north-east much more distinct than the one
towards south). Although the filaments are found to be
very dense from PACS 160 µm emission (see Section 4.1),
the extinction map fails to reproduce the same result be-
cause the NIR data is not deep enough to effectively de-
tect many stars behind the filament. The depth of the
NIR data is nevertheless good enough to trace extinctions
of the order of AV ∼ 20 mag, which is the maximum value
found along the north-eastern filamentary structure and
northern regions.

The average extinction of the diffuse low density rem-
nant cloud covering most of the W40 H ii region is found
to be AV ∼ 15 mag. Note that the low extinction cavity
around the IRS sources in Figure 3 displays AV ≤ 12 mag
which agree well with the previous extinction estimates
for the dominant IRS sources (AV ∼ 8-10 mag) in the
region (Smith et al. 1985; Shuping et al. 1999; Rodŕıguez
et al. 2010).

3.3. Surface density

We carried out the YSO surface density analysis of the
region using the nearest neighbour (NN) method (Caser-
tano & Hut 1985; Schmeja et al. 2008; Schmeja 2011).
Figure 4 shows contours for 50 and 20 NN density over-
laid on PACS 160 µm image and IRAC 3.6 µm image,
respectively. A large value of NN is used to examine large
scale structures, while a lower value of NN is more sen-
sitive to smaller-scale density variations and is used to

trace sub-structures. This can be thought of some kind
of smoothing process. Here, the 50 NN density contours
are fairly circularly symmetric, and were thus used to
calculate the cluster radius (as opposed to using 20 NN
map). The dense central region for 50 NN map was fitted
by a Gaussian profile whose FWHM comes out to be ∼ 3′

(∼ 0.44 pc at a distance of 500 pc). There are 170 YSOs
(from Section 3.1) within this cluster radius. The 20
NN density contours (being more sensitive to local den-
sity fluctuations) reveal the sub-structures of the cluster.
The contours mirror the filamentary structures to a con-
siderable degree showing that the filaments also contain
YSOs, albeit at low densities. The centers of both 50 and
20 NN density contour maps are coincident with IRS 1A.
Figure 5 shows the cumulative frequency distribution and
the histogram for the 20 NN and 50 NN distances in solid
black line/curve and dark-grey dotted line/curve, respec-
tively. As is expected, each feature (kink, peak, dip, etc)
which is observed in 50 NN histogram/frequency polygon
at, say, “x” NN distance, is observed at ∼ “x/2” NN
distance in 20 NN histogram/frequency polygon. The
cluster radius has been marked in vertical dashed line.
The cluster radius seems to be near an inflection point
in the rising portion of the 50 NN frequency polygon.

3.3.1. Comparison with other regions

Schmeja et al. (2008) have carried out an analysis of
clusters in nearby star-forming regions - Perseus, Ser-
pens, and Ophiucus molecular clouds - using Spitzer
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Fig. 5.— (left) The frequency polygon for the cumulative frequency distribution of the nearest neighbour (NN) distances, and (right) the
histogram of the NN distances. The NN distances are in arcminutes. The solid black line/curve is for 20 NN distances, while the dark-grey
dotted line/curve is for 50 NN distances. The binsizes taken are 0.10 and 0.20 for 20 NN and 50 NN, respectively. The vertical grey dashed
line marks the cluster radius as calculated from 50 NN map in Figure 4.

data. The cluster peak for the W40 region (∼ 650
pc−2 for 20 NN) seems to be much higher than the
clusters in these molecular clouds, except for that in
Serpens Core(A) (which is 1045 pc−2), and compara-
ble to L1688 in Ophiucus (which is 509 pc−2); while
the cluster radius is much smaller (at least a factor
of ∼ 0.5 or more lesser) than all of them, except for
that of Ophiucus Centre cluster (which has a radius
of 0.52 pc). From the compilation of Lada & Lada
(2003) for different clusters (though it must be kept
in mind that this is pre-Spitzer and mostly just using
NIR), we can see that among the few clusters at similar
distances and with similar cluster radii (e.g. L1641N,
L1641C, MWC 297, S 106), the star count is mostly
much lower than for W40 region (which is 170). Even
among regions at larger distances and similar radii (e.g.
01546+6319, 02407+6047, 02497+6217, 02541+6208,
IRAS 06068+2030, IRAS 06155+2319, MWC 137), the
star counts are much lower.

3.4. Spatial distribution and various features

The YSOs are not in particular found to be correlated
with the lobes of the bipolar nebula, suggesting that the
bipolar nebula is relatively young, and not enough ma-
terial has accumulated along the edge of the lobes to
lead to star formation. There appears to be a prominent
compact nebula (marked with a black arrow on 3.6 µm
image in Figure 4) located at the edge of the southern
lobe. The source associated with this compact nebula
was not classified as any YSO (though there are Class
II/III YSOs in its vicinity). It is likely to be a reflection
nebula illuminated by the embedded star, and seems to
have been overrun by the expanding southern wall of the
bipolar nebula.

Figure 6 shows the zoomed-in view of the central re-

gion with overlaid YSOs. Class I and Class II/III sources
have been marked in blue squares and green circles, re-
spectively. While Class II/III sources are distributed
throughout the image, the Class I sources are located
mostly along the filamentary structures extending upto
beyond the cluster radius (details in Section 4.1). Ad-
ditionally, protostars and starless cores from Maury et
al. (2011) have been marked in blue diamond symbols
and crosses, respectively. We would like to note here
that none of the Class 0/I sources or starless cores from
Maury et al. (2011) had any YSO counterpart from our
analysis within 1′′ matching radius, probably because
these Maury et al. (2011) sources are younger (and/or
are oriented edge-on) as opposed to the YSOs identified
in Section 3.1 which are Class I or Class II/III sources. It
is possible that smoothing by Maury et al. (2011) to 13′′

beam - while we are only matching upto 1′′ here - might
be the cause of mismatch. Moreover, the classification by
Maury et al. (2011) is using envelope mass vs. bolometric
luminosity diagram, inducing further uncertainty.

The high-mass IRS sources have been marked with ar-
rows and labelled. IRS 1A South - the main ionizing
source - was found, using CC/CM diagrams, to exhibit
an IR excess emission. This could be because it is located
in the central region surrounded by high density mate-
rial. IRS 2B, 3A, and 5 (other high-mass sources, but
of comparatively much lower mass than 1A South) were
found to have a negative SED slope, with the respective
spectral indices being ∼ -1 for IRS 2B, -0.4 for IRS 3A,
and -1.9 for IRS 5.

3.4.1. IRS 5 nebular region

Another noticeable feature is the arc-shaped nebula
around the IRS 5 high mass source. Shuping et al. (2012)
have estimated the spectral type of this source as B1



Star Formation in W40 9

39 18:31:24 09

0
2

:0
0

0
4

:0
0

-2
:0

6
:0

0
0

8
:0

0

RA (J2000)

D
e

c
 (

J
2

0
0

0
)

5

3A

2B
1A-S

Fig. 6.— Colour composite image of the zoomed-in central region using IRAC 8.0 µm (red), 4.5 µm (green), and 3.6 µm (blue) images.
The high-mass IRS sources (1A-South, 2B, 3A, and 5) have been marked by black arrows, while the 12CO(J=1-0) peaks (Zeilik & Lada
1978; Smith et al. 1985) have been marked by black plus symbols. Green circles and blue squares denote the Class II/III and Class I
sources, respectively. Blue diamond and blue cross symbols denote protostars and starless cores, respectively, from Maury et al. (2011).
The white rectangle denotes possible “hub” region (see Section 4.1).

type. The protostars and starless cores from Maury et
al. (2011) seem to be distributed along the circumference
of this arc-shaped nebula. This probably indicates that
material has been pushed by the expansion of H ii region
of IRS 5 and collection of dense material due to it has led
to the formation of these protostellar sources and cores.

3.4.2. Bright-Rimmed Clouds

The zoomed-in central region shown in Figure 6 with
overlaid sources shows the presence of manifold bright-
rimmed cloud (BRC) like structures with all their ‘heads’
pointing in almost the same direction - towards the center
- suggestive of the fact that they could have been carved
out by the radiation of central high-mass star(s); though
alternatively, these illuminated bright-rims might just be
the borders of normal density filaments carved out by
the ionizing radiation and hence pointing towards the
central region. There are very few YSOs associated with
the heads of these BRCs, unlike what has been observed
in many regions (Ogura 2010; Chauhan et al. 2009).

3.4.3. Comparison with Hα emission

Figure 7 shows a colour composite image made using
PACS 160 µm (red), IRAC 3.6 µm (green), and Hα im-
age (blue) from SuperCOSMOS Hα survey (Parker et

al. 2005). The dashed white box in the image marks
the IRS 5 arc-shaped nebular region. The image shows
the current star formation activity (traced by Hα emis-
sion) vis-a-vis the dispersed molecular material by the
high-mass sources (traced by PAH in 3.6 µm band). As
can clearly be seen, there is no correlation between Hα
emission and the 3.6 µm emission; though this could par-
tially be the effect of variable extinction. The Hα emis-
sion regions are also not correlated with the location of
our detected YSOs. Hα is mainly present in the IRS 5
nebular region, and in selected portions to the south of
the midriff. Some of the Hα emission is correlated with
BRCs and the so-called elephant trunks (to the east).
It is likely that the stellar objects in these Hα emission
regions are in extremely young stages.

3.5. Estimating masses

We determined the mass of the cloud within the cen-
tral cluster radius and the IRS 5 region using the extinc-
tion map, assuming the empirically determined gas-to-
dust ratio of 〈N(H2)/AV 〉 = 0.94× 1021 molecules cm−2

mag−1 (Ciardi et al. 1998; Lilley 1955; Jenkins & Savage
1974; Bohlin et al. 1978). This expression has been de-
rived assuming that the total-to-selective extinction ra-
tio (RV ) is 3.1, and that most of the gas is in form of
molecular hydrogen (Frerking et al. 1982; Krumholz et
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Fig. 7.— Colour composite image made using PACS 160 µm
(red), IRAC 3.6 µm (green), and Hα image (blue). Dashed white
box shows the IRS 5 nebular region.

al. 2011). For the central cluster region (which has a ra-
dius of 3′ centered on IRS 1A), first the column density
at each pixel (of size 20′′ ) was determined using the AV

value in that pixel. Thereafter, column density values in
all the pixels within the cluster area were integrated to
obtain the total mass in that area. Same method was
used to calculate the mass of the IRS 5 region - with the
area taken as that extending from the edge of the cen-
tral cluster circumference till approximately the edge of
the arc-shaped nebula. The areas used for the calcula-
tion of masses in the central cluster and the IRS 5 region
are mutually exclusive. The resulting masses obtained
for the central cluster region and IRS 5 region were ∼
126 M� and ∼ 71 M�, respectively. These estimates are
most likely lower limits as a not unsignificant fraction of
the molecular gas might have been expelled during the
course of evolution of the cluster. Also, some of the gas
will be present in form of the ionised gas. Another caveat
to be kept in mind is that RV can, in general, have wide
variations (Mathis 1990).

4. MORPHOLOGY OF THE REGION

4.1. Filamentary Structures

Figure 8 shows Herschel PACS 160 µm image of the
larger region (∼ 45.5′× 63.0′) with overlaid YSOs, and
radio sources (in green plus symbols) from Pirogov et al.
(2012). The location of the molecular clump TGU 279-
P7 from Dobashi et al. (2005) has been marked in a
green cross. Apart from the circular lobes which join
at the midriff, filamentary structures are also seen em-
anating towards north-eastern and southern directions
from the central region. In Figure 8, three prominent
parsec-scale filaments, marked on the image, can clearly

3

1

2

1 pc

N

E

Fig. 8.— Herschel PACS 160 µm image overlaid with the
youngest sources in the region. Cyan diamond and cyan cross sym-
bols denote protostars and starless cores, respectively, from Maury
et al. (2011). Green square symbols denote Class I sources. Promi-
nent filaments have been marked with arrows and labelled. Green
plus symbols mark the radio sources from Pirogov et al. (2012).
Green cross marks the location of the molecular clump TGU 279-
P7 from Dobashi et al. (2005). White dashed box marks the area
of our analysis in the paper.

be made out. Due to high extinction in the region and
by virtue of their intrinsically dense nature, the filamen-
tary structures start becoming visible in emission only
at Herschel PACS 100 and 160 µm bands and at submil-
limeter SPIRE wavelengths (see Könyves et al. 2010, for
the image of the larger region encompassing W40). They
can also be seen in absorption against the dominant PAH
(plus the continuum) emission at 11.3 µm and 12.7 µm
in WISE 12 µm band image (not shown here).

Filament 1 is about & 2.4 pc long, and seems to be
splitting into two parts near the midriff where it ploughs
into the cloud. Possible signatures are the two bow
shocks (the southern portion of filament 1, marked with
an arrow) visible here (also see Figure 4(left) for clar-
ity). Filament 2, which is comparatively diffuse, extends
upto & 1.2 pc to the north of the central region, where
it bifurcates into a filament to the north (& 1.6 pc in
length) and the other to the west (& 1 pc in length).
Filament 3 is the longest visible structure, extending for
& 3 pc from the western part of the central region, and
seemingly cutting across the southern lobe of the bipolar
nebula. According to the column density map of Könyves
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Fig. 9.— Continuum-subtracted 2.12 µm H2 narrow-band image of the region in inverted grey-scale, with overlaid PACS 160 µm contours.
The prominent features have been marked.

et al. (2010), the value throughout - for all the three fila-
mentary structures - is of the order of NH2

∼ 1022 cm−2.
The filamentary structures are also seen in dust temper-
ature as well as extinction maps (Bontemps et al. 2010,
see their Figures 1 and 3).

Figure 8 also shows overlaid YSOs, with Class I
sources, protostars, and starless cores marked in green
squares, cyan diamond symbols, and cyan crosses, re-
spectively. As can be seen on the image, most of the
sources seem to be distributed along two radially out-
ward filaments 1 and 3 from the central region which has
a concentration of these YSOs. Filament 2 hardly con-
tains any of these youngest sources, probably because of
its diffuse nature, suggesting that it is most likely still
not Jeans critical.

Myers (2009) had proposed a hub-filament model ac-
cording to which a central ‘hub’ with a column density of
∼ 1022 cm−2 radiates filaments which can be seen upto a
column density of∼ 1021 cm−2. It was suggested that the
hub should have a minimum surface density of 25 YSOs
pc−2. The filamentary structures of the W40 region re-
semble this hub-filament structure. A possible ‘hub’ re-
gion is marked in Figure 6 by a white rectangle. This
‘hub’ region has a stellar density of ∼ 358 YSOs pc−2

(total number of YSOs divided by total area), while the
mean column density over this hub region is NH2

∼ 1.8
× 1022 cm−2 (Maury et al. 2011). Among the sources

from our analyses and literature, a total of 12 Class I
sources, 6 protostars, and 126 Class II/III sources are
located in this ‘hub’ . This translates to the fraction of
youngest sources (Class I/protostars) being ∼ 0.125, and
thus, according to the criteria used by Myers (2009) (that
this fraction should be ≥ 0.1), this region can be deemed
“young”.

There are filaments to the west of this bipolar nebula
which are a part of Serpens South cluster (not shown
here). Though they appear to be spatially correlated
with W40 region, this could be a projection effect; as the
distance to Serpens South is about 260 pc (Nakamura
et al. 2011), while the distance to W40 - though with
varying values based on different techniques - has been
estimated to be about 500 pc (Shuping et al. 2012).

4.2. H2 narrow-band

In Figure 9 we display the continuum-subtracted H2

narrow-band image using inverted grey scale. The
brightest emission from the Herschel PACS 160 µm im-
age is overlayed using dashed contours. Several impor-
tant features are marked on this figure which are ex-
plained below. Comparing H2 emission with 160 µm
contours indicates that most of the observed H2 emission
traces the boundaries of filaments and dense gas traced
by the 160 µm contours. The H2 emission also reveals a
faint bipolar shaped cavity centered on the W40 embed-
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Fig. 10.— Spitzer 3.6 µm image overlaid with early type sources, YSOs and radio contours. 1280 MHz and 610 MHz contours have
been marked in black and cyan, respectively. White squares with respective labels denote the early type stars in the region from Shuping
et al. (2012). Plus symbols mark the 12CO(J=1-0) peaks (Smith et al. 1985). Blue diamond and blue cross symbols denote protostars and
starless cores, respectively, from Maury et al. (2011). Green square symbols denote Class I sources. 1280 MHz contours are drawn at 4, 6,
8, 10, 15, 20, 25, 30, 50, 60, and 70 σ (∼ 6.34 mJy/beam), while 610 MHz contours have been drawn at 4, 5, 7, 10, 20, 25, and 30 σ (∼
5.52 mJy/beam).

ded cluster. The northern lobe of this cavity is clearly
brighter than the southern lobe, however, the 160 µm
emission is also stronger in this northern region. BRCs
can be seen along the southern boundary of this bipo-
lar shaped cavity in IRAC images (see Figure 6). The
morphology of the observed H2 emission features are in-
dicative of fluorescent excited emission in most of the ob-
served field. We note that the arc-shaped bipolar cavity
in the northern region, partially surrounding the IRS 5
source, is also the region where several starless cores were
mapped by Maury et al. (2011) (see Section 3.4). It may
therefore represent a dense shell swept by the radiation
from the central embedded cluster. While the lack of
collimated bipolar features indicate absence of shocked
emission in general, confirmation of the fluorescent or
shocked nature for the diffuse H2 emission is not possi-
ble without obtaining spectroscopic observations.

4.3. Radio Morphology

Figure 10 shows the Spitzer 3.6 µm image of the cen-
tral portion of the W40 region. Overlaid are the 610 MHz
and 1280 MHz radio contours from GMRT. The early-
type stars in the region - IRS 1A South, 2B, 3A, and 5
have been marked with white squares and labelled. The
12CO(J=1-0) peaks from Smith et al. (1985) have been

marked with plus symbols. It can clearly be seen that
one of the 12CO(J=1-0) peaks lies at the western edge
of the H ii region. The 13CO(J=2-1) and 13CO(J=3-
2) maps from Zhu et al. (2006) also reveal the pres-
ence of molecular cloud to the west of ionizing region.
This molecular cloud to the west of the H ii region has
also been observed in various molecular lines and in con-
tinuum at millimeter wavelengths (Pirogov et al. 2013).
The region thus appears to be density bounded to the
west as is evidently borne out by the CO isotopologues’
peaks. But, there is no such constraint towards the east,
leading to the proliferation of ionizing photons towards
this direction. This is indicative of blister morphology,
also referred to as champagne flow (Tenorio-Tagle 1979;
Whitworth 1979), in the region. The radio contours de-
picted on the image also support this blister morphology
for the region, with the head of the ionized flow towards
the west (density-bounded), and an extended emission
towards the east. The peak of 1280 MHz H ii emission
is about 1.24

′
to the south-west of the peak at 408 MHz

from Goss & Shaver (1970), but this could be due to their

lower beamsize (∼ 3
′
). As can be seen in Figure 10, there

are no Spitzer Class I YSOs near this peak, only Class
0/I sources or starless cores from Maury et al. (2011) are
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seen. Also, one of the Class 0/I sources from Maury et al.
(2011) coincides with the 1280 MHz radio peak. This is
a probable indication of some high-mass star formation
going on in this region, which is also supported by the
outflow seen by Zhu et al. (2006). The timescale of the
outflow from Zhu et al. (2006) (∼ 6 × 104 yr) is of the
order of the age estimate from Maury et al. (2011) (∼
4-9 × 104 yr) of Class 0/I sources. However, it is plau-
sible that the “outflow” observed by Zhu et al. (2006)
might simply be the material swept-up and pushed into
the bipolar shaped nebula. The H ii emission does not
extend all the way up to the edge of the bipolar lobes
(which marks the edge of the photo-dissociation region)
or trace them at GMRT sensitivity levels. The extent
of the central H ii region is almost same as the cluster
radius at half-peak surface density (see Section 3.4 and
Figure 4), which is expected. The central ionizing region

is limited to ∼ 2
′

(∼ 0.29 pc) on either side of the midriff
of the bipolar lobes. Though isolated, non-thermal radio
emission sources have been discovered by Pirogov et al.
(2012) (see Figure 8), it seems unlikely that they are re-
lated to the W40 region due to their non-thermal nature.
Another feature of note is the sub-region around IRS 5
which shows distinct radio emission with a roughly cir-
cularly symmetric ionisation region around this source.

4.4. Overall Structure

The presence of these various morphological structures
support the schematic for this region by Vallee (1987, see
their Figure 2). The high-mass stars formed are probably
located at the edge of the parental giant molecular cloud
towards the observer, and as these sources have ionized
the natal medium, the whole H ii region has broken out of
the parental cloud. The filaments seem to be emanating
from the midriff of the W40 region. This suggests that
the density was high along the equatorial axis, as com-
pared to the polar directions, leading to a high density
contrast. Thus the Lyman continuum radiation has es-
caped along the polar directions, flinging the ionised gas
(which forms the bipolar nebula) partially towards the
observer. This flung-off material seems to have encoun-
tered more resistance towards the north - as seems likely
by the smaller diameter of the northern lobe, more ex-
tincted regions towards the north, and brighter 160 µm
emission from the northern lobe (see Figures 8). This
probably indicates that the main body of the cloud lies
to the north of the W40 midriff region. The initial ori-
entation and location of the high-mass stars seem such
that this presence of molecular cloud to the north has
proven harder to disrupt, while the southern thin shell
of molecular material (between the high-mass stars and
the ISM) has been blown away relatively easily. We note
that the southern lobe could be appearing larger than
the northern lobe due to the projection effect from the
viewing angle, i.e. the region might not be being viewed
exactly face-on, but from a non-zero inclination angle. As
has also been evidenced in Beaumont & Williams (2010)
for various other regions, these northern and southern
lobes could be more like rings than spheres, opening up
the possibility that the molecular cloud could be oblate
or sheet-like. The morphology of the filamentary struc-
ture shows its complete extent till the filaments join the
central region. Since the filaments can be seen right till
they join the midriff, they are most likely in front of the

progenitor molecular cloud.

5. PHYSICAL PARAMETERS

5.1. Overall Region

Radio continuum observation data was used to derive
the characteristic physical parameters like emission mea-
sure, electron density, dynamical age, and strömgren ra-
dius for the region. Since this region contains multiple
radio sources (Rodney & Reipurth 2008), we carried out

a global analysis using the low resolution images (∼ 45
′′×

45
′′
) to get an estimate of the parameters. Integrated flux

density was calculated for both the frequencies within 4σ
contours using the AIPS task “TVSTAT”; giving us a
value of 4.07 Jy and 7.55 Jy at 610 MHz and 1280 MHz,
respectively. Thereafter, using the model for free-free
emission of Mezger & Henderson (1967), the flux density
in a region is given by (adapted from Mezger et al. 1967):

Sν = 3.07× 10−2Teν
2Ω(1− e−τ(ν)) (1)

τ(ν) = 1.643× 105aT−1.35e ν−2.1n2el (2)

where, Sν is the integrated flux density in Jy, Te is the
electron temperature of the ionized core in K, ν is the
frequency in MHz, ne is the electron density in cm−3, l
is the extent of the ionized region in pc, τ is the optical
depth, a is the correction factor, and Ω is the solid an-
gle subtended by the beam in steradian here. n2el, called
the emission measure, measures the optical depth in the
medium (in cm−6 pc). For our calculation, we took Te
to be 8500 K (Shaver & Goss 1970; Quireza et al. 2006),
and thus the correction factor a as 0.99 (Mezger & Hen-
derson 1967, Table 6). Using the two data points for 610
MHz and 1280 MHz, we fit the above equations using
a non-linear regression with emission measure (n2el) as
a free parameter (Figure 11(a)). This yielded the value
of emission measure as 1.63 ± 0.09 × 106 cm−6 pc. The
extent (l) of the central H ii region is approximately 7.0

′
,

equivalent to about 1.02 (± 0.41) pc at a distance of 500
(± 200) pc; and thus the electron density turns out to
be ∼ 1265 ± 218 cm−3 for this central region.

The Lyman continuum luminosity (photons s−1) re-
quired for ionizing the gas was calculated by using the
formulation of Moran (1983, see their Equation 5) for the
optically thin regime. As is evident from Figure 11(a),
610 MHz and 1280 MHz emission lie in the optically thick
and thin regimes, respectively. Therefore, using the flux
density of 7.55 Jy estimated at 1280 MHz, the Lyman
continuum luminosity was calculated to be ∼ 1.67 × 1047

photons s−1. Shuping et al. (2012) have estimated that
the radio emission is dominated by an O9.5 type star
(IRS 1A South, see Figure 10) with a luminosity of 6.3
× 1047 photons s−1. They place an upper limit on the
Lyman continuum luminosity to be 1.6 × 1048 photons
s−1. Smith et al. (1985), using IR and low resolution (∼
11

′
) radio observation of Altenhoff et al. (1970) inferred

a luminosity of ∼ 1.5 × 1048 photons s−1. Our Lyman
continuum luminosity estimate differs by a factor of the
order of unity from the calculated flux of an O9.5 type
star in Shuping et al. (2012) and the tabulated value from
Martins et al. (2005). However, it is about 10% of the
value from Smith et al. (1985) and of the upper limit in
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Fig. 11.— The fitted flux density model (solid line) for (a) the
entire region, and (b) the IRS 5 region. The data points at 610
MHz and 1280 MHz have been marked with black solid circles.

Shuping et al. (2012). This could be because of absorp-
tion of photons by the dust in the region, implying the
presence of dense gas in the central region. As has also
been noticed by Kurtz et al. (1999), presence of dust ab-
sorption can lead to underestimation of radio luminosity.
Arthur et al. (2004) have estimated that dust absorption
can range from 60% upto 96% of the ionizing photons.
Similar underestimation of ionizing flux by radio data has
been observed for other regions in Brand et al. (2011);
Alvarez et al. (2004). The luminosity calculated here,
therefore, is most likely just the lower limit.

In the first stage during the ionization of a region by
massive star(s), the ionization front propagates outwards
leading to an expansion of the H ii region, till an equilib-
rium is reached between the number of ionizations and
recombinations. The radius of the H ii region at this
point, assuming that the ambient medium has spatially
uniform density, is given by (Strömgren 1939) :

Rs =

(
3SLyman
4πn2oβ2

)1/3

(3)

where Rs is called the Strömgren radius (in cm). no is
the initial ambient density (in cm−3), and β2 is the total
recombination coefficient to the first excited state of hy-
drogen. The value of β2, for a Te of 8500 K, was taken to
be 2.94×10−13 cm3 s−1 (Ward-Thompson & Whitworth
2011; Stahler & Palla 2005). In the second stage of ex-
pansion, after the Strömgren radius has been reached,
the shock front overtakes the ionization front due to the
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Fig. 12.— Graph showing the variation of (a) Strömgren ra-
dius and (b) dynamical age with ambient density for the overall
photoionized region.

vast pressure difference between material inside and out-
side of the ionization front. In this stage, the radius of
the H ii region is given by (Spitzer 1978) :

R(t) = Rs

(
1 +

7cIIt

4Rs

)4/7

(4)

where R(t) denotes the extent of the H ii region at
time t, and cII is the speed of sound, taken as 11×105

cm s−1 (Stahler & Palla 2005). Since we have no way
of gauging the initial ambient density (no) of the molec-
ular cloud, we have plotted the parameters for ambient
density ranging from 1000 to 15000 cm−3 to get an es-
timate of the ranges. Figure 12 shows Strömgren radius
(Rs) and dynamical age (t) plotted as a function of initial
ambient density of the medium. Strömgren radius varies
from ∼ 0.17 to 0.03 pc, while the dynamical age varies
from ∼ 0.19 to 0.78 Myr. If we were to take the higher
estimates of SLyman (the values discussed above), then,
for a fixed density, the Rs will increase and the t will
decrease. It should be noted that there is more than one
massive star in the region, and each massive star will
have its own Strömgren radius and age. The multiple
3.6 cm VLA sources found in the region (Rodŕıguez et
al. 2010) will also contribute to the total flux. Also, the
radio morphology is not spherical here. Therefore the
above calculations should be taken as a representative
value for the Strömgren radius and age estimate, and ne
should be taken as the averaged out electron density for
the ionized region.
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5.2. IRS 5 Region

Since radio emission around IRS 5 source is distinct
from the rest of the morphology (see Figure 10), we can
carry out a separate calculation to determine the phys-
ical parameters around this source. For this, we first
determined the 610 MHz and 1280 MHz integrated flux
density in this region in a circle of 50′′ radius centered at
the peaks of respective frequencies. This yielded a flux
density of 121 and 109 mJy for 610 MHz and 1280 MHz,
respectively. Rodŕıguez et al. (2010) have detected IRS
5 source using VLA observations at 3.6 cm. However,
they calculated a flux of 0.92 mJy for sub-arcsecond area,
while here we are concerned with the extended emission.
Another VLA source from Rodŕıguez et al. (2010, Source
2 in their Table 2) lies close to the IRS 5 source. How-
ever, it has a flux of 0.90 mJy (at 3.6 cm), and is hence
insignificant for our calculation here. Following a similar
set of steps as above (Section 5.1), we determined the
emission measure by fitting the free-free emission SED
(see Figure 11(b)) to be ∼ 2.01 ± 0.04 × 104 cm−6 pc.
The extent of radio contours for this region is ∼ 100′′ (∼
0.24 ± 0.10 pc at a distance of 500 ± 200 pc) which gives
the electron density as ∼ 288 ± 55 cm−3.

We estimated the Lyman continuum luminosity using
the formulation of Moran (1983) and 1280 MHz data
point as in Section 5.1 (in this case, since 610 MHz data
point is in the optically thin regime too, it yields similar
value), which results in a value of ∼ 2.40 × 1045 pho-
tons s−1. Comparing log(Lyman continuum luminosity)
(45.38) with the tabulated values from Panagia (1973,
Table II), we get the most probable spectral type of IRS
5 as B1V, in agreement with the values from Shuping
et al. (2012). The slightly lower value of the calculated
Lyman continuum luminosity, as compared to the value
from Panagia (1973) is probably due to the absorption
of photons by dust in the region.

Though the radio contours are seen within ∼ 50′′ ra-
dius of the respective radio peaks (Figure 10), it can be
seen that the ionised region extends beyond that. This
weak extended emission region is traced by PAH emis-
sion at 7.7 µm and 8.7 µm in IRAC Ch4 and at 3.3 µm in
IRAC Ch1 (which, it must be kept in mind, also contain
continuum emission) (also see Figure 6). Most of Class
0/I sources and starless cores from Maury et al. (2011)
are approximately along the circumference of a circle of
radius ∼ 80′′ centered at respective radio peaks. There-
fore, taking the extent to be 160′′ and the ambient den-
sity (no) to be a typical value of ∼ 1000 cm−3 (Stahler
& Palla 2005), we use equation 3 in conjunction with
equation 4 to obtain the dynamical age of the H ii region
around the IRS 5 arc-shaped nebula to be ∼ 0.11 Myr.
We note that though the ionised region appears more
extended than what we have assumed in the above cal-
culation, and the ambient density of the medium could
be larger, a higher value of both these parameters will
only increase the value of the dynamical age. Therefore,
the 0.11 Myr should be considered a lower limit for the
dynamical age of this sub-region.

6. STAR FORMATION SCENARIO

The nature of the YSOs with their respectively dis-
tinct spatial distributions suggest a scenario in which
(spontaneous) star formation has taken place at differ-

ent epochs for YSOs at different evolutionary stages. It
is very likely that Class II/III and the central early-
type sources formed in an earlier epoch as the central
region became Jeans critical, followed by the formation
of younger sources - Class 0/I sources and starless cores
from Maury et al. (2011) and Class I YSOs from our anal-
ysis - along filaments in a later epoch. The lifetimes of
the dominant early type star in this region (O9.5; Shup-
ing et al. 2012) is of the order of ∼ 10 Myr (Stahler &
Palla 2005), while the lifetimes of Class II/III sources
is also of the order of a few Myr. The fact that the
two lifetimes are comparable and that this region is not
very old, makes it likely that the majority of the Class
II/III and central high-mass sources formed at the same
epoch. Rodney & Reipurth (2008), based on the velocity
of molecular hydrogen, have opined that star formation
might have been initiated several Myrs ago due to an ex-
ternal shock. It is probable that this could have played a
role too and affected the earlier epoch of star formation -
one which led to the formation of Class II/III sources and
central high-mass stars. This seems to have been followed
by star formation leading to younger YSOs. Alterna-
tively, it is possible that the formation of high-mass stars
in the center could have driven a compressional wave
into the individual filaments, leading the high-density
regions in the filaments to become Jeans critical, thus
subsequently initiating the formation of Class I sources,
protostars, and starless cores.

The stellar distribution seen has also been observed by
Schneider et al. (2012), who, using the Rosette molecu-
lar cloud as a template, have done a density analysis to
conclude that almost all IR clusters lie at the junction
of filaments. Simulations by Dale et al. (2012) also show
that the star formation during the course of evolution of
molecular clouds to be mostly confined to the filaments
and their junctions.

Bontemps et al. (2010), assuming the distance to W40
to be 260 pc, have estimated the mass of the molecular
cloud (G28.74+3.52) associated with the W40 H ii re-
gion to be about 1.1 × 104 M� using 2MASS extinction
map. The mass estimated using extinction map depends
on the distance as a square of it. Shuping et al. (2012)
have recently ruled out distances below 340 pc for this re-
gion. Also, mass estimation in high optical depth regions
can often get underestimated using this method. So, the
mass estimated by Bontemps et al. (2010) is most likely a
lower limit and the actual mass could be slightly higher,
probably between a few 104 M�−105 M�.

The IRS 5 region (see Figure 6) also seems to be hosting
fresh star formation at the edge of the cavity excavated
by the high-mass source. The starless cores and Class
0/I sources from Maury et al. (2011) are found to be
distributed along the edge of the H ii region of this arc-
shaped nebula. The arc of (seemingly) collected molecu-
lar material, along the edge of this arc-shaped nebula, has
also been observed in various molecular lines (Pirogov et
al. 2013), as well as at submillimeter wavelengths Maury
et al. (2011) and H2 narrow-band image (see Section 4.2).
The farthest YSO from the IRS 5 source in Figure 6 is
located at a distance of ∼ 1.8′ (∼ 0.26 pc). Therefore,
using the isothermal sound speed of 11 km s−1 for the
ionised region (see Section 5.1), it can be seen that the
high-mass star could have lead to the sweeping-up of ma-
terial which subsequently might have provided impetus



16 Mallick et al.

to the formation of protostars and starless cores in ∼ 0.02
Myr. From the radio analysis (see Section 5.2), the lower
limit for the dynamical age of this sub-region was calcu-
lated to be ∼ 0.11 Myr. The ages of Class 0 and Class I
YSOs are generally of the order of a few 0.01 Myr and
0.1 Myr, respectively, and as such, their formation (and
those of starless cores) could have been influenced by the
expanding H ii region. We add a caveat that though
the numbers are consistent with a scenario where the
high-mass star could have influenced the star formation
at the periphery, this might not be the correct scenario
necessarily owing to possible complex and hitherto un-
examined morphological structures in this sub-region.

Based on the above discussions, the following appears
to be a plausible chronology of star formation in this re-
gion. As the filaments formed and joined, they led to
the formation of dense core at their junction, referred
to as midriff in this paper. This seems to have initiated
the formation of the central high-mass star(s) and other
Class II/III sources. At this point, an external shock - as
mentioned by (Rodney & Reipurth 2008) - might have
given a boost to the star formation going on. The high-
mass source IRS 1A South was formed at the junction,
as well as the entire cluster which is centered upon this
source. Due to lower density along the polar direction as
opposed to the equatorial direction, when the high-mass
star(s) formed, the Lyman continuum radiation escaped
along the polar directions leading to the formation of
the bipolar nebula. Fresh (spontaneous) star formation
seems to be going on along the filamentary structures
and their junction (albeit at lower stellar density) as ev-
idenced by the younger sources in Class 0/I stages and
starless cores. A few of BRCs and elephant-trunks ex-
hibiting Hα emission to the south of the midriff might
have undergone evolution under the influence of the ion-
izing region which has chiselled them out. The high-mass
source IRS 5, which is distinct from the rest of the radio
emission region, seems to have led to the formation of a
separate arc-shaped nebula, and swept-up material to its
periphery.

Future observations and analysis of the whole region
in various molecular lines, radial velocity measurements,
analysis of cluster properties using minimum-spanning
tree method, understanding the mass and luminosity
functions of the region, observations of indivdual BRCs,
and spectral observations of other NIR bright sources
will help in putting the star formation scenario on a firm
footing.

7. CONCLUSIONS

In this paper, we carried out a multiwavelength study
of the Galactic star-forming W40 H ii region. Our main
conclusions are as follows :

1. Using the MIR data from Spitzer in conjunction
with NIR data from UKIRT, 1202 YSOs were iden-
tified in the region, out of which 40 are Class I
sources and 1162 are Class II/III sources. Analy-
sis of the YSO distribution and nearest-neighbour

surface density yields the cluster radius as ∼ 0.44
pc and peak surface density as 650 pc−2. Mass cal-
culation using extinction map yields a value of ∼
126 M� within this radius.

2. The filamentary structures were examined to reveal
3 parsec scale filaments emanating from the midriff.
Two of them (filaments ‘1’ and ‘3’ in our labelling)
contain most of the youngest YSOs aligned along
their lengths. Filament ‘2’ was found to be rel-
atively diffuse with hardly any of the youngest
YSOs.

3. SED fitting using the radio continuum emission at
610 MHz and 1280 MHz for the total emission re-
gion yielded the value of electron density to be
∼ 1265 ± 218 cm−3 and the total Lyman contin-
uum luminosity to be ∼ 1.67 × 1047 photons s−1.
The dynamical age, for the ambient density rang-
ing from 1000 to 15000 cm−3, ranges from ∼ 0.19
to 0.78 Myr.

4. The IRS 5 arc-shaped nebular region was found to
be distinct from the rest of the emission region,
and was thus examined in radio separately. The
electron density was obtained to be 288 ± 55 cm−3

and a lower limit on the dynamical age to be ∼ 0.11
Myr. A comparison of radio continuum photon lu-
minosity with the tabulated values from Panagia
(1973) shows IRS 5 to be of B1V spectral type,
reaffirming previous estimate from Shuping et al.
(2012). Extinction map gives a value of ∼ 71 M�
as the mass for this arc-shaped nebula.

5. The star formation seems to have taken place in two
successive epochs, with the formation of relatively-
older Class II/III and the central high-mass sources
- resulting in a cluster which is centered around the
high-mass star IRS 1A South - followed by that of
the youngest sources (Class 0/I, and starless cores).
A distinct case is of the IRS 5 nebular region, where
material seems to have been swept-up to the edge
of this arc-shaped nebula by the expanding H ii
region of the IRS 5 source.
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