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1 INTRODUCTION

ABSTRACT

Deep optical photometric data on the NGC 7538 region were collected and combined with
archival data sets from the Chandra, 2MASS and Spitzer surveys to generate a new catalogue
of young stellar objects (YSOs) including those not showing infrared excess emission. This
new catalogue is complete down to 0.8 M. The nature of the YSOs associated with the
NGC 7538 region and their spatial distribution are used to study the star-formation process
and the resultant mass function (MF) in the region. Out of the 419 YSOs, ~91 per cent have
ages between 0.1 and 2.5 Myr and ~86 per cent have masses between 0.5 and 3.5 Mg, as
derived by the spectral energy distribution fitting analysis. Around 24, 62 and 2 per cent of
these YSOs are classified to be class I, class II and class III sources, respectively. The X-ray
activities for the class I, class II and class III objects are not significantly different from
each other. This result implies that the enhanced X-ray surface flux due to the increase in
the rotation rate may be compensated for by the decrease in the stellar surface area during
the pre-main-sequence evolution. Our analysis shows that the O3V type high-mass star IRS
6 may have triggered the formation of young low-mass stars up to a radial distance of 3 pc.
The MF shows a turn-off at around 1.5 Mg and the value of its slope I' in the mass range
1.5 < M/Mg < 61is —1.76 & 0.24, which is steeper than the Salpeter value.

Key words: stars: formation — stars: pre-main-sequence —H 11 regions.

Identification and characterization of the young stellar objects
(YSOs) in star-forming regions (SFRs) hosting massive stars are

Observational studies of bubbles associated with H i1 regions suggest
that their expansion probably triggers 14 to 30 per cent of the star
formation in our Galaxy (e.g. Deharveng et al. 2010; Thompson
et al. 2012; Kendrew et al. 2012). These observational results have
revealed the importance of OB stars on star-formation activity on
the Galactic scale. Massive stars have a profound effect on their
natal environment, creating wind-blown shells, cavities and Hu
regions. The immense amount of energy released through their
stellar winds and radiation disperses and destroys the remaining
molecular gas and likely inhibits further star formation. However,
it has also been argued that, in some circumstances, the energy
feedback by these massive stars can promote and induce subsequent
star formation in the surrounding molecular gas before it disperses
(Koenig et al. 2012).
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essential for examining the physical processes that govern the star
formation of the next generation in such regions. One of the notable
feedback effects of massive stars is the triggering of star formation
of new generations, either by sweeping the neighbouring molecu-
lar gas into a dense shell, which subsequently fragments into pre-
stellar cores (e.g. Elmegreen & Lada 1977; Whitworth et al. 1994;
Elmegreen 1998), or by compressing pre-existing dense clumps
(e.g. Sandford, Whitaker & Klein 1982; Bertoldi 1989; Lefloch
& Lazareff 1994). The former process is called collect and col-
lapse and the latter radiation-driven implosion (RDI). The aligned
elongated distribution of YSOs with respect to the high-mass stars
around the interface of an H 1 region and a molecular cloud is con-
sidered as an observational signature of the RDI process (Ogura,
Sugitani & Pickles 2002; Lee et al. 2005), whereas the neutral
compressed layer observed as a ring of molecular line emission
surrounding the H 11 region is an observational signature of the col-
lect and collapse process (for details, see Deharveng, Zavagno &
Caplan 2005). Dale, Haworth & Bressert (2015) with the help of
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Figure 1. Colour-composite image obtained using the Ho (blue), 3.6 pum (green) and 8.0 pm (red) images for an area of ~15 x 15 arcmin? around NGC 7538.
The white box represents the region covered in the optical survey. The region below the slightly horizontal yellow line and westwards of the slightly vertical
yellow line represents the area covered in the Chandra X-ray survey. The green and cyan boxes represent the areas covered by the NIR surveys of Ojha et al.
(2004b) and Mallick et al. (2014), respectively. The positions of various IR sources (IRS 1-11), rim-like structures and Herschel-identified massive SFRs
(H1-H6) are also shown. The x-axis and y-axis are the right ascension and declination, respectively, in the J2000 epoch.

hydrodynamic simulations of star formation, including feedback
from O-type stars, found that these observational markers do not
improve significantly the chances of correctly identifying a given
star as triggered, therefore they urge caution in interpreting obser-
vations of star formation near feedback-driven structures in terms of
triggering. Of course, systems where many putative triggering indi-
cators can be satisfied simultaneously are more likely to be genuine
sites of triggering.

NGC 7538 (see Fig. 1), located at a distance of 2.65 kpc (see
Appendix A), is an Hn region that belongs to the Cas OB2 com-
plex in the Perseus spiral arm (Frieswijk et al. 2008). It contains
massive stars in different evolutionary stages: main-sequence (MS)
stars with spectral types between O3 and O9 (IRS 6 and IRS 5,
Puga et al. 2010), which ionize the Hu region NGC 7538; in-
frared (IR) sources IRS 1 (associated with a disc and an outflow;
Pestalozzi, Elitzur & Conway 2009; Sandell et al. 2009), IRS 2
and IRS 3 (Wynn-Williams, Becklin & Neugebauer 1974) located
south of NGC 7538 and associated with UCH 11 regions and with
the IR cluster NGC 7538S (Carpenter et al. 1993; Bica, Dutra &
Barbuy 2003; Sandell & Wright 2010); and YSOs like IRS 9 and
IRS 11 (Werner et al. 1979). Thus, as a SFR associated with an
Hu region, it is ideally suited for studying the impact of massive
stars on the formation of high- and low-mass stars in its surround-
ings. In this paper, we will study this region in continuation of
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our efforts to understand the star-formation scenario in such SFRs
(Sharma et al. 2007; Pandey et al. 2008, 2013; Jose et al. 2008;
Chauhan et al. 2009, 2011; Sharma et al. 2012; Mallick et al. 2012;
Jose et al. 2013).

The NGC 7538 region has been studied by Ojha et al. (2004b) us-
ing near-infrared (NIR) observations centred at IRS 1-3 (see Fig. 1),
along with radio continuum observations at 1280 MHz. They identi-
fied YSOs and classified them according to their evolutionary stages
using NIR two-colour diagrams (TCDs) and generated the K,-band
luminosity function to discuss the age sequence and mass spectrum
of the YSOs in the region. They discerned several substructures
at different evolutionary stages. Using an NIR survey, Balog et al.
(2004) found that most of the red sources in this region are concen-
trated at the southern rim bounding the optical H 1 region and in the
area around the IR sources IRS 1-3. Puga et al. (2010) put an upper
limit on the age of the central cluster as 2.2 Myr based on the lifetime
of the most massive O3V star (60 M, IRS 6). Using high-spatial-
resolution submillimetre maps, Sandell & Sievers (2004) found that
the three major centres of star-forming activity (IRS 1-3, IRS 11
and IRS 9) in the NGC 7538 region are connected to each other
through filamentary dust ridges. Recently, Mallick et al. (2014) ob-
served in NIR the two comparatively smaller regions of NGC 7538
centred on IRS 1-3 and IRS 9 (see Fig. 1) to study the luminos-
ity function and initial mass function (IMF) of these regions. They



complemented their deep NIR observations with X-ray, radio and
molecular line observations to study the stellar population, ionized
gas characteristics and dense molecular gas morphology in the re-
gion. Recently, Chavarria et al. (2014) presented homogeneous IR
and molecular data to study the spatial distribution of YSOs and the
properties of their clustering and correlation with the surrounding
molecular cloud structures. They compared these properties of this
massive SFR with those of low-mass SFRs. However, they could
not reach any concrete conclusion about the triggering mechanism
due to the lack of the investigation of the time causality between the
expansion of the H 1 region and the age of the newly formed stars.

Most of the previous studies on star formation in this region
concentrated mainly on the IRS 1-11 region directly associated
with NGC 7538. In the present work, we will revisit this region, but
not only to study a wider area but also to make use of deep optical
data of our own along with the multiwavelength archival data sets
from various surveys (Chandra, Spitzer and 2MASS). Whereas
previous studies neither derived the physical parameters (ages and
masses) of the individual YSOs nor checked for their association
with the NGC 7538 region, we have done so and present a catalogue
of YSOs containing this information. For some of them, spectral
energy distribution (SED) fitting analyses have been applied. The
spatial distribution of these YSOs, along with those of the mid-
infrared (MIR) and radio emission, and the mass function (MF),
will be used to constrain the star-formation history in the region.

The rest of this paper is organized as follows. In Section 2, we
describe the optical and archival data sets. In Section 3, we identify
YSOs, catalogue them according to their evolutionary stages and
derive their physical parameters. The X-ray spectral analysis of
the YSOs is also explained in this section. All of these analyses
are discussed in Section 4 and the conclusions are summarized in
Section 5.

2 OBSERVATION AND DATA REDUCTION

2.1 Optical data

The CCD UBV(RI). and Ha + continuum photometric data
of the NGC 7538 region, centred at a/jg0o: 23M13M38%, 12000
+61°31'23” (I1=111.548° and b = 0.832°), were acquired on 2004
November 6 and 7 and 2005 October 25, respectively, using the
2048 x 2048 pixel> CCD camera mounted on the /13 Cassegrain
focus of the 104-cm Sampurnanand telescope of the Aryabhatta Re-
search Institute of Observational Sciences (ARIES), Nainital, India.
In this setup, each pixel of the CCD corresponds to 0.37 arcsec and
the entire chip covers a field of ~13 x 13 arcmin® on the sky. To im-
prove the signal-to-noise ratio (SNR), the observations were carried
out in the binning mode of 2 x 2 pixels. The read-out noise and gain
of the CCD are 5.3 ¢~ and 10 e~ per ADU respectively. The average
full widths at half-maximum of the star images were ~2 arcsec. The
broad-band UBV(RI), observations of the NGC 7538 region were
standardized by observing stars in the SA95 field (Landolt 1992)
centred on SA 112 (ay000: 3"53™40°, 8520000 —0°0'54") on 2004
November 6. A reference field of ~13 x 13 arcmin?® located about
10 arcmin south-west of the NGC 7538 region was also observed
to estimate the contamination due to foreground and background
field stars on 2005 November 30 in VI.. This reference field was
standardized using the stars common with the NGC 7538 region.
A log of the observations is given in Table 1. In Fig. 1, we show
the observed region (white box) on the colour-composite image of
NGC 7538 obtained by combining the Ha (blue), 3.6 um (green),
and 8.0 um (red) images.
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Table 1. Log of optical observations with the 104-cm
Sampurnanand Telescope, Nainital.

Date of observations/ Exposure (s) X number

Filter of frames
NGC 7538

2004 November 6

U 300 x 4

B 180 x 4,60 x 3

Vv 60 x 4

R. 30 x 4

1. 30 x 4

2004 November 7

U 900 x 3

B 600 x 3

Vv 600 x 3

R. 300 x 4

I. 300 x 4

2005 October 25
Ha 900 x 2,300 x 3

Continuum 900 x 1,300 x 1
Reference field

2005 November 30

Vv 600 x 3

I, 300 x 3

Initial processing of the data frames was done using the IRAF'

and Eso-MIDAs? data reduction packages. Photometry of the cleaned
frames was carried out using the paopHOT-11 software (Stetson 1987).
The point spread function (PSF) was obtained for each frame using
several uncontaminated stars. Magnitudes obtained from different
frames were averaged. When brighter stars were saturated on deep
exposure frames, their magnitudes were taken from short exposure
frames. We used the pDAOGROW program to construct the aperture
growth curve required for determining the difference between the
aperture and PSF magnitudes.

Calibration of the instrumental magnitudes to the standard system
was done using the procedures outlined by Stetson (1992). The
calibration equations derived by the least-squares linear regression
are as follows:

u=U+ (7178 £0.029) — (0.035 £ 0.039)(U — B)
+(0.467 £ 0.046) X,

b= B+ (4771 £0.027) — (0.037 £ 0.028)(B — V)
+(0.255 & 0.025)X,

v="V+(4.274 £0.007) — (0.025 £ 0.005)(V — 1)
+(0.143 £ 0.005)X,

re = R, 4+ (4.169 £ 0.005) — (0.028 £ 0.009)(V — R.)
+(0.102 £ 0.003) X,

!'IraF is distributed by the National Optical Astronomy Observatories, USA.

2ESO-MIDAS is developed and maintained by the European Southern
Observatory.
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Figure 2. Differences between standard and transformed magnitudes and
colours of standard stars plotted against the standard V magnitude and
(B — V) colour.
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Figure 3. paopHOT errors in magnitudes and colours as a function of V
magnitude.

i. = I, + (4.611 £ 0.011) + (0.022 & 0.008)(V — I,)
+(0.072 £ 0.008) X

where U, B, V, R, and I, are the standard magnitudes and u, b, v,
r. and i, are the instrumental aperture magnitudes normalized for
1 s of exposure time and X is the airmass. We have ignored the
second-order colour-correction terms as they are generally small in
comparison to other errors present in the photometric data reduction.
Fig. 2 shows the standardization residual, A, between standard and
transformed V magnitudes and (U — B), (B — V), (V — R.) and
(V — I..) colours of the standard stars as a function of V magnitude
and (B — V) colour. As can be seen from the figure, the residuals do
not show any trends with colour or magnitude. The typical baopHOT
errors in magnitude and colour as a function of V magnitude are
shown in Fig. 3. It can be seen that, in the V band, the errors
become large (>0.1 mag) for stars fainter than V =~ 22 mag, so the
measurements beyond this magnitude are not reliable. In total, 969
sources, with detection at least in the V and /. bands and errors less
than 0.1 mag, were identified in this study.
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2.2 Grism slitless spectroscopy

Slitless grism spectroscopy has also been carried out for the
NGC 7538 region in a search for Ho emission stars. The obser-
vations were made with the Himalayan Faint Object Spectrograph
Camera (HFOSC) on the 2-m Himalayan Chandra Telescope (HCT)
of the Indian Astronomical Observatory (IAO), Hanle, India, on
2004 September 21. A combination of a wide Hu interference filter
(6300-6740 A) and grism 5 (5200-10 300 A) of HFOSC was used
without a slit. The central 2048 x 2048 pixels of the 2048 x 4096
CCD was used for data acquisition. The pixel size is 15 pm with an
image scale of 0.297 arcsec pixel~!. The resolution of the spectra
is 870. We secured three spectroscopic frames of 5-min and 1-min
exposure each with the grism in, as well as three direct frames of
1-min exposure each with the grism out. The seeing size at the time
of the observations was =2 arcsec.

2.3 Archival data

2.3.1 Chandra X-ray data

The NGC 7538 region was observed by the Chandra X-ray Observa-
tory on 2005 March 25 (see Fig. 1) centred at aja000: 23h13m47.85,
812000: +61°28'15.5”. The satellite roll angle (i.e. the orientation
of the CCD array relative to the north—south direction) during the
observations was 19.2°. Exposures of 30 ks were obtained in the
very faint data mode with a 3.2 s frame time using the ACIS-
I imaging array as the primary detector. ACIS-I consists of four
front-illuminated 1024 x 1024 CCDs with a pixel size of 0.492 arc-
sec and a combined field of view (FOV) of ~17 x 17 arcmin?.
The region of NGC 7538 observed by Chandra is shown in Fig. 1.
More detailed information on Chandra and its instrumentation can
be found in the Chandra Proposer’s Guide.® Tsujimoto et al. (2005)
used this data and presented a preliminary report indicating 180
X-ray sources in this region. 123 of them have 2MASS NIR coun-
terparts. They studied IR sources in this region and found that IRS
2,4,5,6,9 and 11 are bright in X-ray and have soft X-ray spectra
like early-type field stars. IRS 7 and 8 were identified as foreground
stars due to the absence of X-ray, and IRS 1 and IRS 2 were not
detected probably due to high extinction. Recently, Mallick et al.
(2014) reported 27 sources with NIR counterparts in the IRS 1-3
and IRS 9 regions (see Fig. 1).

In this study, X-ray data will be used to study the X-ray properties
of the YSOs. We have used the ciao 4.8 data analysis software in
combination with the Chandra calibration data base cALDpB v.4.7.1
to reduce the X-ray data. The light curves from on-chip background
regions were inspected for possible large background fluctuations
that may have resulted from solar flares; however, we did not find
any such fluctuations. After filtering the data for the energy band
0.5 to 8.0 keV, the time-integrated background was found to be
0.06 counts arcsec 2. Source detection was then performed with the
Palermo wavelet detection code, pwpeTECT (Damiani et al. 1997).*
It analyses the data at different spatial scales, allowing the detection
of both point-like and moderately extended sources, and efficiently
resolving close pairs. The most important input parameter for this
code is the detection threshold, which we estimated from the re-
lationship between the background level and expected number of
spurious detections due to Poisson noise (for details, see Dami-
ani et al. 1997). The background level was determined with the

3 See http://asc.harvard.edu/proposer/POG
4 http://www.astropa.unipa.it/progetti_ricerca/PWDetect/
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Figure 4. X-ray image obtained from the Chandra observations. The iden-
tified point sources are shown by purple squares. The x-axis and y-axis are
the right ascension and declination in the J2000 epoch.

BACKGROUND command of XIMAGE. After filtering events in the en-
ergy band 0.5-8.0 keV, the ACIS-I observations comprise a total of
about 56 000 counts. This background level translates into a SNR
threshold of 5.0 if we accept one spurious detection in the FOV, or
into SNR 4.6 if we accept 10 spurious detections. The first choice
results in the detection of 158 sources, whereas the second detects
193 sources. We decided to adopt the second criterion; however, we
manually rejected three sources because they were detected either
in the CCD gaps or twice. Finally, 190 X-ray point sources were
adopted for further analyses. The locations of these 190 X-ray point
sources are shown in Fig. 4 overlaid on the Chandra X-ray image.

2.3.2 Spitzer and 2MASS IR data

This region was observed by the Spitzer space-based telescope on
2006 August 14 (PI: Giovanni Fazio; program ID: 30784) with the
Infrared Array Camera (IRAC). These images have been mosaicked
to create a 15 x 15 arcmin® FOV (see Fig. 1) in all IRAC bands
using the MoPEx software provided by the Spitzer Science Center.
It contains the common area observed in the optical and X-ray
wavelengths. These mosaicked images were used to make a colour-
composite image of this region (see Fig. 1).

Ojha et al. (2004b) made NIR observations in a 5 x 5 arcmin?
FOV near IRS 1-3 (see Fig. 1) using the 2.2-m University of Hawaii
telescope. The NIR survey has 100 limiting magnitudes of 19.5,
18.4 and 17.3 in the J, H and K| bands, respectively. Comparatively
smaller regions (1.8 x 1.8 arcmin? FOV) centred on IRS 1-3 and
IRS 9 (see Fig. 1) were observed using the 8.2-m Subaru telescope
by Mallick et al. (2014) in the J, H and K bands. The 100 limiting
magnitudes for these observations were ~22, 21 and 20 in the J,
H and K bands, respectively. Also, recently, Chavarria et al. (2014)
compiled J and K data (up to K ~ 17.5 mag) in the widest FOV
of 20 x 20 arcmin? in the NGC 7538 region using the 2.1-m tele-
scope at Kitt Peak National Observatory. These authors published
YSO catalogues, which are merged together to form a combined
catalogue of YSOs (see Section 3.1.2) in the present study.

We also used the 2MASS Point Source Catalog (PSC) (Cutri
et al. 2003) for NIR (JHK;) photometry in the NGC 7538 region.
This catalogue is reported to be 99 per cent complete down to the
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limiting magnitudes of 15.8, 15.1 and 14.3 in the J, H and K|
bands, respectively.” We selected only those sources that have a
NIR photometric accuracy <0.2 mag and detection in at least the H
and K bands.

3 ANALYSIS AND RESULTS

3.1 Identification of YSOs

YSOs are usually grouped into the evolutionary classes 0, I, II and
III, which represent in-falling protostars, evolved protostars, clas-
sical T-Tauri stars (CTTSs) and weak-line T-Tauri stars (WTTSs),
respectively (see Feigelson & Montmerle 1999). Class 0 YSOs are
so deeply buried inside the molecular clouds that they are not visible
at optical or NIR wavelengths, whereas class I's are characterized
by the growth of an accretion disc surrounded by an envelope and
are visible in IR and occasionally in optical if viewed in the pole-
on direction (Nisini et al. 2005; White et al. 2007; Williams &
Cieza 2011). The CTTSs feature discs from which the material is
accreted, and line emission, e.g. in He, can be seen due to this accret-
ing material. These discs can also be probed through their IR excess
(over the normal stellar photospheres). WTTSs, in contrast, have
little or no disc material left and hence have no strong Ho emission
and IR excess. As the level of X-ray emission of pre-main-sequence
(PMS) stars is higher than that of MS stars (e.g. Feigelson &
Montmerle 1999; Feigelson et al. 2002; Favata & Micela 2003;
Giidel 2004; Caramazza et al. 2012), X-ray observations provide a
very efficient means of selecting WTTSs associated with the SFRs,
which might be missed in surveys based only on Ho emission
and/or IR excess emission. Below, we report the identification of
YSOs based on their He, IR and/or X-ray emission.

3.1.1 Ha emission

Stars with Ho emission in a SFR are considered as PMS stars or
candidates. The strength of the emission (expressed by equivalent
width or EWy,) could be a direct indicator of their evolutionary
stage. The conventional distinction between CTTSs and WTTSs
is EWyo = 10 A and it is greater for the former (see Herbig &
Bell 1988).

Slitless grism frames were visually inspected to identify stars with
Ha enhancement. Then the EWy, of these stars was estimated using
the apaLL task of IRaAF. EWs in pixels are converted into angstroms
by multiplying by 3.8, as has been calculated for grism 5 having
resolution R = 870 and assuming sampling of 2 pixels.® We have
identified six Ho emission stars spectroscopically and their position
and EWy, are given in Table 2. Based on the value of EWs, three
each were classified as class II and class III sources, respectively.

To identity Ho emission stars, we also used narrow-band Ho
photometry based on its excess emission. In the study of NGC 6383,
Rauw, Manfroid & De Becker (2010) found that the He EW of 10 A
corresponds to an (R, — H) index of 0.24 £ 0.04 mag above the
MS relation introduced by Sung et al. (1997).

In the present study, we used this condition to identify Ho emis-
sion stars and classified them as class II sources. Since our Ho
photometry is not calibrated, to compare this Ho magnitude to that
of Sung et al. (1997), we estimated the zero-point by comparing
visually the observed (R, — Ha) and dereddened (V — 1.) with the

3 http://tdc-www.harvard.edu/catalogs/tmpsc.html
6 http://www.iiap.res.in/iao/hfosc.html
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Table 2. Ho emission stars identified by grism spectroscopy.

ID @12000 312000 EW (Ha)
(h:m:3) (o:/://) (A)
Gl 23:13:16.66 +61:28:01.4 9.9
G2 23:13:32.75 +61:27:49.7 91.2
G3 23:13:56.36 +61:25:06.9 3.0
G4 23:14:06.64 +61:27:57.7 35.0
G5 23:14:13.04 +61:34:52.4 8.4
G6 23:14:13.38 +61:31:46.6 10.6
2 . . . . 11
12
3} 13
: 14
o 4l 15
i >
€ st 18
19
6r 20
21
7 22
[) 1 2 3 -6 5 4 3 2
(V-lelo (Re-Hoy)g

Figure 5. Left: (R, — Ha)o index is shown as a function of (V — I.)g
colour. The blue curve indicates the relation for MS stars as taken from Sung,
Bessell & Lee (1997) and reddened for Ay = 2.3 mag (see Appendix A).
The red curve yields the thresholds for Ho emitter candidates (see Sec-
tion 3.1.1). Right: V versus (R, — Ha)g CMD. The solid curve demarcates
the Ha emitter candidates from MS stars. The red dots represent selected
Ho emitting candidates.

(R. — Ha)g versus (V — I.)y relation of emission-free MS stars
as determined by Sung et al. (1997) for the NGC 2264 region. We
have to subtract 3.85 mag from the observed values to obtain the
(R, — Ha) index in the Sung et al. (1997) system. The (V — I.)
colour is dereddened by the minimum extinction value derived in
Appendix A [i.e. E(B — V)min = 0.75 mag and Ry = 2.82]. In the
left-hand panel of Fig. 5, we have plotted the (R, — Ha)o versus
(V — 1), distribution of all the stars along with the MS relation
(blue curve) given by Sung et al. (1997). All the sources above the
red curve (0.24 mag above the MS relation, see Sung et al. 1997)
are assumed as Ho excess emission sources of the class II evolu-
tionary stage. Since there is a large scatter in the distribution in the
left-hand panel of Fig. 5, there may be some false identifications of
Heo emitters.

To minimize false detections, we introduced another selection
criterion using the V versus (R, — H o)y colour—-magnitude diagram
(CMD; see Fig. 5 right-hand panel). We define an envelope that
contains MS stars, keeping in mind its broadening at faint magni-
tudes due to large photometric errors and the possible presence of
binaries, field stars etc. (Phelps & Janes 1994). The stars that have
(R; —Ha)o — 0(r,—Ha), larger than that of the envelope of the MS
can be safely assumed as probable Ho emitters (Kumar et al. 2014).
Our final criterion for photometrically selected Ho emitters is to
satisfy both of the above conditions. 15 sources (red dots in Fig. 5)
were identified as Ho emitting YSOs and were categorized as class
11 YSOs. None of them were identified through grism spectroscopy.

In total, 21 stars were classified as YSOs (three as class III and
18 as class II) based on Ha spectroscopy and photometry.
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Figure 6. [[K] — [3.6]]o versus [[3.6] — [4.5]]o TCD for those YSOs
identified by Chavarria et al. (2014) that lack detection at either 5.8 or
8.0 um but have NIR detection in the K band (black dots). The YSOs
classified as class I and class II, based on the colour criteria of Gutermuth
et al. (2009), are shown using yellow circles and red dots, respectively.

3.1.2 IR emission

Recently, Chavarria et al. (2014) identified 562 YSOs in a
15 x 15 arcmin® FOV of the NGC 7538 region based on NIR/MIR
excess emission. They classified 234 YSOs that have detections in
all four IRAC bands based on the value of the slopes (ajrac) of their
SEDs. We further used the [[3.6] — [4.5]]y versus [[K] — [3.6]]o
TCD (for details, see Gutermuth et al. 2009) to classify the re-
maining YSOs. YSOs having [J — H] colour >0.6 mag and lying
above the CTTS locus or its extension are traced back to the CTTS
locus or its extension to get their intrinsic colours. For YSOs that
lack J band photometry, baseline colours in the [H — K] versus
[[3.6] — [4.5]] colour—colour space YSO locus, as measured by
Gutermuth et al. (2005), are used to get their intrinsic colours. 43
class I and 108 class II sources were classified using their location
in the above mentioned TCD and are shown as yellow circles and
red dots, respectively, in Fig. 6. For those YSOs that are not de-
tected in the IRAC bands but have NIR (JHK) detections and have
(J — H) > 0.6 mag (13 sources), we used the classical NIR TCDs
(see Ojha et al. 2004b; Sharma et al. 2012) to classify them. Finally,
out of 562 YSOs, 239 (234 IRAC four-band sources plus five MIPS
sources) were classified by Chavarria et al. (2014) and 164 are clas-
sified in this study. The remaining 159 YSOs could not be classified
as either they have no IRAC detections and (/ — H) < 0.6 mag
or they do not fall at the location of class I/Il YSOs in the IRAC
[[3.6] — [4.5]]o versus [[K] — [3.6]]p TCD.

Ojha et al. (2004b) studied the NGC 7538 region and identified
and classified 286 YSOs (18 class I and 268 class II YSOs) based
on their excess emission in IR using their location in the NIR TCD
(e.g. Fig. 7). The solid and thick black dashed curves in Fig. 7 rep-
resent the unreddened MS and giant branch (Bessell & Brett 1988),
respectively. The dotted blue line indicates the locus of unreddened
CTTSs (Meyer, Calvet & Hillenbrand 1997). The parallel dashed
red lines are the reddening lines drawn from the tip (spectral type
M4) of the giant branch (upper reddening line), from the base (spec-
tral type AO) of the MS branch (middle reddening line) and from the
tip of the intrinsic CTTS line (lower reddening line). The extinction
ratios A;/Ay = 0.265, Ay/Ay = 0.155 and Ax/Ay = 0.090 have



Figure 7. NIR TCD for the sources having X-ray counterparts (pur-
ple squares) in the NGC 7538 region. The continuous and thick black
dashed curves represent the dereddened MS and giant branches (Bessell &
Brett 1988), respectively. The dotted blue line indicates the locus of dered-
dened CTTSs (Meyer et al. 1997). The parallel red dashed lines are the
reddening lines drawn from the tip (spectral type M4) of the giant branch
(left reddening line), from the base (spectral type AO) of the MS branch
(middle reddening line) and from the tip of the intrinsic CTTS line (right
reddening line). The crosses on the reddening lines show an increment of
Ay =5 mag.

been taken from Cohen et al. (1981). These extinction ratios are
for the normal Galactic medium (i.e. Ry = 3.1), since for A > A,
the reddening law can be taken as a universal quantity (Cardelli,
Clayton & Mathis 1989; He et al. 1995).

The sources can be classified according to the three regions in this
diagram (see Ojha et al. 2004a). F sources are between the upper
and middle reddening lines and are considered to be either field
stars (MS stars or giants) or class III sources and class II sources
with small NIR excess. T sources are between the middle and lower
reddening lines. These sources are considered to be mostly CTTSs
(or class I1 objects) with a large NIR excess. There may be an overlap
of Herbig Ae/Be stars in the T region (Hillenbrand et al. 1992).
P sources are those located in the region red-ward of the lower
reddening line and are most likely class I objects (protostellar-like
objects; Ojha et al. 2004a).

Most recently, Mallick et al. (2014) also identified and classified
168 YSOs (24 class I and 144 class II) similarly in the IRS 1-3
region. We combined these two NIR data sets with a match radius
of 1 arcsec and catalogued 408 YSOs (40 class I and 368 class II; 46
were in both catalogues). After combining this catalogue with that
of Chavarria et al. (2014, 562 YSOs) with the same match radius
of 1 arcsec, we compiled altogether 890 YSOs (80 YSOs were in
both catalogues) in the selected region of NGC 7538. 169, 569 and
three are class I, class II and class III objects, respectively. Details
are given in Table 3.

3.1.3 X-ray emission

The sample of YSOs selected based on their IR excess may be
incomplete because the circumstellar discs in young stars may dis-
appear on time-scales of just a few million years (see Bricefio
et al. 2007). Recent studies of a few SFRs reveal that disc
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Table 3. Sample table containing information for 890 catalogued YSOs
from Ojha et al. (2004b), Chavarria et al. (2014) and Mallick et al. (2014)
in the NGC 7538 region. The complete table is available in electronic form
only.

1D“ Q(2000) 82000 Class? Class® Class? Class®

(h:m:S) (o:/://)

Caser  23:12:34.40 +61:27:11.3 1 - - -
Coer  23:12:37.42  461:36:162 - - - -
Coses  23:12:40.88  +61:24:56.5 11 - - -
Cozes  23:12:40.88 +61:31:388  1I - - -
Cases  23:12:41.18  +61:28:02.1 I - - -

Notes. “O, C and M are YSOs catalogued in Ojha et al. (2004b), Chavarria
et al. (2014) and Mallick et al. (2014), respectively. b(Classification by
Chavarria et al. (2014) based on IRAC SED slope. “Classification by IRAC
TCDs. “Classification by Ojha et al. (2004b) and Mallick et al. (2014)
through NIR TCDs. “Classification by Ha and X-ray emission, i.e. I, II, TIT
or comment. If comment is 7, Ho emission star (spectroscopy), if comment
is 8, Ho emission star (photometry), and if comment is 9, X-ray emitting
star.

fraction decreases with age of the region, e.g. Sh 2-311: 35 per cent
disc fraction, age 4 Myr, distance 5 kpc (Yadav et al. 2016);
NGC 2282: 58 per cent disc fraction, age 2—5 Myr, distance 1.65 kpc
(Dutta et al. 2015); W3-AFGL333: 50-60 per cent disc fraction, age
2 Myr, distance 2 kpc (Jose et al. 2016). Since the average age of
the YSOs in the NGC 7538 region is 1.4 Myr (see Section 4.1), we
would expect that less than 40 per cent of the YSOs do not show ex-
cess emission in NIR/MIR (Haisch, Lada & Lada 2001; Hernandez
et al. 2008).

Since the X-ray detection method is sensitive also to young
stars that have already dispersed their circumstellar discs (Preibisch
etal. 2011), we considered X-ray emitting stars and classified them
according to their evolutionary stages using the classical NIR TCDs
(Jose et al. 2008; Pandey et al. 2008; Sharma et al. 2012; Kumar
et al. 2014).

In Fig. 7, we have plotted the NIR TCD for the X-ray counter-
parts. Since none of the previous studies on the NGC 7538 region
(see QOjha et al. 2004b; Mallick et al. 2014; Chavarria et al. 2014)
have published their deep photometric catalogues online, we used
2MASS data to find the NIR counterparts of the X-ray sources. The
Chandra on-axis PSF is 0.5 arcsec and it degrades at large off-axis
angles (see e.g. Getman et al. 2005; Broos et al. 2010). So we used
an optimal matching radius of 1 arcsec to determine the 2MASS
NIR counterparts of the X-ray sources. This size of the matching
radius is established well in other studies as well (see e.g. Feigelson
etal. 2002; Wang et al. 2007). 90 of the X-ray emitting sources have
2MASS NIR counterparts in the selected region (15 x 15 arcmin?
FOV) of NGC 7538. All the 2MASS magnitudes and colours have
been converted into the California Institute of Technology (CIT)
system.” All the curves and lines are also in the CIT system. The
sources falling in the F region and above the extension of the in-
trinsic CTTS locus as well as the sources having (/ — H) > 0.6
and lying to the left of the upper reddening line are assigned as
WTTSs/class III sources (45 sources) (see e.g. Jose et al. 2008;
Pandey et al. 2008; Sharma et al. 2012; Kumar et al. 2014). The
X-ray counterparts in the T (12 sources) and P (one source) regions
are classified as class II and class I sources, respectively.

7 http://www.astro.caltech.edu/“jmc/2mass/v3/transformations/
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Figure 8. K;o/(H — K)o CMD for (a) stars in the NGC 7538 region,
(b) stars in the reference field and (c) identified X-ray emitting IR excess
stars (purple squares inside yellow circles). The thick red line demarcates
the X-ray emitting IR excess stars from MS stars.

16 X-ray sources do not have J-band data. These sources were
classified by comparing the dereddened Ko/(H — K)o CMD of
the studied region with that of the reference field, which has an
equal area (see Fig. 8). This scheme has been explained in detail
by Kumar et al. (2014). The amounts of reddening and extinction
were estimated on the extinction map obtained using the NIR TCD.
Briefly, the stars having (/ — H) colour >0.6 mag and lying above
the CTTS locus or its extension were traced back to the CTTS
locus or its extension to get the amount of reddening. Once we
have the amount of reddening for individual stars, we can generate
extinction maps for the target and field regions. The extinction maps
were then used to deredden the remaining stars. The solid red curve
in Fig. 8 represents the outer boundary of the field star distribution
in the CMD taking into account the scatter due to photometric errors
and variations in the Ay values (see for details Kumar et al. 2014).
All the stars having a colour (H — K)q — o(u—_g), larger than the
red cut-off curve in the studied region are believed to have excess
emission in the K band and can be presumed as class I YSOs (see
also Ojha et al. 2004b; Mallick et al. 2012; Kumar et al. 2014).
We have classified six sources without J-band detections as class |
based on the above criterion.

In total, 64 sources with X-ray emission were classified as YSOs
(45 as class III, 12 as class II and seven as class I) based on their
positions in the NIR TCD/CMD.

3.1.4 The YSO sample

We cross-identified the YSOs detected in the present survey based
on Ha (21 sources, see Section 3.1.1) and X-ray emission (64
sources, see Section 3.1.3) with those that were detected based on
excess IR emission and are available in the literature (890 sources,
see Section 3.1.2 and Table 3, Ojha et al. 2004b; Mallick et al. 2014;
Chavarria et al. 2014), using a search radius of 1 arcsec. We found
six Ho and 26 X-ray emitting sources that are also showing excess
IR emission, thus we confirmed their identification. The remaining
53 sources (see Table 4) are new additions and have been added to
make a catalogue of 943 YSOs altogether in the 15 x 15 arcmin®
field around NGC 7538. Optical counterparts for 74 of these YSOs
were also identified using a search radius of 1 arcsec. The position,
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magnitude, colour and classification of these YSOs are given in
Table 5.

Since the aim of this work is to study the star-formation activities
in the NGC 7538 region, information about the individual properties
of the YSOs is vital. These are derived using the SED fitting analysis
(see Section 3.2.1). The SEDs of YSOs can be generated using the
multiwavelength data (i.e. optical to MIR) under the condition that
a minimum of five data points should be available. Out of 943
YSOs, 463 satisfy this criterion and, therefore, are used in the
further analysis. The evolutionary classes of most of these YSOs
were defined based on available data sets. First, they were classified
based on arac (see Chavarria et al. 2014). Those that do not have
arac Were then classified based on the MIR + NIR TCD. If IRAC
data were not available, then the NIR TCD classification scheme was
used (see Section 3.1.2). Finally, the YSOs newly identified based
on their X-ray and Hoe emission (see Sections 3.1.1 and 3.1.3) were
classified based on their IR excess properties and the EWs of the
Ho line, respectively.

3.1.5 Source contamination and the completeness of the YSO
sample

We have a sample of 419 YSOs for which SEDs can be generated
and are associated with the NGC 7538 SFR (see Section 4.1). Our
candidate YSOs may be contaminated by IR excess sources such as
star-forming galaxies, broad-line active galactic nuclei, unresolved
shock emission knots, objects that suffer from polycyclic aromatic
hydrocarbon (PAH) emissions etc. that mimic the colours of YSOs.
Since we are observing through the Galactic plane, contamination
due to galaxies should be negligible (Massi et al. 2015).

To get a statistical estimate of possible galaxy contamination in
our YSO sample, we used the Spitzer Wide-area Infrared Extra-
galactic (SWIRE) catalogue obtained from the observations of the
ELAIS N1 field (Rowan-Robinson et al. 2013). SWIRE is a survey
of the extragalactic field using the Spitzer-IRAC and MIPS bands
and can be used to predict the number of galaxies in a sample of
YSOs (Evans et al. 2009). The SWIRE catalogue is resampled for
the spatial extent as well as the sensitivity limits of the photometric
data in the NGC 7538 region and is also corrected by the aver-
age extinction (i.e. Ay = 11 mag, see Section 4.1). 17 sources in
the SWIRE catalogue could satisfy these criteria. Similarly, out of
the 397 YSOs having IRAC photometry, seven can approximately
be categorized as obscured AGB stars, as they have a very bright
MIR flux, i.e. [4.5] < 7.8 mag (see Robitaille et al. 2008). There-
fore, the contribution of various contaminants in our YSO sample
should be ~6 per cent, which is a small fraction of the total number
of YSOs. We also applied the colour—-magnitude criteria of Guter-
muth et al. (2009) to the YSOs classified by Chavarria et al. (2014)
based on their IRAC SEDs, and ~28 per cent of them are matched
with the colours of PAH-contaminated apertures, shock emissions,
PAH-emitting galaxies and active galactic nuclei. Recently, Jose
et al. (2016) also checked the same scheme applied to their sample
of YSOs in the W3-AFGL333 region and found that ~38 per cent of
class I sources and ~15 per cent of class II sources in their sample
were contaminants. However, using our statistical approach, they
found only <5 per cent contaminants in their sample of YSOs. Sev-
eral studies (e.g. Koenig et al. 2008; Rivera-Ingraham et al. 2011;
Willis et al. 2013) have noticed that the Gutermuth et al. (2009) cri-
teria for a region at ~2 kpc would likely provide an overestimation
of the contamination.

For the above mentioned sample of YSOs with data from var-
ious surveys, knowledge of its completeness in terms of mass is
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Table 4. Sample table containing information for 53 newly identified YSOs. The J, H and K magnitudes and their errors
are from the 2MASS PSC. The complete table is available in electronic form only.

ID ®(2000) 5(2000) Jto H+to Kx +o Class*
(") C) (mag) (mag) (mag)

N 23:13:49.12 +61:30:15.4 11.966 £ 0.024 11.120 4 0.030 10.783 £+ 0.019 11(8)

S 23:13:29.47 +61:30:38.9 12.447 £ 0.034 11.945 £+ 0.039 11.649 £ 0.039 11(8)

S3 23:13:56.29 +61:25:07.3 13.455 £0.031 12.843 £ 0.035 12.553 +0.032 1I1(7)

Sa 23:14:15.91 +61:31:12.1 13.608 £ 0.027 12.843 £ 0.028 12.666 £ 0.023 1I1(9)

Ss 23:13:31.96 +61:27:47.3 13.697 & 0.030 12.223 4+ 0.032 11.495 +£0.019 1I1(9)

Notes. “Classification by He and X-ray emission, i.e. I, II, IIl or comment. If comment is 7, Ho emission star (spec-
troscopy), if comment is 8, Ho emission star (photometry), and if comment is 9, X-ray emitting star.
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Table 5. Sample table containing information for 74 optically identified YSOs. The age and mass of the YSOs are derived from the optical CMD. IDs are the

same as in Tables 3 and 4. The complete table is available in electronic form only.

D Vio (U-B)+to B-V)to (V-R)+to V-I)to Age to Mass + o
(mag) (mag) (mag) (mag) (mag) (Myr) M@p)
Cog33 12.369 £ 0.004 —0.047 £ 0.005 0.611 £ 0.005 0.401 £ 0.007 0.806 £ 0.008 04 +£0.1 5.8+0.1
Cogea 13.903 £ 0.005 0.676 £ 0.007 0.970 £ 0.006 0.576 £ 0.011 1.077 £ 0.009 1.2+0.1 39+03
Cos23 14.259 £ 0.007 0.081 £ 0.006 1.402 £ 0.008 1.050 £ 0.012 2.251 £0.013 0.1 £0.1 54+0.1
Coan 14.360 +£ 0.006 0.016 £ 0.006 0.742 £ 0.006 0.460 £ 0.009 0.950 £ 0.009 2519 49+£03
70 7 3.2 YSO parameters
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Figure 9. Histogram (green) showing the distribution of the number of
YSOs in different J magnitudes (left-hand panel) and the corresponding
mass limit of the YSOs (right-hand panel). The blue histogram represents
the sample of X-ray emitting YSOs (64) having 2MASS detections.

necessary, but we cannot use the ADDSTAR routine to derive it. There-
fore, we instead drew histograms for the numbers of YSOs in differ-
ent magnitude bins and checked for their peaks. A peak will roughly
represent the completeness limit of the data in terms of magnitude
(Jose etal. 2013, 2016; Willis et al. 2013; Sharma et al. 2016). Once
we know this, the corresponding mass is taken as that of the lowest
mass YSO. For example, in Fig. 9 we show the distribution of the
numbers of YSOs in different J magnitudes and the corresponding
mass limit of the YSOs. The peak of this histogram is between 17
and 18 mag and for this magnitude bin, the corresponding mass is
0.5 M. In this way we found that our data are complete down to
0.5,0.8,0.8,0.8 and 0.6 M, in the J, H, K, 3.6 um and 4.8 um
bands, respectively. Since the sources undetected at 5.8 pm and
8.0 um were classified based on the 3.6 um, 4.8 um, H and K
band photometry, their completeness limit is not included here. The
mass completeness for the YSOs having X-ray and He emission
will depend on the completeness limit of the photometric data from
which they were identified. The completeness limit for the X-ray
emitting YSOs (64) is 0.8 My, as inferred from the peak of the blue
histogram in Fig. 9. For the Ha emitting sources, the completeness
can be approximated as 0.8 M, which is equivalent to that of the
optical data. To conclude, we have taken the highest of these, i.e.
0.8 Mo, as the completeness limit for the detection of the current
YSO sample.

et al. (2003a,b, 2004) and by adopting several combinations of a
central star, a disc, an in-falling envelope and a bipolar cavity in a
reasonably large parameter space and with 10 viewing angles (incli-
nations). The SED fitting tools provide the evolutionary stage and
physical parameters, such as mass, age, disc mass, disc accretion
rate and stellar temperature of YSOs, and, hence, they are ideal for
studying the evolutionary status of YSOs.

We constructed the SEDs of 463 YSOs using the multiwavelength
data (optical to MIR wavelengths, i.e. 0.37, 0.44, 0.55, 0.65, 0.80,
1.2,1.6,2.2,3.6,4.5,5.8 and 8.0 um) and with a condition that a
minimum of five data points should be available (see Section 3.1.4).
The SED fitting tool fits each of the models to the data, with the
distance and extinction as free parameters. The distance of the
NGC 7538 region is taken as 2.657017 kpc (see Appendix A),
but the input value ranges for the fitting tool are given with three
times the error of the adopted distance, i.e. 2.65 — 0.12 x 3 to
2.65+40.12 x 3=2.3t0 3.0 kpc. Since this region is highly nebulous
and Ojha et al. (2004b, Fig. 6) detected YSOs up to Ay = 25 mag,
we varied Ay in a broader range (i.e. from 0 to 30 mag) with three
times the errors associated with the foreground Ay value (£2 mag,
see Appendix A) and keeping in mind the nebulosity associated
with this SFR (see also Samal et al. 2012; Jose et al. 2013; Panwar
et al. 2014).

We further set photometric uncertainties of 10 per cent for optical
and 20 per cent for both NIR and MIR data. These values are adopted
instead of the formal errors in the catalogue to allow a fit without
any possible bias caused by underestimating the flux uncertainties.
We obtained the physical parameters of the YSOs using the relative
probability distribution for the stages of all the well-fitting models.
The well-fitting models for each source are defined by

X2 - X;in = 2Ndalcn

MNRAS 467, 2943-2965 (2017)



2952

S. Sharma et al.

T T T
50
, Model: 3012632_9
107 Best fit
X 11162 Ay = 2.9 Scale= 0.48
o
o 1000 b
g
°
1)
o
—~
2 101 b
<
s
=<
10-12 L
1 1 1

AF, (ergs/cm?/s)

10° F T T T 7

107

Model: 3002428_4

Best fit
10 L ' = 3367 Ay= 2.4 Scale= 0.40 ]
101 b |
10" | Y
101 |k ]

1 1 1

0.1 1 10
A (pm)

0.1

1

A (pm)

10

Figure 10. Sample SEDs for class I (left-hand panel) and class II (right-hand panel) sources created by the SED fitting tools of Robitaille et al. (2007). The
black curve shows the best fit and the grey curves show the subsequent well fits. The filled circles with error bars denote the input flux values.

where x 2, is the goodness-of-fit parameter for the best-fitting model
and Ny, is the number of input data points.

In Fig. 10, we show example SEDs of class I and class II sources,
where the solid black curves represent the best fits and the grey
curves are the subsequent good fits. As can be seen, the SED of the
class I source rises substantially in MIR in comparison to that of
the class II source due to its optically thick disc. The sheer number
of grey curves in the SED indicates how difficult it was to select
a single best-fitting model for these data, which is not surprising
given that there are no anchors at long wavelengths. Note that the
class I source shown in Fig. 10 was optically detected, which is
not usual, but there are also several other cases where such class I
sources are detected optically, e.g. Pandey et al. (2013, NGC 1931),
Jose et al. (2013, Sh 2-252), Chauhan et al. (2011, W5-East), Ojha
et al. (2011, Sh 2-255-257) and Yadav et al. (2016, Sh-2 311). In
the present study, five class I sources have optical detections. The
optical detection of class I sources can be attributed to their viewing
angle (Nisini et al. 2005; White et al. 2007; Williams & Cieza 2011).

Also, some class I and class II sources can exhibit similar SEDs
in the Spitzer bands (Hartmann et al. 2005; Robitaille et al. 2006;
Williams & Cieza 2011). As an example, the models of Whitney
et al. (2003a) show that mid-latitude (~40°)-viewed class I stars
have optical and NIR/MIR characteristics like those of more edge-
on disc (~75°) class II stars. The effects of the edge-on disc ori-
entation are most severe for evolutionary diagnostics determined in
NIR/MIR, such as the 2-25 pum spectral index (White et al. 2007).
A definitive identification of class I sources requires other obser-
vations that better constrain the presence of an envelope, such as
MIR spectroscopy, far-infrared (FIR) and millimetre photometry,
and high-resolution images (Luhman et al. 2010).

From the well-fitting models for each source derived from the
SED fitting tool, we calculated the x> weighted model parameters
such as Ay, distance, stellar mass and stellar age of each YSO. These
are given in Table 6 along with their adopted evolutionary classes
(see Section 3.1.4). The error in each parameter is calculated from
the standard deviation of all well-fitting parameters.

3.2.2 From optical colour-magnitude diagram

By comparing the positions of YSOs in the optical CMD with
theoretical isochrones, we can determine their age and mass. In
Fig. 11, the V/(V — I.) CMD has been plotted for all the sources in
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Table 6. Sample table containing stellar parameters of 419 selected YSOs
derived using the SED fitting analysis. IDs are the same as in Tables 3 and 4.
The complete table is available in electronic form only.

D Nawa Class x2;,, Distanceto Ay+o Ageto Massto
(kpe) (mag) (Myr) M)
Cye1 6 I 1.7 25402 198+37 08+09 1.7+£1.0
Cnez 6 m 31 26+03 180%+26 12+17 1.1£08
Coes 7 m 07 26403 444+18 15+15 124+07
Coes 6 oI 06 26+03 212436 1.0x14 15£09

Note. The evolutionary classes of the YSOs are from Tables 3 and 4 (see
Section 3.1.4).

I T T T T T T T T T T T T T T T
10 - -

[ 2Myf(Marigo) 1

12 |- -

14 '_ 0.5 Myr _'
o1 Myr 4

o 2 Myr -

> 16 -— 5 Myr —-
B 10 Myr T

18 - -

20 - -
22 - =

E. 00 1y 1 1

1 2

(v-1,)

Figure 11. V/(V — I.) CMD for all the optically detected sources in the
NGC 7538 region. Blue dots are identified YSOs and green circles are
the sources categorized as non-members of the region (see Section 4.1 for
details). The isochrone for 2 Myr from Marigo et al. (2008) (thick black
curve) along with the PMS isochrones of 0.1, 0.5, 1, 2, 5 and 10 Myr
(red dashed curves) and the evolutionary tracks of different masses (red
curves) from Siess et al. (2000) are also shown. All the isochrones and
evolutionary tracks are corrected for the distance of 2.65 kpc and reddening
E(B — V) =0.75 mag.



the NGC 7538 region along with 74 optically detected YSOs. The
post-MS isochrone for 2 Myr calculated by Marigo et al. (2008)
(thick black curve) along with the PMS isochrones of 0.1, 0.5,
1, 2, 5 and 10 Myr (red dashed curves) and evolutionary tracks
of different masses (red curves) from Siess, Dufour & Forestini
(2000) are also shown. These isochrones are corrected for the dis-
tance (2.65f8jﬁ kpc, see Appendix A) and the foreground reddening
[E(B — V)min = 0.75 = 0.2 mag, see Appendix A] of NGC 7538
using the reddening law Ry = 2.82 (see Appendix B).

Here, it is highly likely that not all the YSOs are situated on the
surface of the associated cloud but embedded in it, where the red-
dening law is anomalous (Ry = 3.85, see Appendix B). Changing
the reddening law can affect the derivation of the physical parame-
ters of the YSOs. Therefore, we checked the change in the position
of a YSO in the dereddened optical CMD, corrected for the extinc-
tion Ay = 3 mag (i.e. the average extinction value of the optically
detected YSOs, see Section 3.2.1, Table 6) by applying different Ry
values. After removing the foreground contribution, the intra-cluster
extinction in V and (V — I.) will be 0.9 and 0.34 mag, respectively,
for Ry = 3.85, and 0.7 and 0.28 mag, respectively, for Ry = 2.82.
Therefore, a change in the reddening law will have a marginal effect
on the derived physical parameters. However, the amount of intra-
cluster reddening can affect the derivation of the ages and masses of
the YSOs, if not corrected individually. As we can see from Fig. 11,
the reddening vector is almost parallel to the isochrones, but nearly
perpendicular to the evolutionary tracks for various masses. This
will be nominal in deriving the ages, but can be substantial for the
mass estimation.

The ages and masses of the YSOs have been derived from the
optical CMD (see Fig. 11) by applying the following procedure.
We created an error box around each observed data point using the
errors associated with photometry as well as errors associated with
estimating the reddening and distance as given in the previous para-
graph. 500 random data points were generated using Monte Carlo
simulations in this box. The age and mass of each generated point
were estimated from the nearest passing isochrone and evolution-
ary track by Siess et al. (2000). For accuracy, the isochrones and
evolutionary tracks were used in a bin size of 0.1 Myr and were
interpolated by 2000 points. Finally, we have taken their mean and
standard deviation as the final derived values and errors, and these
are given in Table 5.

We compare in Fig. 12 the age estimates obtained from the CMD
and the SED fitting. The distribution indicates, in general, that there
is reasonable agreement between them with a large scatter. We have
calculated the linear Pearson correlation coefficient (r = 0.71) for
this distribution and found that the probability of having no corre-
lation is negligible (i.e. 107%). The scatter in Fig. 12 may be due to
the difference in reddening and extinction corrections to the mag-
nitudes and colours of the YSOs in these two techniques. In the
optical CMD, we used a fixed foreground reddening value for all
the YSOs, while in the SED fitting, Ay was given as a free parameter
in a broad range to deredden the individual YSOs. Therefore, from
the CMDs, the very young YSOs, which tend to be deeply em-
bedded in the cloud, may be assigned lower ages than their actual
ages.

3.3 X-ray spectral analysis

The present data contain 190 X-ray emitting sources, of which 91
are classified as YSOs, either based on their location on the NIR
TCD/CMD (64, see Section 3.1.3) or because they have a counter-
part in an already published list of YSOs (27, see Section 3.1.2).
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Figure 12. Comparison of the age estimates obtained from the CMD anal-
ysis with those from the SED fitting. Yellow open circles, red filled circles
and green open triangles represent class I, class II and class IIT sources,
respectively.

For the X-ray spectral analysis, we selected 21 with more than 35
counts (SNR > 5) in the energy band 0.2-8.0 keV to ensure the
minimum quality of the spectral fits.

The spectra of these sources and the background were extracted
using the sPECEXTRACT task. The radii of the extracted regions of the
sources varied between 5 and 15 arcsec depending on the position
of the source detected by the pPwDETECT task (see Section 2.3.1) on
the detector as well as on its angular separation with respect to
the neighbouring X-ray sources. For each source, the background
spectrum was obtained from multiple source-free regions chosen
according to the source location on the same CCD. The spectra
were binned to have a minimum of 5 counts per spectral bin using
the GrppHA task included in FrooLs.

Finally, a spectral analysis was performed based on the global
fitting using the Astrophysical Plasma Emission Code (aPEC) ver-
sion 1.10 modelled by Smith et al. (2001) and implemented in
xspeC version 12.3.0. The plasma model aptc calculates both line
and continuum emissivities for a hot optically thin plasma that is
in collisional ionization equilibrium. The photoelectric absorption
model (photoelectric absorption screens; pHABS) from Balucinska-
Church & McCammon (1992) was used to account for the Galactic
absorption. The simplest isothermal gas model was considered for
the fitting and expressed as PHABS x APEC using the Cash maximum-
likelihood scheme (csTaT) in xsPEC. Plasma abundances were fixed
at 0.3 times the solar abundances, as this value is routinely found in
the X-ray spectral fitting of young stars (e.g. Feigelson et al. 2002;
Currie et al. 2009; Bhatt et al. 2013). The hydrogen column den-
sity (Ny) and plasma temperature (k7) determined from the fitting
were used to calculate the X-ray flux of the above 21 YSOs using
the cFLux model in xspec. For reference, we have shown a sample
spectrum in Fig. 13. The X-ray fluxes of the remaining YSOs were
derived from their X-ray count rates. The count conversion factor
(CCF, ie. 2.6 x 107" erg s~! cm™2) used to convert count rates
into unabsorbed X-ray fluxes was estimated with wEBPIMMS® using
the 1t APEC plasma model. The input parameters, kT (~2.7 keV)
and Ny (~0.75 x 10?* cm™?), in wesPIMMS were calculated as the
mean of the kT derived from the spectral fitting of the 21 X-ray

8 http://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3pimms/pim_adv
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Figure 13. Example X-ray spectrum of a YSO (source ID 2615) fitted by
the spectral model PHABS X APEC.

Table 7. Sample table containing the spectral parameters of
the X-ray sources having NIR counterparts and identified as
YSOs. IDs are the same as in Tables 3 and 4. The complete
table is available in electronic form only.

ID Ny (102 cm™2?) kT (keV)  log(Lx(ergs—")

S3 045701 059703 3167054
Sy 0.68017 0.65+0)8 3185100
Ss - - 30.5910-3%
7 <0.39 4.567790 31.28 08

sources that have counts greater than 35 and using the LAB model’
(Kalberla et al. 2005), respectively.

Finally, the X-ray luminosities (Ly) for all 91 sources were es-
timated from the X-ray fluxes using the distance of NGC 7538,
i.e. 2.65 kpc. The spectral parameters of these YSOs are given in
Table 7. The Ny values for these X-ray sources are in the range
0.4-4.6 x 10?* cm~2, which corresponds to an Ay range of 2—
24 mag (Ny = 1.87 x 10*'Ay, Bohlin, Savage & Drake 1978),
which is comparable to the Ay range of the YSOs in the present
study (see Section 4.1). Therefore, we can safely assume that these
sources are members of the NGC 7538 SFR.

4 DISCUSSION

4.1 Stellar parameters and X-ray properties of the candidate
YSOs

In Section 3.2.1, we determined the stellar parameters of 463 YSOs
using the SED fitting method. The YSOs that fall outside the dis-
tance range between 2.53 and 2.77 [i.e. (Ds + o) < (2.65-0.12) kpc
or (D — o) > (2.65 4 0.12) kpc] as well as those that have a very
low Ay [ie. Ay, + Oay, < 2.8-0.2 mag] were considered as non-
members. In the above, D; and o are the distance and its error,
and the corresponding values in kiloparsecs are 2.65 and 0.12. The
foreground extinction magnitude and its error for the NGC 7538
region are 2.8 and 0.2 (see Appendix A). A total of 44 sources have

? http://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl
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been found to be in the foreground or background population and
mistaken as associated YSOs and these are not used in further anal-
yses. Therefore, we selected the remaining 419 YSOs as probable
members of the NGC 7538 SFR (see Table 6).

Histograms of the age, mass and Ay of these YSOs are shown in
Fig. 14. It is found that ~91 per cent (380/419) of the sources have
ages between 0.1 and 2.5 Myr. Similar results have been reported
by Puga et al. (2010) and Balog et al. (2004). The masses of the
YSOs are between 0.5 and 15.2 M, a majority (~86 per cent) of
them being between 0.5 and 3.5 M. These ages and masses are
comparable with those of TTSs. Note that the derived masses of
four YSOs are significantly higher than the cut-off limit of 8 M
for which one cannot separate observationally the luminosity due
to accretion from the intrinsic luminosity of the protostar (Ward-
Thompson & Whitworth 2011). The Ay distribution shows a long
tail, indicating its large spread from Ay = 1-30 mag, which is
consistent with the nebulous nature of this region. The average age,
mass and extinction (Ay) for this sample of YSOs are 1.4 Myr,
2.3 M and 11 mag, respectively.

The evolutionary class of the selected 419 YSOs given in Table 6
reveals that ~24 per cent (99), ~62 per cent (258) and ~2 per cent
(10) of the sources are class I, class II and class III YSOs, re-
spectively. The remaining 52 could not be classified in the present
study (see Section 3.1.2). The high percentage of class I/Il YSOs
indicates the youth of this region. We show in Fig. 15 (left-hand
panel) the cumulative distribution of class I and class II YSOs as
a function of their ages, which shows that class I sources are rela-
tively younger than class II sources, as expected. We performed a
Kolmogorov—Smirnov test for this age distribution, which indicates
that the chance of the two populations having been drawn from the
same distribution is ~2 per cent. The right-hand panel of Fig. 15
plots the distribution of ages for the class I and class II sources.
The distribution of the class I sources shows a peak at a very young
age, i.e. 0.5 Myr, whereas that of the class II sources peaks at
~1-1.5 Myr. Both of these figures were generated for the YSOs
having masses greater than the completeness limit of this sample
(i.e. >0.8 M) and they show an age difference of ~1 Myr be-
tween the class I and class II sources. Note that Evans et al. (2009)
through c2d Spitzer Legacy projects studied YSOs associated with
five nearby molecular clouds and concluded that the lifetime of the
class I phase is 0.54 Myr. The peak in the histogram of class I
sources agrees well with this.

The stellar parameters of the X-ray emitting sources identified
as YSOs can be used to study the possible physical origin of the
X-ray emission in PMS stars. The coronal activity, which is pri-
marily responsible for the generation of X-rays in low-mass stars,
may be affected by the composition of the X-ray emitting plasma
and the disc fraction during the PMS evolution in different classes
of YSOs. A number of studies have been done for various SFRs,
but no firm conclusion has been drawn so far on account of the
contradictory results. In some cases, such as Chameleon I (Feigel-
son et al. 1993), p Ophiuchus (Casanova et al. 1995), IC 348
(Preibisch & Zinnecker 2002) and NGC 1893 (Pandey et al. 2014),
no significant difference was found in the X-ray luminosity be-
tween class II and class III YSOs. However, there are several
examples (Stelzer & Neuhauser 2001; Flaccomio et al. 2003;
Stassun et al. 2004; Preibisch et al. 2005; Flaccomio, Micela &
Sciortino 2006; Telleschi et al. 2007b; Guarcello et al. 2012) that
show that class II YSOs have lower X-ray luminosities than class
IIT YSOs.

We derived Ly for 91 YSOs in the NGC 7538 region (see Sec-
tion 3.3). A comparison of the X-ray activity of the YSOs in
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Figure 14. Histograms showing the distribution of the ages (left-hand panel), masses (centre panel) and extinction values Ay (right-hand panel) of the YSOs
in the NGC 7538 region. The ages, masses and Ay are derived from the SED fitting analysis (see Section 3.2.1).
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Figure 15. Left: Cumulative distribution of class I (solid line) and class II
(dotted line) sources as a function of their age. Right: Age distribution of
class I (filled histogram) and class II (unfilled histogram) sources.

different classes (class I: 20, class II: 34 and class III: 37) are shown
in Fig. 16 with box plots and X-ray luminosity functions (XLFs)
using the Kaplan—Meier estimator of integral distribution functions
in the R package (version 3.2.0). The distribution shows that the X-
ray activity is nearly similar in all YSO classes with a mean value
of log(Ly) around 31.1 erg s~!. The distribution of the class II
YSOs shows a relatively larger scatter in comparison to those of the
class I and class III sources. To derive the statistical significance of
the comparison, we performed two sample tests for estimating the
probability of having common parent distributions and the results
are given in Table 8. They show that the X-ray activities in the class
I, class II and class III objects are not significantly different from
each other. It is thought that the X-ray activity in low-mass stars is

Table 8. Results of two sample tests. Columns 2, 3 and 4 repre-
sent the probability that the samples have a common parent Ly

distribution.

Test Class I Class IT Class I
versus versus versus
Class 11 Class III' ~ Class III

Wilcoxon rank sum 0.35 0.44 0.91

Peto and Peto generalized 0.36 0.44 0.91

Wilcoxon

Kolmogorov—Smirnov 0.19 0.91 0.68

Anderson—Darling 0.16 0.44 0.43

associated mainly with the rotation rate and the depth of the con-
vection zone. Our results may imply that the increase of the X-ray
surface activity with an increase of the rotation rate is compen-
sated for by the decrease of the stellar surface area during the PMS
evolution (Preibisch 1997; Bhatt et al. 2013).

Out of the 91 YSOs with an Ly estimate (see Section 3.3), the age
and mass have been estimated for 47 YSOs based on SED fitting.
The masses of these YSOs is >0.8 M. Note that the completeness
limit for the X-ray emitting YSOs (64) is 0.8 M (see Section 3.1.5).

To study the effect of circumstellar discs on the X-ray emission,
in Fig. 17 we have tried to see if there is any correlation of Ly with
age and mass. When drawing conclusions from these distributions,

o
o
o
o
1032 ] g ° °
o —
(%]
<
oA
< H
- H
10%" ] -
T T T
Class | Class I Class llI
PMS class

Integral Distribution

e

= Class|
+ Classll
= Class Il

0.0

10% 10%

Ly (ergs™)

1031

Figure 16. Left: Box plots of X-ray activity of class I, class I and class III objects. Data inferred from the upper and lower quartiles are shown with a box
and its range. Open circles are the points outside 5 times the interquartile range above the upper quartile or below the lower quartile. Right: Comparison of the

XLFs of class I, class IT and class IIT objects.
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Figure 17. Ly versus mass and age in a logarithmic scale for the identified TTSs. Red dots and green triangles represent class I and class III YSOs, respectively.
Red and green lines are the least-squares fit to the data for class II and class III sources, respectively.

Table 9. Coefficients of the straight lines fitted to the Ly versus mass/age
distribution of the YSOs of different classes.

Class  Mass a b Age a b
Mp) (Myr)

)i 09-55 31.1+£02 02+05 02-28 312+0.1 —-07+04

I 09-32 308+0.1 08+0.5 0.7-2.8 31.1+0.1 -08+03

we have to be careful about the large errors in the estimated values
of the ages and masses of the TTSs.

The Ly versus mass distribution shows a large scatter but with an
indication of increasing Ly with mass for the class III sources.
The values of coefficients a and b of the linear regression fit
log(Lx) = a + b x log (M) for the class II and class III sources
are given in Table 9. The intercepts a for the sources of different
classes have comparable values to each other, indicating that the
presence of circumstellar discs has practically no influence on the
X-ray emission. This result agrees with that reported by Feigelson
et al. (2002) and Pandey et al. (2014), and contradicts those by
Stelzer & Neuhéuser (2001), Preibisch et al. (2005) and Telleschi
et al. (2007a). There is an indication for a higher value of b for
class III compared to class II sources. Recently, for a sample of
class II and class III sources in the mass range 0.2-2.0 M, in the
NGC 1893 region, Pandey et al. (2014) found the b values to be
0.51£0.20and 1.13 = 0.13, respectively, whereas the a values were
30.71 £ 0.07 and 30.74 £ 0.05, respectively. Telleschi et al. (2007a)
found a = 30.13 £ 0.09 and 30.57 £ 0.09 and b = 1.70 & 0.20 and
1.78 £ 0.17 for class II and class III sources, respectively, in the
Taurus molecular cloud. These slope values are higher than those
obtained in the present study. One possible reason for the lower
value for the NGC 7538 region may be a bias in our sample to-
wards X-ray luminous, low-mass stars. For NGC 2264, the linear
fit for the detected sources yields a = 30.6 = 0.3 and b = 0.8 £ 0.1
(Dahm et al. 2007). However, after taking into account the X-ray
non-detections, the slope is found to be steeper (b = 1.5 £ 0.1). The
mass range of YSOs used for the fitting also plays a crucial role, as
already demonstrated by Guarcello et al. (2012). They found that
for class III sources having mass <0.8 M in NGC 6611, then
slope b = 1.1 &£ 0.3, whereas the distribution of stars more massive
than 0.8 M, is flatter with a slope of 0.4 & 0.2.
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Ly for both class II and class III sources can be seen to de-
crease systematically with age (in the age range ~0.4 to 2.8 Myr).
The values of the coefficients a and b of a linear regression fit
log(Ly) = a + b x log(age) for the sources of different classes
are given in Table 9. The nearly similar values of the intercept a
and slope b for class II and class III indicates that circumstellar
discs have practically no effect on the X-ray emission. Recently,
Pandey et al. (2014) found a = 35.06 4 0.63 and 35.29 £ 0.65 and
b= —0.78 £0.10 and —0.81 £ 0.11, respectively, for their sample
of class II and class III sources in NGC 1893. In NGC 7538, we
found that the values of a for both class II and class III sources are
much lower than those for NGC 1893, but the b values are almost
like theirs. These are slightly steeper in comparison to those reported
by Preibisch & Feigelson (2005, —0.2 to —0.5) and Telleschi et al.
(2007a, —0.36 & 011). This difference in the slope could be more
significant for an unbiased sample where we expect more less lumi-
nous low-mass X-ray sources, which would give a higher value for
the slope. If the X-ray luminosities for accreting PMS stars are sys-
tematically lower than for non-accreting PMS stars (e.g. Flaccomio
et al. 2003; Preibisch et al. 2005) and if class II sources evolve to
class III sources, one might expect that for a class II source, Ly
should increase with age rather than decrease. However, the evolu-
tion of the class II sources up to ~2.8 Myr does not show any sign
of an increase in X-ray luminosity.

4.2 Triggered star formation

McCaughrean, Rayner & Zinnecker (1991) suggested there were
YSOs at various evolutionary stages with considerable substructures
in the vicinity of NGC 7538 (see Fig. 1). Here is a brief description
of each of them.

IRS 1-3 This active region has three massive IR sources, each asso-
ciated with its own compact H 1 region (Wynn-Williams et al. 1974).
IRS 1 has been identified as a high-mass (~30 M) protostar with
a CO outflow, and is considered as the source that is injecting en-
ergy into the UC Hu region NGC 7538 A (Puga et al. 2010). IRS
2, situated ~10 arcsec north of IRS 1, is inferred to be an 09.5V
star and possesses the most extended H 1 region. IRS 3 is situated
about ~15 arcsec west of IRS 1 (Ojha et al. 2004b) and is the least
luminous of the three.
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Figure 18. Left: Spatial distribution of the YSOs superimposed on the 15 x 15 arcmin IRAC 8.0 pm image of the NGC 7538 region. The location of class I
(yellow circles), class II (red dots), class III (white dots) and unclassified (blue dots) sources are shown along with the / = 1 — 0 line of 3co (green contour)
and 850 pm continuum emission (white contour) taken from Chavarria et al. (2014). Also shown are the positions of high-mass dense clumps (Fallscheer
et al. 2013) along with the IR sources. Right: Distribution of the ionized gas as traced by radio (1280 MHz, green contours, Ojha et al. 2004b) and by Ho
emission (white contours) shown overlaid on the IRAC 8.0 pm image of the same region.

IRS 4-8 This active region is a group of young stars located at the
southern rim of the optical H i1 region IRS 4, a bright NIR reflection
nebula containing an O9V star IRS 5, and the main ionizing source
IRS 6 (O3V type) of the Hn region NGC 7538 (Puga et al. 2010).
IRS 7 and IRS 8 have been inferred as foreground field stars (Tsu-
jimoto et al. 2005; Puga et al. 2010).

IRS 9 This bright reflection nebula located at the south-eastern tip
of NGC 7538 harbours massive protostars (Werner et al. 1979;
Pestalozzi et al. 2006; Puga et al. 2010).

IRS 11 This may be a large contracting or rotating filament that is
fragmenting at scales of 0.1 to 0.01 pc to form multiple high-mass
stars (~10 M) having discs and envelopes as well as shedding
outflows (Pestalozzi et al. 2006; Naranjo-Romero et al. 2012).

Rim-like structures (globules) This nebular region is on the north-
eastern side of NGC 7538 and consists of two cone-shaped rim-like
structures. Both point towards IRS 6 and have faint stars on their
tip.

Apart from these active regions, Fallscheer et al. (2013) recently
detected 13 more candidates for high-mass dense clumps in a 1 deg?
field of NGC 7538. The positions and sizes of some of them are
shown in Fig. 1 as H1 to H6, located mainly in the south-western
periphery of NGC 7538. These are potential sites of intermediate-
to high-mass star formation that could be identified through FIR
observations by the Herschel space-based telescope.

Fig. 18 (left-hand panel) shows the spatial distribution of member
YSOs (419 sources, see Section 4.1) superimposed on the IRAC
8.0 um image of 15 x 15 arcmin’ of the NGC 7538 region. This
sample of YSOs is obtained from multiwavelength data taken from
various surveys with different completeness limits. In Section 3.1.5,

we discussed the completeness of these surveys and found that
they can approximately be assumed complete for mass >0.8 M.
A majority (94 per cent) of the YSOs selected here have masses
>0.8 My, therefore, incompleteness in this sample will have a
minimal effect on the overall spatial distribution of the YSOs.

The 3CO J =1 — 0 line (green contour) and 850 um continuum
(white contour) emission maps taken from Chavarria et al. (2014)
are shown in Fig. 18 (left-hand panel). For simplicity, we have
shown only the outermost contours, representing the extent of gas
and dust in this region. The resolution of the *CO and 850 pm ob-
servations are 46 and 14 arcsec, respectively. Chavarria et al. (2014)
found several groupings of YSOs in this region. They estimated the
physical parameters of these groups and found that younger sources
are in regions having YSOs with a higher surface density and are
correlated with the densest molecular clouds. Since they did not dis-
cuss the effect of high-mass stars on recent star formation through
the distribution of YSOs, gas and dust, we further used these distri-
butions to trace star-formation activities in this region. The positions
of the high-mass dense clumps (Fallscheer et al. 2013) along with
the IR sources are also shown in the figure. In the right-hand panel
of Fig. 18, the distributions of ionized gas as seen in the 1280 MHz
radio continuum emission (green contours, Ojha et al. 2004b) and in
Ho emission (white contours) are shown superposed on the IRAC
8.0 um image of the same region. The YSOs are distributed either
on the nebulosity or towards the southern regions.

The distribution of the '*CO, 850 pm and Ho emission indi-
cates a bubble-like feature around the ionizing source IRS 6, likely
created due to the expansion of the Hn region. The correlation of
the PAH emission, as seen in the IRAC 8.0 um image (Pomares
et al. 2009), with the '3CO emission indicates that the ionized gas
is confined inside the molecular cloud. The lack of diffuse emis-
sion at 8.0 wm can be noticed towards the south-east of IRS 6.
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Figure 19. Distribution of younger (yellow contours), older (blue contours) and massive (purple contours) populations overlaid on the IRAC 8.0 pum image.

The location of the IR sources, globules and cold clumps are also shown.

However, as can be seen from the radio continuum contours in
Fig. 18 (right-hand panel), the ionized gas is bounded more sharply
to the south-western region. The distribution of class I YSOs shows
a nice correlation with that of molecular gas and the PAH emis-
sion/H 11 region boundaries. Very few class I sources are located
towards the central region near IRS 6 compared to the outer south-
ern regions. The strong positional coincidence between the YSOs
and the molecular cloud suggests enhanced star-formation activ-
ity towards this region, as often observed in other SFRs (e.g. Evans
etal. 2009; Fang et al. 2009). There is a concentration of very young
YSOs (mainly class I) towards the southern region outside the dust
rim (IRS 11). Five high-mass dense clump candidates (Fallscheer
et al. 2013) are just outside the NGC 7538 H 1 region towards the
south-west. There are many separate groups of younger YSOs near
these cold molecular clumps. In summary, there are two main con-
centrations of YSOs, one in the Hu region and the other in the
southern region.

By analysing the distribution of YSOs of various ages and masses
in relation to the molecular cloud structure, we can study the mode
of star formation in this region. For this, we generated contour
maps of the ages and masses of YSOs smoothed to the resolution
of 9 arcsec grid size. In Fig. 19, we have over-plotted age contours
on the IRAC 8.0 um image representing younger (yellow contours)
and comparatively older (blue contours) YSOs. The outermost age
contours correspond to 0.7 and 1.8 Myr, respectively. In the same
figure, we have also plotted the mass contours (purple) for the
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Table 10. Mean values of ages and masses of YSOs in different

regions.
Region N Mean mass ~ Mean age
Mg) (Myr)

Whole 419 23+£0.1 14+£0.1
South-west (young) 91 1.8 £ 0.1 1.0 £0.1
Central (old) 73 27+02 204+0.2
Central (old globules) 32 25+02 1.9+£0.2
Central (old IRS 6) 41 29+02 22402
South-central (massive) 35 47+ 0.6 1.24+0.2

massive YSOs. The outermost contour corresponds to 4.2 M. The
step sizes are 0.2 Myr and 0.2 M, for the age and mass contours,
respectively. The older population is mainly associated with the Hu
region enclosed by thick blue contours, whereas the younger one is
outside the H 11 region, mainly in the south-western part enclosed in a
thick yellow contour. The mass distribution shows that the massive
population, enclosed in the thick purple contours, is sandwiched
between these two populations and is associated mainly with IRS
1-3, IRS 9 and IRS 11. The mean values of ages and masses of the
YSOs associated with these subregions are given in Table 10.

The location of the IR sources, rim-like structures and the cold
clumps are also shown in Fig. 19. The oldest region (thick blue
contours) is made up of two separate groups, i.e. one around IRS 6



Figure 20. Location of the two globules along with the distribution of
class I YSOs (circles) and IRS 6, the ionizing source of NGC 7538.

and the other near the rim-like structures (globules). The masses and
ages of the YSOs near the rim-like structures are lower than those
in the central region near IRS 6. The two rim-like structures with
sharp edges (maybe due to the PAH emission) pointing towards the
central star IRS 6 indicate that the ionization front interacts with the
molecular ridge as seen in the '*CO emission. They morphologically
resemble bright-rimmed clouds that result from the pre-existing
dense molecular clouds impacted by the ultraviolet photons from
nearby OB stars (Lefloch & Lazareff 1994). The low-mass YSOs
on their tips are generally believed to be formed as a result of the
triggering effect of the expanding H n region (Deharveng et al. 2005;
Zavagno et al. 2006; Koenig et al. 2008; Deharveng et al. 2009).
Their elongated distribution and age difference with respect to the
location of the ionization source can be used to check whether the
RDI mode (Lefloch & Lazareff 1994; Miao et al. 2006) of triggered
star formation was effective in the region.

For this purpose, we compared the time elapsed during the for-
mation of the class I YSOs in the globule regions with the age and
lifetime of the O3 ionization source. In Fig. 20, we show the location
of the two globules, the ionizing source IRS 6 and the class I sources.
The presence of extremely young class I sources presumably rep-
resents the very recent star-formation event in the region, thus can
be taken as a proxy to trace the triggered star formation. The tips of
the globules are at a projected distance of ~2.4 pc from IRS 6. We
estimated the time needed for the ionization front to travel there as
~0.26 Myr, assuming that it expanded at a speed of ~9km s~ (see
e.g. Pismis & Moreno 1976). The age of the class I sources (white
circles in Fig. 20) on this rim is 1.9 & 0.6 Myr, which is ~0.3 Myr
younger than the estimated age of the O3V star (~2.2 Myr, see
Puga et al. 2010). The mean age of the class I sources inside the
rim (magenta circles in Fig. 20) is 1.5 &= 0.6 Myr. We evaluated the
shock crossing time in the globules to see whether the star forma-
tion there is initiated by the propagation of the shock or whether
it had already taken place prior to the arrival of the shock. Assum-
ing a typical shock propagation velocity of 1-2kms~', as found
for bright-rimmed clouds (see e.g. White et al. 1999; Thompson
et al. 2004), the shock travel time to the YSOs, which are projected
at distances ~0.6 pc from the head, is ~0.4 Myr. This time-scale is
comparable to the difference in the ages of the YSOs on the rims
and inside them. Although the sample is small and the errors are
large, these results seems to support the notion that the formation of
the YSOs in the globules could be due to the RDI mechanism. The
above analysis is not statistically significant to conclude about the
triggered star formation, but Dale et al. (2015) stated that a system
where many indicators can be satisfied simultaneously may be a
genuine site of triggering.
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Figure 21. Plots showing the variation of the Stromgren radius and dynam-
ical age with the ambient density.

Therefore, to investigate further, we calculated the dynamical age
of the NGC 7538 H i region from its radius using the equation given
by Spitzer (1978):

Tet \ Y7
R(t)=Rs (1 s
) s( +4Rs>

where R(r) denotes the radius of the Hu region at time ¢, and c is
the sound speed. The latter was assumed as ~9kms~! (Pismis &
Moreno 1976; Stahler & Palla 2005), and the former was taken to
be 3 pc as derived from the radio and Hoe maps (see Fig. 18). Then
the dynamical age (¢) can be calculated if we know the Stromgren
radius Rs, which is estimated using the relation given in Ward-
Thompson & Whitworth (2011) and Stahler & Palla (2005) and by
assuming an O3V star as the ionizing source emitting 7.4 x 10%
ultraviolet photons per second (Vacca, Garmany & Shull 1996).
However, the initial ambient density is needed, which we do not
know. So we have left it as a free parameter and calculated the
Stromgren radius (Rs) and the corresponding dynamical age (¢) of
the H 1 region for a range of ambient densities from 10° to 10* cm 3.
Fig. 21 shows the results, where Rg and 7 are plotted as functions of
the initial ambient density. The former varies from ~1.3 to 0.25 pc,
while the latter varies from ~0.7 to 2.6 Myr. This upper limit of
the dynamical age is comparable to the age of the central O3 star
and corresponds to a higher ambient density for this region. The
mean age of the YSOs in this region is 1.4 Myr, which is less than
the dynamical age of the region and, as such, their formation could
have been influenced by the expanding H 11 region.

We also looked for the radial distance dependence of Ay, ages
and masses of YSOs with respect to the ionizing source IRS 6
as shown in Fig. 22. As expected, the Ay distribution reveals less
extinction near IRS 6 compared to the outer region. There is a
broad peak starting at the projected distance of ~3 pc and we see a
decreasing trend after 5 pc. This seems to indicate the presence of
a shell-like layer of collected medium just outside the H 11 region.
It is very interesting to note that the age distribution shows a clear
decrease from the centre to a distance of 3 pc. Also the masses of the
YSOs within 3 pc are higher compared to those outside, indicating a
difference in the physical properties of the YSOs within 3 pc. These
trends are indicative of triggered star formation in the inner region
(within 3 pc), where the O3 star played an active role. From 3 pc out,
we see a completely different distribution with a large number of
young and low-mass YSOs (see Table 10) in the south-west region
of NGC 7538 (see Fig. 19, thick yellow contour). It seems that the
YSOs in this group may have formed spontaneously in the absence
of any triggering mechanism due to the O3 star. The distribution
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Figure 22. Distribution of Ay, age and mass of the YSOs as a function of radial distance from the ionizing source IRS 6.

of the cold clumps also suggests that spontaneous low-mass star
formation is under way there. However, accurately disentangling
triggered star formation from spontaneous star formation requires
precise determination of the proper motions and ages of individual
sources (Dale et al. 2015).

4.3 Mass function

The distribution of stellar masses that form in one star-formation
eventin a given volume of space is called the IMF. Together with the
star-formation rate, it is one of the important issues in star-formation
studies. Since the environmental effects due to the presence of
high-mass stars may be more revealing at the low-mass end of the
present-day MF, we will try to study it in the NGC 7538 SFR.

The MF is often expressed by a power law, N(logm) oc m" and
the slope of the MF is given as I' = d log N(logm)/d log m where
N(log m) is the number of stars per unit logarithmic mass interval.
The first empirical determination of MF was by Salpeter (1955),
who gave I' = —1.35 for the field stars in the Galaxy in the mass
range 0.4 <m/M¢ < 10. However, subsequent works (e.g. Miller &
Scalo 1979; Scalo 1986; Rana 1991; Kroupa 2002) suggest that the
MF in the Galaxy often deviates from a pure power law. It has been
shown (see e.g. Scalo 1986, 1998; Kroupa 2002; Chabrier 2003,
2005) that, for masses above ~1 M, the MF can generally be ap-
proximated by a declining power law with a slope like that found by
Salpeter (1955). However, it is now clear that this power law does
not extend to masses below ~1 M. The distribution becomes flat-
ter below 1 M) and turns down at the lowest stellar masses. Kroupa
(2002) divided the MF slopes for four different mass intervals. It
was often claimed that some (very) massive SFRs have truncated
MFs, i.e. contain much smaller numbers of low-mass stars than ex-
pected from the field MF. However, most of the recent and sensitive
studies of massive SFRs (see e.g. Liu et al. 2009; Espinoza, Sel-
man & Melnick 2009) have found large numbers of low-mass stars
in agreement with the expectation from the normal field star ME.
Preibisch et al. (2011) confirmed these results for the Carina Nebula
and supported the assumption of a universal IMF (at least in our
Galaxy). In consequence, this result also supports the notion that
OB associations and massive star clusters are the dominant supply
sources for the Galactic field star population, as already suggested
by Miller & Scalo (1978).

As discussed earlier, the sample of YSOs used is compiled from
various surveys with different completeness limits. So we tried
to use only our deep and homogeneous optical data to generate
the MF of the NGC 7538 region (see Sharma et al. 2007; Pandey
et al. 2008, 2013; Chauhan et al. 2011; Jose et al. 2013). For this,
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Figure 23. V/(V — I.) CMD for (a) stars in the NGC 7538 region and
(b) stars in the reference region. (c) is a statistically cleaned CMD.

we utilized the optical V versus (V — I.) CMD of all the sources
in the NGC 7538 FOV and that of the nearby field region of equal
area. We decontaminated the former sources of foreground and
background stars using a statistical subtraction method. We show
in Fig. 23 the V/(V — I.) CMDs for the stars lying within the
NGC 7538 FOV (left-hand panel) and for those in the reference
field region (middle panel). To subtract the latter from the former
statistically, both CMDs were divided into grids of AV = 1 mag by
A(V —1.)=0.4 mag. The number of stars in each grid of both CMDs
was then counted and the probable number of cluster members in
each grid was estimated from the difference. The estimated numbers
of contaminating field stars (the numbers in the bin less the probable
numbers of cluster members) were removed one by one from the
cluster CMD that is the nearest to the randomly selected star in the
CMD of the reference region of that bin.

Both CMDs were also corrected for the incompleteness of the
data. The photometric data may be incomplete due to various rea-
sons, e.g. nebulosity, crowding of the stars, detection limit etc.
In particular, it is very important to know the completeness lim-
its in terms of mass. The IRAF routine ADDSTAR of DAOPHOT-II was
used to determine the completeness factor (CF) (for details, see
Sharma et al. 2008). Briefly, in this method artificial stars of known
magnitudes and positions are randomly added into the original
frames and then these artificially generated frames are re-reduced
by the same procedure as used in the original reduction. The ratio
of the number of stars recovered to those added in each magnitude
gives the CF as a function of magnitude. To determine the com-
pleteness of the V versus (V — I.) CMD, we followed the procedure
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Figure 25. Statistically cleaned V/(V — I.) CMD for stars lying in the
NGC 7538 region. Filled circles (ages <3.5 Myr) are used to estimate the
MF of the region. The isochrone of 2 Myr from Marigo et al. (2008) and
the PMS isochrones of 0.1, 0.3, 0.5, 1, 1.8 and 3.5 Myr along with the
evolutionary tracks for different masses from Siess et al. (2000) are also
shown. All the curves are corrected for the distance of 2.65 kpc and the
foreground extinction Ay = 2.1 mag. The dashed horizontal line represents
the completeness limit of the data after taking into account the average
extinction of the YSOs.

given by Sagar & Richtler (1991), adding artificial stars to both
V and [ images in such a way that they have similar geometrical
locations but differ in / brightness according to the mean (V — 1,.)
colours of the MS stars. Since the mean (V — 1..) colour of the MS
stars is ~2 mag in the NGC 7538 region (see Fig. 23), the I-band
magnitude is offset from the V-band magnitude by adding a cor-
rection of ~2 mag in Fig. 24, which shows the CF as a function
of magnitude. As expected, the CF decreases with fainter magni-
tudes. Our photometry is more than 90 per cent complete up to V
2 21.5 mag, which corresponds to the detection limit of a 0.8 M
PMS star of age ~1.8 Myr (see Fig. 25) embedded in a nebulosity
of Ay >~ 3.0 mag (i.e. the average values for the optically detected
YSOs, see Table 6).
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Figure 26. MF for the statistically cleaned CMD (top panel) and the
identified YSOs (bottom panel) in the NGC 7538 region. log ¢ represents
log (N/dlog m). The error bars represent ++/N errors. The solid line shows
a least-squares fit to the MF distribution (black dots). Open squares are the
data points falling below the completeness limit of 0.8 M. Open circles
are the data points near the turn-off point in the MF distribution and are not
used in the fitting.

We have plotted in Fig. 25 the statistically cleaned V/(V — I.)
CMD for the NGC 7538 region showing the PMS stars there. We
have also plotted the zero-age-main-sequence (ZAMS) from Siess
et al. (2000) and the PMS isochrones from Siess et al. (2000).
The evolutionary tracks from Siess et al. (2000) for various masses
have also been plotted. The dashed horizontal line represents the
completeness limit of the data at (V — I.) = 2 mag after taking
into account the average extinction of the YSOs corrected for the
distance.

The masses of individual stars were then estimated by the tech-
nique mentioned in Section 3.2.2, and the corresponding MF is plot-
ted in Fig. 26 (upper panel). For this, we used only those sources that
have ages equivalent to the average age of the optically identified
YSOs combined with the error (i.e. <3.5 Myr, see Table 6). There
is a change of slope from the high-mass to the low-mass end with a
turn-off ataround 1.5 M, as has often been noticed in other regions
(Sharma et al. 2007; Pandey et al. 2008; Jose et al. 2008). The slope
of the MF T" for this sample in the mass range ~1.5 < M/M¢p < 6
is —1.76 £ 0.24, which is steeper than the value —1.35 given by
Salpeter (1955). We have optical photometry of only two IR sources
associated with the NGC 7538 region, i.e. IRS 5 (09, 20 M) and
IRS 6 (03, 60 M), as the others could not be resolved or are
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foreground sources. We did not use these two stars to generate the
MEF as they would have introduced large gaps between the points
in the MF distribution and the corresponding errors would be quite
large. Also, a lower mass range is required to compare this MF
distribution to that of YSOs.

Since the detection limit for the optical sample is up to Ay =~
7.7 mag (see Appendix A), the optical sample represents YSOs
that are on the surface or partially embedded in the nebulosity of
the NGC 7538 SFR. We need NIR and MIR data to cover the
deeply embedded YSOs. In Section 3.2.1, with the help of the SED
fitting, we estimated the age and mass of 419 YSOs using mostly
NIR/MIR data. Therefore, we used this sample to trace deeper into
the NGC 7538 region. The completeness limit for this sample, for
which the data for individual YSOs are taken from various surveys,
is discussed in Section 3.1.5 and found to be 0.8 M. The masses
of the YSOs in this sample were used to generate the MF, which is
shown in the lower panel of Fig. 26 (see also Kumar et al. 2014;
Yadav et al. 2016). We have not used here the four high-mass YSOs
(see Section 4.1). The slope of the MF I down to a similar mass
limit (i.e. 1.5 M) for this sample of YSOs is —1.56 & 0.27, which
is like that, within the error, derived using optical CMD. From this,
we can infer that the optical and SED fitting samples represent the
same population of YSOs.

5 CONCLUSION

Although the NGC 7538 region has already been studied exten-
sively in IR and radio wavelengths, it is rather neglected in the
optical and X-ray. To the best of our knowledge, the present study
is the first detailed multiwavelength study (including the optical)
of this region. We have added some more YSOs based on their
Ha or X-ray emission, thus complementing the previous IR excess
based catalogue of the YSOs in the region. We have checked the
association of these YSOs with NGC 7538 and derived their indi-
vidual physical parameters based on the SED fitting. The spatial
distribution of these YSOs along with those of the MIR and radio
emission have been used to constrain the star-formation history in
the region. The XLF and MF for the YSOs in this region have also
been derived. The main results of this study can be summarized as
follows:

(i) Analysis of the Chandra X-ray data in a 17 x 17 arcmin?

field of the NGC 7538 region revealed 190 X-ray emitting sources.

(i1) Based on H grism spectroscopy, Ho (photometry) and X-
ray emission, we have identified six, 15 and 64 YSOs, respectively,
in the region. We have compiled a catalogue of 943 YSOs by com-
bining those detected in the present study with those previously
catalogued. 53 YSOs are new additions from this study. This new
catalogue is complete down to 0.8 M.

(iii)) We have derived the ages and masses of 463 YSOs based
on the SED fitting analysis. 419 of them are confirmed to belong
to the NGC 7538 SFR and ~91 per cent (380/419) of them have
ages between 0.1 and 2.5 Myr. A majority (~86 per cent) of the 419
YSOs have masses between 0.5 and 3.5 M, as derived by the SED
fitting analysis. These ages and masses are comparable with those
of TTSs. The Ay value for these YSOs shows a spread from 1 to
30 mag. The average age, mass and extinction (Ay) for this sample
of YSOs are 1.4 Myr, 2.3 M and 11 mag, respectively.

(iv) Of the above 419 YSOs, around 24 per cent (99), 62 per cent
(258) and 2 per cent (10) are found to be class I, class II and
class III sources, respectively. The high percentage (~85 per cent)
of class I and class II YSOs indicates the youth of this region. A
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Kolmogorov—Smirnov test for the age distribution of the class I
and class II sources suggests that it is different. The ages of class I
sources are S0.5 Myr, whereas the class II sources have ages ~1-
1.5 Myr mostly, indicating an age difference of ~1 Myr between
them.

(v) The mean value of log (L) of YSOs identified in the region is
found to be around 31.1 erg s~'. It is found that the X-ray activities
of the class I, class II and class III sources are not significantly
different from each other. Ly seems to increase with the mass of
the class III sources, whereas it decreases with the age of the class
II and class III sources. However, we find no statistically signifi-
cant difference in the slopes and intercepts for the Ly versus age
distribution for the class II and class III sources, which indicates
that the presence of circumstellar discs has practically no influence
on the X-ray emission. This suggests that the increase of the X-ray
surface activity with the increase of the rotation rate may be com-
pensated for by the decrease of the stellar surface area during the
PMS evolution.

(vi) The spatial distribution of the YSOs, along with the MIR, ra-
dio and CO emission, has been used to understand the star-formation
process in the region. The YSOs in the inner region (within 3 pc
from IRS 6 and containing the bright H 1 region) may have been
formed by a triggering mechanism caused by the central high-mass
star IRS 6.

(vii) The slope of the MF changes from the high-mass side to the
low-mass side with a turn-off at around 1.5 M. The slope of the
MF I in the mass range 1.5 < M/M¢ < 61is —1.76 & 0.24, which
is steeper than the value in Salpeter (1955) of —1.35.
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APPENDIX A: DISTANCE AND REDDENING
OF NGC 7538

NGC 7538 is in the second quadrant of the Galaxy in the Perseus
arm. The distance estimates in the literature range from 2.2 kpc
(Moreno & Chavarria 1986) to 2.8 kpc (Crampton, Georgelin &
Georgelin 1978). The accuracy of these photometrically deter-
mined distances are typically 10-20 per cent. Puga et al. (2010)
reported a spectro-photometric distance of 2.7 &+ 0.5 kpc to this
region. Moscadelli et al. (2009), using the trigonometric parallaxes
of methanol masers, which are usually associated with high-mass
SFRs, derived the most accurate distance of this region as 2.65012.
Therefore, we have adopted 2.65 kpc as the distance for NGC 7538
in our analyses.

A (U — B)/(B — V) TCD was used to estimate the amount of
reddening towards the NGC 7538 region. In Fig. Al, we show
the TCD with the intrinsic ZAMS (blue dotted curve) taken from
Schmidt-Kaler (1982) along with the identified stars (black dots).
For comparison, we have also over-plotted in Fig. Al the 1 Myr
isochrone (equivalent to ZAMS) from Marigo et al. (2008), which
agrees well with that of Schmidt-Kaler (1982). The distribution of
the stars shows a large spread along the reddening line, indicating
heavy differential reddening in this region. It reveals two different
populations, one (blue open circles) distributed along the ZAMS
and another (black dots) showing a large spread in their reddening
value. The former with negligible reddening must be the foreground
population and the latter could be member stars. Both populations
are selected visually based on their locations with respect to the
ZAMS (for details, see Golay 1974; Phelps & Janes 1994). If we
look at the MIR image of the NGC 7538 region (Fig. 1), we see
several dust lanes along with enhancements of nebular emission
at many places; both are likely responsible for the large spread of
reddening in the latter population.
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Figure Al. (U — B)/(B — V) TCD for the sources in the NGC 7538 re-
gion. The dotted blue curve represents the intrinsic ZAMS for Z = 0.02
from Schmidt-Kaler (1982) along with the selected foreground stars (blue
open circles). The 1 Myr isochrone (equivalent to ZAMS) from Marigo
et al. (2008) is also shown as the black dotted curve. The continuous curves
represent the Schmidt-Kaler (1982) ZAMS shifted along the reddening vec-
tor (see text for details) by E(B — V)min = 0.75 mag (green curve) and
E(B — V)max = 2.2 mag (red curve) for reference to the stars embedded in
the nebulosity of NGC 7538 (black dots).

The ZAMS from Schmidt-Kaler (1982) is shifted along the red-
dening vector with a slope of E(U — B)/E(B — V) = 0.72 x 0.91
(corresponding to Ry = 2.82) to match the distribution of
the stars showing the minimum reddening among the mem-
ber population (green curve); this gives E(B — V)nin = 0.75
and Ay ~ 0.75 x 2.82 = 2.1 mag. The others may be em-
bedded in the nebulosity of the Hu region. The ZAMS is
further shifted along the reddening vector with a slope of
E(U — B)/E(B — V) =0.72 x 1.24 (corresponding to Ry = 3.85)
to match the distribution of these embedded stars showing the max-
imum reddening value, E(B — V).« = 2.2 mag [red curve, Ay =~
(0.75 x 2.82 4 1.45 x 3.85) = 7.7 mag]. The approximate error in
the reddening measurement of E(B — V) is 0.2 mag, as determined
by the procedure outlined in Phelps & Janes (1994).

APPENDIX B: REDDENING LAW

We used the technique described by Pandey et al. (2003) to study the
nature of the diffuse interstellar medium (ISM) associated with the
NGC 7538 region. This can be represented by the ratio of total-to-
selective extinction Ry = Ay/E(B — V). The normal reddening law
for the solar neighbourhood gives the value Ry = 3.1 £ 0.2 (Guetter
& Vrba 1989; Whittet 2003; Lim et al. 2011), but for several SFRs,
it is anomalously high (see e.g. Pandey, Ogura & Sekiguchi 2000;
Pandey et al. 2008, 2013; Hur, Sung & Bessell 2012; Kumar
etal. 2014).

The TCDs of the form of (V — X) versus (B — V), where A in-
dicates one of the wavelengths of the broad-band filters (R, I, J,
H, K, L), provide an effective method for separating the influence
of the normal extinction produced by the general ISM from that
of the abnormal extinction arising within regions having a pecu-
liar distribution of dust sizes (see Chini, Kruegel & Kreysa 1990;
Pandey et al. 2000). We selected all the stars having optical and
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Figure B1. (V—1.), (V —J), (V— H) and (V — K) versus (B — V) TCDs
for the stars associated with the NGC 7538 region (black dots) and for the
foreground populations (blue dots) (see Appendix A). Open green circles
are identified YSOs (see Section 3.1.4) and are not used in the analysis.
Straight lines show the least-squares fit to the stars in the NGC 7538 region.

NIR detections and plotted their (V — A) versus (B — V) TCDs in
Fig. B1. It reveals two distributions having different slopes. Pre-
sumably, the blue and black dots are the foreground population and
the stars associated with NGC 7538, respectively, selected based on
their reddening values (see Appendix A). Since YSOs (open circles)
show excess IR emission, their position can deviate from those of
the MS stars in the above TCDs, therefore they have not been used in
the calculation of the reddening law. The slopes of the least-squares
fit to the distribution of the MS member stars (black dots) in the
V-=1),(V—-J),(V—-H)and (V — K) versus (B — V) TCDs are
found to be 1.44 £ 0.04,2.47 £+ 0.07, 2.95 & 0.07 and 3.03 £ 0.06,
respectively, which are higher than those found for the general ISM
(1.10, 1.96, 2.42 and 2.60; see Pandey et al. 2003). On the other
hand, the field population (blue dots) gives lower values for them
(i.e. 1.12 £ 0.04, 1.75 £ 0.08, 2.26 & 0.07 and 2.36 £ 0.06).

The slopes for the MS stars associated with the NGC 7538 region
estimated as above yield a higher value for Ry (~3.85 £ 0.15) (for a
description of the reddening law estimation, see Pandey et al. 2003),
indicating larger grain sizes of the material in this region compared
to the general ISM. In many SFRs, Ry’s tend to deviate from the
normal value, preferably towards the higher ones, for example,
Ry = 3.7 (Kumar et al. 2014, the Carina region), Ry = 3.3 (Pandey
et al. 2013, NGC 1931), Ry = 3.5 (Sharma et al. 2012, NGC 281)
and Ry = 3.7 (Pandey et al. 2008, Be 59). Within dense dark clouds,
the accretion of ice mantles on grains and the coagulation due to
grain collision can change the size distribution leading to higher
Ry values (Cardelli et al. 1989). The value of Ry for the foreground
population (blue dots in Fig. B1) towards the direction of NGC 7538
is ~2.82 £ 0.10, indicating a slightly smaller grain size in the
foreground medium of NGC 7538 compared to the general ISM.
It is interesting that Eswaraiah et al. (2012) reported the mean
value of Ry as 2.79 + 0.18 for the general ISM towards the Be 59
SFR (I = 118.22°, b = 5.00°), which is in a similar direction to
NGC 7538, based on polarimetric observations.
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