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1 INTRODUCTION

ABSTRACT

IC 1848 is one of the young open clusters in the giant star-forming Cas OB6 association. Several
interesting aspects relating to star formation processes in giant star-forming regions attracted
us to study the initial mass function (IMF), star formation mode and properties of pre-main-
sequence (PMS) stars. A UBVI and Ho photometric study of the young open cluster IC 1848
was conducted as part of the ‘Sejong Open Cluster Survey’. We have selected 105 early-
type members from photometric diagrams. Their mean reddening is (E(B — V)) = 0.660 £
0.054 mag. Using the published photometric data with near- and mid-infrared archival data
we confirmed the normal reddening law (Ry = 3.1) towards the cluster (IC 1848). A careful
zero-age main-sequence fitting gives a distance modulus of Vy — My = 11.7 £ 0.2 mag,
equivalent to 2.2 4 0.2 kpc. Ho photometry and the list of young stellar objects identified by
Koenig et al. permitted us to select a large number of PMS stars comprising 196 He emission
stars, 35 Ha emission candidates, 5 Class I, 368 Class II and 24 transition disc candidates.
From the Hertzsprung—Russell diagram using stellar evolution models, we estimate an age
of 5Myr from several evolved stars and 3 Myr from the PMS stars. The IMF was derived
from stars with mass larger than 3 M@, and the slope is slightly steeper (I' = —1.6 & 0.2)
than the Salpeter/Kroupa IMF. Finally, we estimated the mass accretion rate of PMS stars
with an ultraviolet excess. The mean mass accretion rate is about 1.4 x 1078 Mg yr~! in the
mass range of 0.5-2 M, whereas intermediate-mass stars (>2.5 M) exhibit a much higher
accretion rate of M > 107 M¢ yr .

Key words: accretion, accretion discs — circumstellar matter — stars: luminosity function, mass
function — open clusters and associations: individual: IC 1848.

the influence of strong ultraviolet (UV) radiation from massive stars
on the surrounding materials and the triggering mechanisms for star

There are three well-known large-scale star-forming regions
(W3/W4/W5; Westerhout 1958) in the Cas OB6 association. W5
(also called the IC 1848 H 1 region) is the eastern part of the molec-
ular cloud complex and consists of two components W5 West and
W5 East (Karr & Martin 2003). There are four known O stars,
HD 17505, HD 17520, HD 237019 and BD 460 586 in W5 West,
while one visible O star HD 18326 is at the centre of W5 East. All
but HD 237019 are surrounded by many low-mass stars in clusters.
These O stars are thought to be the ionizing sources of the H re-
gion. The simple morphology of each H 1 region helps us to study
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formation (Koenig et al. 2008b). Hence, W5 is an ideal laboratory
to study star formation processes with feedback from high-mass
stars. The initial mass function (IMF) of this star-forming region
is also an interesting scientific issue. In this context, our target of
interest is the IC 1848 cluster (hereafter IC 1848), also known as
OCL 364, situated in the centre of W5 West, containing the brightest
star HD 17505, which is a multiple system consisting of an 06.511I,
two O7.5V and an O8.5V stars (Hillwig et al. 2006).

Many investigators (Lada et al. 1978; Vallée, Hughes & Viner
1979; Normandeau, Taylor & Dewdney 1997 and therein) provided
radio maps at various frequencies to investigate the large-scale struc-
tures and the physical properties of the W3/W4/W5 complex. Since
active star formation takes place in these regions, investigators have
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a continuing interest in the processes involved. Loren & Wootten
(1978) and Thronson et al. (1980) studied star formation in W5 A
(or IC 1848 A), which is a bright-rimmed molecular cloud to the
eastern end of WS5. Wilking et al. (1984) discussed many interesting
observational aspects associated with the triggered star formation
in W5. A census of embedded stellar sources in the W3/W4/W5
region has been published by Carpenter, Heyer & Snell (2000).
The authors identified 19 clusters, with about half the stars in five
rich clusters. Karr & Martin (2003) identified several young stellar
objects (YSOs) using the /RAS Point Source Catalog and found
that the young stars are mainly distributed around the edge of the
Hu region. The authors argued from a comparison of evolutionary
time-scales that there is a distinct difference in the star formation
history of the ionizing stars and the young stars on the border of
expanding H 1 regions. Because of the presence of clumps evapo-
rating away from the ionizing sources and the shorter time-scale for
star formation under the assumed expanding velocities, they also
suggested that radiatively driven implosion — star formation trig-
gered by the strong UV radiation from young OB stars (Elmegreen
& Lada 1977) — may be the dominant triggering mechanism in W5.
Spitzer/Infrared Array Camera (IRAC) and Multiband Imaging Pho-
tometer for Spitzer (MIPS) imaging data, Koenig et al. (2008b) pro-
vided photometric data for more than 17 000 point sources and YSO
classifications. The identified YSOs made it possible to study the
clustering properties of these YSOs and to discuss plausible trigger-
ing mechanisms required to explain the distinct generations within
WS5. The high-resolution IRAC and MIPS images revealed sev-
eral isolated cometary globules and elephant trunk structures with
polycyclic aromatic hydrocarbon (PAH) emission. Later Koenig &
Allen (2011) studied the disc evolution of intermediate-mass stars.
Cometary globules, bright-rimmed clouds and H i1 region outflows
are suggested as evidence of triggered star formation, and many
studies have investigated the physical properties of these objects
(Lefloch, Lazareff & Castets 1997; Thompson et al. 2004; Koenig
et al. 2008a; Niwa et al. 2009).

Several photometric studies (Sharpless 1955; Hoag et al. 1961;
Johnson et al. 1961; Becker & Fenkart 1971; Moffat 1972; Lok-
tin, Gerasimenko & Malysheva 2001) involving IC 1848 have been
made in the optical bands. These studies provided useful photomet-
ric data and fundamental parameters, such as reddening, distance
and age for IC 1848. However, most analyses assumed a normal
reddening law (Ry ~ 3.0), and the multiplicity of early-type stars
was not fully taken into account. Furthermore, the limiting magni-
tudes were not deep enough to study the pre-main-sequence (PMS)
stars fainter than V ~ 16 mag in the young clusters or associations
in the Perseus arm.

Recently, adeep U BV I photometric study for IC 1848 W5 East
has been made by Chauhan et al. (2011) with archival data. The au-
thors presented the initial mass function (IMF) for stars in the mass
range from 0.4 to 30 M, as well as their fundamental parame-
ters. However, no deep optical photometric study has been made
for IC 1848-WS5 West. Since the results of Koenig et al. (2008b)
provided very good membership criteria for the PMS stars with
accretion discs, the age distribution and mass accretion rates of
PMS stars, the star formation history within the region and the IMF
down to the 1.0-1.5Mg regime can be studied. In addition, the
Two Micron All Sky Survey (2MASS; Skrutskie et al. 2006) and
Spitzer/IRAC data (Koenig et al. 2008b) make it possible to test
carefully the reddening law in a wide wavelength range.

The previously published distance to IC 1848, derived using var-
ious methods, is in the range 1.7-2.4 kpc. The photometric surveys
mentioned above provided distances of 1.7 kpc (Sharpless 1955),

2.1 £ 0.3 kpc (Chauhan et al. 2011), 2.2 £ 0.2 kpc (Johnson et al.
1961; Loktin et al. 2001) and 2.3 kpc (Becker & Fenkart 1971; Mof-
fat 1972). Some studies have implicitly assumed that the distance to
IC 1848 is the same as that to W3 or W4 (or IC 1805) (1.9-2.4 kpc).
Georgelin & Georgelin (1976) independently derived a distance of
2.3 kpc using their Galactic rotation model. Early studies have re-
lied on this distance. Recently, Xu et al. (2006) derived a distance
of 1.95 & 0.04 kpc for a W3OH maser using its very long baseline
interferometry (VLBI) parallax. Hillwig et al. (2006) preferred to
use a distance of 1.89 kpc to match the observed and theoretical
stellar radii. Since distance is a critical parameter in converting ob-
servational quantities to reliable physical parameters, we need to
revisit its determination.

The Sejong Open Cluster Survey (SOS) project is dedicated to
provide homogeneous photometric data down to V ~ 22 mag for
many open clusters. The overview of the project can be found in
Sung et al. (2013b, hereafter Paper 0). The young open cluster
NGC 2353 was studied as part of this project (Lim et al. 2011). This
paper on IC 1848 is the third in the series. The observations and
comparisons with previous photometry are described in Section 2. In
Section 3, we discuss the reddening law in the direction of IC 1848
and present fundamental parameters estimated from the photometric
diagrams. The IMF of IC 1848 and the mass accretion rates of
PMS stars with UV excesses are presented in Sections 4 and 5,
respectively. Finally, we summarize the results from this study in
Section 6.

2 OBSERVATION

The observations of two regions associated with IC 1848 were made
on 2009 January 19 using the AZT-22 1.5-m telescope ({/7.74) at
Maidanak Astronomical Observatory in Uzbekistan. All imaging
data were acquired using the Fairchild 4098 x 4098 CCD (SNU-
Cam; Im et al. 2010) with standard Bessell UBVI (Bessell 1990)
and He filters. Lim et al. (2008) have described the characteristics
of the CCD in detail. The mean seeing was better than 1.0 arcsec,
and sky conditions were good. The observations comprised a total
of 20 frames that were taken in two sets of exposure times for each
band — 5 and 60sin /, 5 and 180s in V, 7 and 300s in B, 15 and
600s in U and 30 and 600s in Ho. We present the finder chart
for the stars brighter than V = 15mag in Fig. 1 using the Guide
Star Catalog version 2.3 (Lasker et al. 2008). The photometry for
12 stars that were saturated in our data was taken from previous
studies. The photometric data and the adopted spectral types of the
stars are presented in Table 1.

As described in Lim et al. (2008), all pre-processing to remove
instrumental artefacts was done using the IRAF'/ccRED packages. In
order to obtain daily parameters for transformation to the standard
system, the atmospheric extinction coefficients and photometric
zero-points were obtained on the same night as the cluster obser-
vations through the observation of many equatorial standard stars
(Menzies et al. 1991) at different air masses. We performed simple
aperture photometry for the standard stars with an aperture size
of 14.0 arcsec and present the coefficients in Table 2. We carried
out point spread function (PSF) photometry for target images using

! Image Reduction and Analysis Facility (IRAF) is developed and distributed
by the National Optical Astronomy Observatories, which is operated by
the Association of Universities for Research in Astronomy under operative
agreement with the National Science Foundation.
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Figure 1. Finder chart for IC 1848. The size of the circles is proportional
to the brightness of individual stars. The position of stars is relative to the
brightest O-type star HD 17505 (a = 02"51™0830 § = +60°25'04", 72000).
Squares outline the observed regions.

IRAF/DAOPHOT Wwith the small fitting radii of 1 full width at half-
maximum (FWHM; <1.0 arcsec), and then aperture correction was
made by applying the differential magnitude between the fitting
radii and the standard aperture radius (7.0 arcsec). The size of the
aperture correction was determined from the aperture photometry
of relatively bright, isolated stars with a photometric error smaller
than 0.01 mag for each target image. Finally, the instrumental mag-
nitudes were transformed to the standard magnitude and colour in-
dices using the transformation equations below (Sung et al. 2008):

M; = m; — (ki — ku.Co)X + 0. Co + a, UT + &, (D

where M, , my, ki, kay, 05, Co, X, @;, UT and ¢;. are the standard
magnitude, instrumental magnitude, primary extinction coefficient,
secondary extinction coefficient, transformation coefficient, rele-
vant colour, air mass, time variation coefficient, time difference
relative to midnight and photometric zero-point, respectively. A
negligible time variation of ~1 mmag h™! in the photometric zero-
points was found in both the / and V bands. We adopted the recently
modified transformation coefficients (n;) for SNUCam from Lim
et al. (2009). From the assumption that the luminosity function of
all stars in the observed fields has a linear slope across the entire
magnitude range we found that our photometry is 88 per cent com-
plete down to V = 19 mag, which corresponds to ~1.2M¢. The
photometric data for 15 010 stars from this observation are available
in the electronic table (Table 3) or from the authors (BL or HS).
We checked our photometry against previous studies in order to
confirm its consistency. Only a few photoelectric photometric data
sets for IC 1848 were found in the open cluster data base WEBDA
In addition, no photometric study with a modern CCD was re-
ported for IC 1848. The photoelectric photometric data of Hoag
et al. (1961) were compared with our CCD data for 9-11 common
stars. The differences in the V magnitude, the B — Vand U — B
colour indices are, respectively, AV = 0.021 % 0.020 mag, A(B —
V) = 0.001 + 0.054 mag and A(U — B) = 0.008 + 0.067 mag,
where A = this — Hoag et al. Although the scatter seems to be

2 http://www.univie.ac.at/webda/
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rather large, our photometric zero-points are in good agreement
with those of Hoag et al. (1961). Since the photoelectric data of
Hoag et al. (1961) are well consistent with those of Johnson & Hilt-
ner (1956), we can conclude that our photometry is well tied to the
Johnson standard UBV system. On the other hand, it is impossible to
directly test the consistency of our V — I colours due to the absence
of photoelectric or CCD photometric data. However, we were able
to compare our CCD photometric data for the young open cluster
NGC 1893, which was observed on the same night as IC 1848,
with the CCD photometric data of other studies and found that our
data are well consistent with previous studies (Massey, Johnson &
DeGioia-Eastwood 1995; Sharma et al. 2007). In the comparisons
with the photometric data of other studies no evidence for any dif-
ference depending on colour indices was found. The details of the
comparisons will be presented in the forthcoming paper (Lim et al.,
in preparation). In addition, as the ratio of total-to-selective extinc-
tion obtained from the colour excess ratio of E(V — I)/E(B — V)
is consistent with that from other colour indices (see Fig. 6), our
V — I colour is well tied to the Cousins standard system.

3 PHOTOMETRIC DIAGRAMS

The fundamental parameters of open clusters are very important to
study many scientific issues, such as the local spiral arm structure of
the Galaxy, observational test of stellar evolution theory, the stellar
IMEF, the history of the star formation and chemical evolution in the
Galactic disc, as mentioned in Paper 0. Such parameters should be
carefully determined by using homogeneous photometric data. Tra-
ditionally, fundamental parameters of open clusters are determined
from optical photometric diagrams. Although near-infrared (NIR)
photometry gives much insight into faint or obscured objects owing
to its less sensitivity to interstellar reddening, optical photometry
is still a powerful tool to derive many fundamental parameters of
stars, because it has well-calibrated empirical relations and pro-
vides relatively higher resolution colour indices for massive stars.
Ho photometry (Sung, Bessell & Lee 1997) and the classifications
of YSOs in the W5 region (Koenig et al. 2008b) provide very use-
ful membership constraints for the PMS stars in IC 1848. In this
section we present the membership selection criteria, the reddening
law and fundamental parameters of IC 1848 from the two-colour di-
agrams (TCD) in Fig. 2 and the colour-magnitude diagrams (CMD)
in Fig. 3.

3.1 Membership selection

Early-type members (from O to late-B) can be selected from their
photometric properties in the CMDs and the (U — B,B — V) TCD.
The criteria for the early-type members are (1) V < 15,0.2 <B —
V' <0.7,—1.0 < U — B < 0.5 (see left-hand panel of Figs 2 and 3),
E(B —V)>0.5and —1.0 < Johnson’s Q <—0.1; (2) an individual
distance modulus between (Vo) — My)q — 0.75 —2.50v,_y, and
(Vo — My)a + 2.50v,—u, to take into account the effect of binary
members and photometric errors (Sung & Bessell 1999; Kook, Sung
& Bessell 2010; Lim et al. 2011), where (V, — My)q and ov,_y,
are the mean distance modulus and the width of the Gaussian fit
of the distance modulus, respectively. The reddening of individual
members was determined and corrected for (see Section 3.2). The
distance to the star was estimated using the zero-age main-sequence
(ZAMS) relation from table 3 in Paper 0. Finally, we compared it
with the average distance and the standard deviation of all members
and candidates. In this procedure one star (ID 12815) was rejected
from the list of members. Another star (ID 6138) was also rejected
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Table 1. Photometric data and spectral types for 12 bright stars.

1D Vv B-V U-B Reference Spectral type Reference

BD +59 556 10.06 0.36 —0.12 Hoag et al. (1961) B9V Hoag & Applequist (1965)
BD +60 584 9.87 0.28 Hgg et al. (2000)

BD +60 586 8.48 0.30 —0.67 Johnson & Hiltner (1956) 075V Hillwig et al. (2006)

HD 17505 7.06 0.40 —0.64 Johnson & Hiltner (1956) 06.5 TI((f)) Hillwig et al. (2006)

HD 17520 8.27 0.32 —0.68 Johnson & Hiltner (1956) 09V Conti & Leep (1974)

HD 17688 10.64 0.56 —0.08 Bigay (1963) ATV Fehrenbach (1966)

HD 237007 9.44 0.33 —0.30 Johnson & Hiltner (1956) BOV Morgan, Code & Whitford (1955)
HD 237011 10.05 0.30 Hgg et al. (2000) B15V Reed (2003)

HD 237012 9.67 0.47 Hgg et al. (2000)

HD 237015 9.44 0.24 —0.43 Haug (1970) B4 D Reed (2003)

HD 237018 9.01 0.14 Hgg et al. (2000) B95SV Fehrenbach (1966)

HD 237019 9.73 0.47 —0.53 Johnson & Hiltner (1956) o8V Morgan et al. (1955)

Table 2. Extinction coefficients and photometric zero-points.

Filter ki ko, ¢y (mag)
1 0.033 £0.014 23.604 £+ 0.012
|4 0.134 £+ 0.007 24.100 £ 0.007
B 0.236 £ 0.009  0.020 & 0.006  24.026 4+ 0.009
U 0.459 +£0.014  0.026 = 0.014  22.420 +0.013

Ha 0.081 £ 0.005 20.412 £ 0.042

from the [E(V — I), E(B — V)] colour excess ratio (Fig. 6) due to a
large deviation from the global trend. The star may be a foreground
late-type star. We repeated this procedure until no further stars were
rejected. In the end, 105 early-type stars were selected as members
of IC 1848.

Since many PMS stars with an accretion disc exhibit X-ray emis-
sion, UV excess, Ho emission and an infrared excess, Ho photom-
etry is an efficient way to select PMS members for young open
clusters (<3 Myr). Indeed, Sung et al. (1997) have successfully
identified PMS members in NGC 2264 using Ho photometry. The
authors and their collaborators have used Ho photometry to select
PMS members in many young open clusters, NGC 6231 (Sung,
Bessell & Lee 1998; Sung, Sana & Bessell 2013a), NGC 6530
(Sung, Chun & Bessell 2000), NGC 2244 (Park & Sung 2002),
NGC 2264 (Park et al. 2000; Sung et al. 2008), NGC 3603 (Sung
& Bessell 2004) and Trumpler 14 and 16 in the n Carina nebula
(Hur, Sung & Bessell 2012). We found 196 Ho emission stars and
35 candidates using the He index defined in the previous studies
(Sung et al. 2000) and presented the stars (open circle) in the right-
hand panel of Fig. 2. Stars which exhibit a weak Ho emission line
are likely missed in a single observation because the strength of the
Ha emission line varies with time. We included 26 additional stars
with emission equivalent widths of Ho larger than 5 A from Koenig
& Allen (2011), which were not identified as Ha emission stars in
our photometry.

Excess emission by dust in the circumstellar disc can be detected
at NIR and mid-infrared (MIR) wavelengths. The excess due to
dust emission is more prominent in the MIR than the NIR. But prior
to Spitzer, the Wide-Field Infrared Survey Explorer (WISE) and
Herschel era, ground-based observations at NIR wavelengths were
restricted to large IR excess stars. As a result, many studies have
attempted to identify PMS members through strong NIR emission
in the (/ — H,H — K) TCD. Now, owing to the vast survey of the
W5 region in the MIR (Koenig et al. 2008b), we could easily select
the young stars with a circumstellar disc. The optical counterparts
of the MIR excess emission stars in Koenig et al. (2008b) were

searched within a searching radius of 1.0 arcsec, and we identified
397 YSOs (5 Class I, 368 Class 11, 24 transition disc candidates). A
total 462 PMS members were identified in our photometry.

As seen in the (V,V — I) CMD of Fig. 3 or Fig. 8, our mem-
bership selection constrains the PMS locus well. However, current
membership are certainly incomplete, because the membership cri-
teria of PMS stars mentioned above are biased towards stars with an
active accretion disc. However, it is worth comparing the detection
efficiency of low-mass PMS stars between Ho photometry and MIR
data for stars brighter than V = 19 (our photometric completeness is
about or better than 88 per cent). A total of 94 stars were classified
as low-mass PMS members either from MIR excess emission or Ho
photometry. Among them, 32 stars were detected from both MIR
and Ho photometry. Interestingly, none of five bright transitional
disc candidates (V < 16) shows Ho emission. However, the Ho
detection fraction of faint transitional disc candidates (3/8 = 38 &+
22 percent to V = 1619 mag) is very similar to that of Class II
objects (26/77 = 34 £ 7 percent). This fact implies that the faint
transitional discs have similar characteristics to Class II objects,
i.e. they are probably pre-transition disc objects (Sung, Stauffer &
Bessell 2009). The reason for the absence of Ha emission among
bright PMS stars with a transitional disc may be related either to
the absence of a hot inner disc or to weak Ho emission with Ho
emission equivalent widths smaller than 10 A (Sung et al. 2008), or
both. The detection efficiency of transitional disc candidates (V <
19 mag) from He photometry may be less than 23 per cent with re-
spect to MIR excess emission. In this work, MIR excess appears to
be a more efficient way to find PMS members than He photometry.

However, the detection efficiency from MIR and He photometry
is not as high as X-ray observation and strongly depends on the age
of a cluster because the excess emission is prominent in young PMS
stars with a circumstellar disc and accretion activity. In addition, we
know that weak-line T Tauri stars (WTTS) are unlikely to be selected
as PMS members from MIR or He photometry because most of
the material in the disc of such stars has dissipated. Indeed, in
NGC 2264, many WTTS without He emission or a MIR excess were
identified as PMS by X-ray observations (Sung et al. 2009), and their
photometric properties were found to be similar to those of MS stars
(Flaccomio et al. 1999). Almost complete lists of PMS members
in NGC 2264 and NGC 6231 have now been identified down to
their limiting magnitude using X-ray sources from the Chandra
data archive (Sung et al. 2008) or from XMM-Newton observation
(Sana et al. 2006). Up to now, no extensive X-ray observations for
the IC 1848 region exist, so we note that a large number of WTTS or
low-mass PMS stars with weak accretion activity are likely missed
in our membership selection.

$T0Z ‘T Joquis1das uo A1SIeAIUN [euoIeN Ueleasny ay L e /BI0's[euinopioxo seutu//:dny wolj pepeojumod


http://mnras.oxfordjournals.org/

1455

The young open cluster IC 1848

Downloaded from http://mnras.oxfordjournals.org/ at The Australian National University on September 1, 2014

—  €8SPE09+SESSPSTO T TIITI  9%00  OPO0 61000 1€00 6200 100 ¥90°0  0TE0 €801  96€'1 8OSLI  SI68I  ¥'8SHE09+ LESSHSTO  TO6YI
- - 000111 800 SE00 0800 669T €088l TOSTIT  $6SEE09+  SESSHSTO 1661
- - TOTTTT  €EI0 6L00  SPO0 €00  0£00 0100~ 1961 7991 9S6'81  6T9°0T  OPTLEO9+ EESSHSTO 06671
- LIEPE09+OESSPSTO  111CTTT  STO0 0200 11000 9100  SIO0 9000  ISI'0 0860 €001  $PET 66591 €S6'LI  STIEPE09+ 1€SSHSTO  686¢1
- - TOTTTT 6600 0800  LKO'O  0£00  9£00  TLOO- 66V 1 T89T  TOL'8I  I8FOT  9EPE09+  6TSSYSTO  886YI
- - 001111 TIT0 #6000 €L00 6500 88P'1 6681 IP6'81  TH&OT L00STO9+ 6TSSHSTO  L86PI
—  0TY8E09+9TSSPSTO  TITTTT THOO 8100 6000 THOO THOO  TOO0 €600 €870 8860 PEET PLESI  OTELI  I'THBE09+  8TSSHSTO  986Y1
- - 1OTTTT 6900 8700  SPO0  LEOD 9200  ILI0— P €881 L6T8I  €610C  S000709+ STSSHSTO  S86PI
- LETEEO9+LTSSPSTO TII1TTT  S000  SI00  LOOO €000 €000 <TOO0  LTI'O T80 SEO'T  9TET  €PI'9l  8LYLI  LETEE09+ STSSHSTO  +86¥1
- - 10TTTT  #600 TLO0  SPO0  9T00  LEOD  EOO— PEET  SILT 11981 THEOT TSILTO09+ €TSSYSTO  €86Y1
- - TTTITE 8600 9900 €00 9200 LIOO 0T00  $LO0  LOEO €61l 8LST  98SLI  9LI'61  I'PESTO9+  E€TSSHSTO  T86YI
= 1S00¥09+61SSPSTO 100111  TIT0 8600 €00 8800 T6ET— 06T  6v981  I1SSIT  1'SO0V 09+  TTSSPSTO 18611
- £pPIE09+TTSSHSTO 000010 £€90°0 0rS 61 €PPIE09+  TTSSYSTO  086Y1
- - 1OLITT  LITO 8500  0S00 8600 TEOOD  6L00 PIPT  P8LT  I8I'81  8L661  0'SOECT09+ TTSSYSTO  6LOVI
- - 000111 €210 8900  TOI'0 0EV'T  LTy6l  LS®1T  STESE09+ 8I'SSPSTO  8L6YI
- - 001111 0800 8900 €SO0 THO'O L6ET  €S8'T  €6881 09L0T 1'SI9T09+ OI'SSYSTO  LLGYI
- - 100111  TTIO LS00 €00 9P00  6L00— 6V6'1  SS8'81 $080T I'I19T09+  SI'SS¥STO  9L6YI
- - 1OTTTT  0TI0 $80°0  ¥SO0 6700 SPO0  LEOD L0ST  €8LT 98681 08L0T L106T09+ €I'SSPSTO  SLOPI
- - 000111 L600  1L00 9900 VOST  OL8'6L  PEPIT  IPOLEO9F  TI'SSYSTO  PLOVI
- - 000111 PELO  TLOO €110 9SI'T  8SS'6l  EILIT  LPPYT09+  POSSPSTO  EL6VI
—  PSPLEO9+86VSFSTO  TTTTITT 61000 €000 8000 6100 LIOO 8000  ISO0  8LYO  SPO'T  S6I'l  SLOWI  9LTSI  ¥'SPLE09F  66'VSTSTO  TLOYI
- - 1OTTTT  LITO 9010 0900  SE00 600  +TI'0 PSP 600T  THS'8I  €S80T  6'6€LT09t  86FSYSTO  ILGYI
- - 000111 9010 800 L90°0 LT €€8°61  S6STIT  9SEVE09+  L6TSPSTO  OL6YI
- - 000111 $80°0  ¥S00 900 0961 1IS'61  ILFIT  LTOVEO9+  S6PSHSTO 6961
- - 000111 TLO0 €500 8K00 0T €161 SEI'IT  €809€09+ €64 ¥STO  896YI
- - 000111 8800  LPOO  +LOO €1TT  LSE61  OLSIT  89E9T09+ E6VSHSTO  L96PI
- - TTTITT 6900  8L00  0£00 8100 TO00 8100 €000~ 80  SLOT LT 10181 0961  €SILEO9H 68FSHSTO  996¥1
- TBIVTO9HE6YSFSTO  TOTTIT  #11°0 0900 0S00  9€00  ¥E00  L9I0 LOV'1  LTET  OTE8I  6STOT LBIHTO9+  68FSH¥STO  S96YI
—  OEETE09+L8YSPSTO TITTTT SO0 €100 9000 €000 €000 1000  OIT'0 1970  LP6'0 80TT THTOL 6SY'LI  6TETE09+ 88YSHSTO  +96v1
- - 1OTTTT 1600 ¥SO'0  LEOD €200 6200  9EI0 SLET  €8ST 69981  09T0T 00 1€09+ L8YSHSTO  €96¥1
~  ESTETO9H8LYSKSTO 1011TI  #80°0 900 600 THOD STOOD 8900~ 66T TLE'T  POSLL  S8F61  FSTETO9+  E8FSHSTO  TI6KI
- - 000111 L600  ¥S00 0800 80TT €661 10VIT 89V HT09+ LLYSHSTO  196F1
- - 10TTTT 0800 €P00  6Y00 THOO  STOO  LPI0— 88€'T  SIOT 19681 98661 991 6£09+ SLYSHSTO  096P1
- - 000111 800 L900  L¥O0 VILT ILT61  986°0T €SI1STO9+  TLYSPSTO  6S6Y1
- - 001111 €L00  ¥SO0  THOO  YE00 6LIT  OLST  €0061 980T S'8ISE09+ ILPSHSTO  8S6FI
- - 10OTTTT 900 8700  SE00 €200  LTOO  €80°0— €PET LT €81'81  9T00T  0°0S9T09+ 89PSHSTO  LS6YI
- 60Y9T09+99rSHSTO  1001TI 1110 TLO0 6100 0L00  9IE0— 1206 69781  06T1T 017909+ 89FSHSTO 961
- - TTTITT $900  S900 6200 91000  #00°0 SI00  LOI'0  TI€0  SEI'l 6K 1 TTI'8L  T9S61  TEE6E09+ 99PSHSTO  SS6FI
- - 000111 TLO0  PHO0 LSOO LE6'T  PPE6L  I8TIT 001 LT09+ 99FSSTO  HS6PI
- - 1OTTTT 0010 1700 8500 800 000 €400 SSI'L 0SST  I¥S8I  $OI'0T 09T 6E09+  19%S¥STO  €S6¥1
- - TOTTTL  #PI0 0800 1900 €00 €400  990°0 PSET IT8T  €SS8I 06E£0T  0'9Y €T09+  19FS¥STO  TSGPI
~  6T00£09+6SYSPSTO  TTTTTT  LOOO €000 €000 TOO0 1000 TOO0  6SI0  S6€0 9160 00T SSOSI  $9T9I  0E00E09+ 8SHSHSTO  I1S6Y1
- - 1OTTTT  TLOO 900 SE0°0 1200 8200 FHI0— PPET  SOLT  TOLSI  OISOT  O'bSEE09+  LSPSPSTO  0S6PI
- 9LELE09HPSKSPSTO  TITTTT  LIOO  PIOO  LOOO  LIOO  SIO0  LOO0  610°0— 990  8SI'T  L8TT SEFST  LTLIL  OLELEO9T  9SPSSTO 661
- - TTTITE 0900  L600  SE00 €200 €000 €200 €00  +6€0  SOU'L 9091 €HO'8I  €9961 90V LT09+ 9SPSHSTO  8r6YI
- - ITTITI 8900 7800 8600 9200 6000 +T00 LTO0— 680  OITI 98T <TOT8I TO86l TTTIE09+ TSPSHSTO  Li6hl
H - TTTITT SLO0  TPI0 €010 9900 6200 6500 6h6'1— +060— 120 61T 60681 €EEIT  000SE09+ ISPSHSTO  9v6hI
- - 000111 ¥CI'0 8500 0110 LSST  PIE6l  IL8IT  6PPSTO9+  ISPSHSTO  SH6hI
- - 000111 €010 900  T60'0 L99T TTI'61  68L1T  6'9S6E09+ 0SPSHSTO  ¥hovl
- - 10111 2000 TLO0 900 €00 TEOD  PEOO— €8Sl L88'1 STOBI  0TSOT TBEEE09+ 0SHSPSTO  EP6YI
- - ITIITE $S00 9S00 €200  LIOO 1000 LIOO  LPI'O  8IE0  #66'0  96T1 TSLLL 88061 §LTOV09+ LFPSHSTO  Twovl
- - 000111 9110 €400 8010 1L9T  6vI'61 0T8T 9T0EE09+ EFPSPSTO  Thopl
»S  PH dISSYINT S0y O~H> d-0N> A~d> =4 D A O-H 9-n A-4 I-A I A 0oozrg 000217 »dl

"BJEp OLIIWOI0YJ € d[qe],


http://mnras.oxfordjournals.org/

1456 B.Limetal.

a 3.2 The reddening
":% E% % E E E E % g E The interstellar reddenipg towards young open clL}sters is, in gen-
© m O MmO eral, derived by comparing the observed colour indices of the early-
°© type members with the intrinsic (U — B,B — V) diagram. Using
I the intrinsic colour—colour relation from table 1 in Paper O we de-
= termined the individual reddening E(B — V) of early-type members
2 8T8 E=SR2S of IC 1848. The reddening slope was simply assumed to be E(U —
F E0FERSRSSERERS» B)/E(B — V) =0.72 because the dependence on E(B — V) is negligi-
=) [sa] TodaaAaaAaommoaAaaaa .
= S BB EIEBE ble for less reddened stars [E(B — V) < 1 mag]. The mean reddening
8 I e e s e = e o s e gy g e value was estimated to be (E(B — V)) = 0.660 % 0.054 (s.d.) mag
;. ﬁ ﬁ ﬁ % § § § E ;@ § g § % é:r § and displayed in the left-hand panel of Fig. 2 as a dashed line. This
E E\ E ﬁ Z\ ﬁ % ﬁ ﬁ E ﬁ ﬁ ﬁ ﬁ ﬁ value is in good agreement with that of previous studies, e.g. E(B —
S eeeeeseseseeee V) = 0.55-0.70 mag (Johnson et al. 1961), 0.66 mag (Becker &
= g - g - g ceoo g g e g g it 12:8811(?“ 1971), 0.72 mag (Moffat 1972) and 0.60 mag (Loktin et al.
B OO0 = O .
= Naa—noo223282828282888 From the spread of the early-type members in the (U — B,B —
R V) diagram, one can see that there is a non-negligible amount of
Ol o s differential reddening across the observed region. In order to in-
= 2 é § § o vestigate the spatial variation of the reddening we constructed the
? e § reddening map of the observed regions using the position and red-
n ¥ & = = dening of individual early-type members. The observed field was
é S 3 E‘J g divided into 10 000 rectangular areas, each of which has the size
. - oo 5 '%D of 0.33 x 0.23 arcmin’ in right ascension and declination, respec-
2 g 83 g E tively. The weighted-mean reddening of each point is calculated
v e e g 2 from the reddening of 105 early-type members, where the weight
slgeggs s 2 % is exponentially decreasing with the dl.stance from 1nd1v1dga1 e.arly-
zlgszsgesS z § type members. We present the reddening map of IC 1848 in Fig. 4.
as et The massive molecular cloud W5 NW in W5 West lies in the north-
S % g g 5 g @n é ern part of the cluster (see fig. 1 of Wilking et al. 1984; Koenig
SSsSss 9 — et al. 2008b). O-type stars, HD 17505, HD 17520 and HD 237007,
Ot — A % § in W5 West are responsible for the ionization of the molecular
823 § == L%D :Q clouds (Karr & Martin 2003), and bright rims lie along the ion-
ceeees = E ization front (Wilking et al. 1984). These could be evidence that
IS =~ § § 5 3 the stellar wind and UV radiation from three O-type stars are com-
m‘ o C‘i C|5 \_; "E pressing the molecular cloud. On the other hand, the reddening map
= O of the southern part is rather transparent compared to the northern
Q AR LS % V% § % ?g" § part, and one could expect that the material in the southern part
b‘ 2 = % ; % % S ?‘ < ? T 2 might have been rapidly swept away. Thus, the large-scale variation
9 -§ of reddening shows the systematic difference between the north-
=~ 7 oTgsgegeceegseeseg Z % ern and southern part of the cluster. Another O stgr BD 460 586
Q‘Q TO2B3IS383335353838 |8 £ (A« ~ 22.5arcmin, A8 ~ 14.0 arcmin) is located in the valley of
= ~ reddening between two molecular clouds W5 NE and W5 NW. The
T § g % g E § @ structure in the reddening map may reflect the interaction between
> laa—=a = § = 2 the O stars and the surrounding materials. A similar feature was
cInge % = Z found in NGC 62371 (Sung et al. 2013a). From this, we deduce that
~|geEis E l— é LZ the sFrong stellar wind f.rom O stars can sweep away the surround}ng
- £ 5 2 & medium. In f:ontrast, Lim et al. (2013) found the highest reddening
CNN TN R coccococol|E T value to be in the centre of the starburst cluster Westerlund 1 and
~|18852%R= Sa3 g c¥xal I E S —§ ; & interpreted this as resulting from dust formed from the ejected ma-
REZRESreaSSasaadaz|2 '§ Z E terial from the many Wolf—Rayet stars. These observations indicate
QoxrIdImaRzATn NN O % E -% ﬁ that within IC 1848, dust destruction may be more dominant than
g § 3 § % 5 5 § § sovezsd @ ooz g’é g2 dust production. However, unlike the other O-type stars, HD 237019
§ A i Jodggagdooerodaaa e g 5 = (Aa ~ 17.3 arcmin, A8 ~ 2.5 arcmin) lies in a highly reddened re-
PEIITITRIRRYIRRRERYRY 88T 3 gion. According to a formation scenario of W5 West suggested by
B 2} j §D Koenig et al. (2008b) the star could be ejected from the cluster by
FRREBLSISTBREELITIZ é é é g gravitational interaction between massive stars in the cluster centre.
% E 5 E 5 5 E § E i § E § E i E § i E 2 E g1 If this scenario is true, the star may not have had enough time to
s § § ‘é § ‘é § g ‘é § 5 ‘é § g ‘é § ‘é ‘é § % é é % interact with the suljroqu.ding material. . .
20 S S = To check the reliability of the reddening cqrrectlons for PMS
AlSTIELER - 51 T 8 stars in our analysis, we compared the reddening E(V — I) from
FERIII TV TTT é TEF Fig. 4 with that from the spectral type. Recently Koenig & Allen

Table 3 — continued
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Figure 2. Colour—colour diagrams of IC 1848. In the left-hand panel, bold dots, triangles (red), squares (blue), crosses (blue), open circles (red) and pentagons
represent early-type members, Class I, Class II, transitional disc candidates, Ho emission stars and bright stars obtained from previous studies, respectively.
The intrinsic and reddened colour-colour relations are overplotted with a solid and dashed line, respectively. The mean reddening of (E(B — V)) = 0.66 mag is
adopted for the latter. In the right-hand panel, the solid line represents the empirical photospheric level, while the dotted and dashed lines are the lower limits
of Ho emission candidates and Ho emission stars. From this criteria, 196 Ho emission stars and 35 candidates are identified.
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Figure 3. CMD of IC 1848. Left-hand panel: V — I versus V diagram. Middle panel: B — V versus V diagram. Right-hand panel: U — B versus V diagram.
The solid lines represent the reddened ZAMS relations of Paper 0 shifted by E(B — V) = 0.66 mag and Vy — My = 11.7 mag. The arrow denotes a reddening
vector corresponding to Ay = 3 mag. The other symbols are the same as Fig. 2.

(2011) published the spectral types of 389 stars in the W5 region.
Among them, 63 stars with V — I, B — V and U — B colour in-
dices in our data were used in this comparison. The spectroscopic
reddening was obtained by comparing the observed V — I colour
with the intrinsic colour inferred from a given spectral type (Pa-
per 0). One can expect that the mean difference would be close to
zero with a random scatter, and that spectroscopic reddening could
be higher for few stars due to their internal extinction. We present
the comparison in the left-hand panel of Fig. 5, where negative
values mean that spectroscopic reddening is larger than that from
our reddening map. For B—early-F and K5-late-K-type stars, the
reddening shows reasonably good agreement. However, the spec-
troscopic reddening is 0.2 mag higher than ours for late-F-K4-type
stars, and systematically lower for M-type stars.

In order to find the main causes of the differences we checked
our intrinsic relations in Paper 0, which is based on the (B — V, V —
I) relation by Cousins (1978) with the spectral type—colour relation
of Bessell & Brett (1988). The difference is less than 0.02 mag, and
therefore it is unlikely to be caused by the spectral type—(V — I) rela-

tion. We also compared the reddening map from optical photometry
with that from the 2MASS data. With E(V — H) and E(V — Ks)
of the early-type members (see next section) the NIR reddening
map was constructed through the same procedure as the optical red-
dening map. The spatial variation of the E(H — Ks) reddening is
compatible with that of the optical photometry. In addition, we also
checked the spatial distribution of the G—-M-type stars which showed
a systematic difference in reddening derived from the two differ-
ent methods. If our reddening map exclusively provides small/large
value of reddening towards any specific direction, this method of
reddening correction may be inappropriate for the PMS members.
However, the late-type PMS stars were distributed uniformly, thus
the application of the reddening map may have nothing to do with
the discrepancy.

The other possibility is that the spectral types of the stars were
classified as earlier types due to veiling filling in some of the lines.
Koenig & Allen (2011) described their classification schemes with-
out any discussion on the veiling effect. Since the software spTcLASS
(Hernandez et al. 2004) provides the spectral type based on the
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Figure 4. Reddening map of IC 1848. Squares outline the observed regions.
The size of the filled circles is proportional to the brightness of individual
early-type stars. Reddening contour lines are shown for E(B — V) = 0.60
(dashed line), 0.65 (dotted line) and 0.70 mag (solid line). Large open circles
indicate the O stars.
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Figure 5. Differences between the reddening adopted from the reddening
map and reddening derived from the spectral-type intrinsic V — I colour
relation plotted against spectral type and UV excess. A means the redden-
ing from Fig. 4 minus the spectroscopic reddening. Circles, open squares,
triangles, filled squares and diamonds represent BO—-GO, G1-K0, K1-K4,
K5-K9 and M-type stars, respectively. A(U — V) means UV excess derived
from this work. The stars with negative A(U — V) values are UV excess
stars. See the main text for details.

equivalent width of the spectral lines of O8—-M6-type MS stars (see
their webpage),® veiling effect could make the spectral classifica-
tion of PMS stars tricky. The classification schemes in SPTCLASS
are optimized for Herbig Ae/Be, late-F—mid-K and mid-K-M-type
stars, respectively. The classification for late-F—mid-K-type stars
includes 11 spectral indices in the relatively narrow spectral re-
gion (from 4200 to 6200 A), and thus it can be affected by veiling.
Furthermore, there are fewer number of spectral indices than for
Herbig Ae/Be and later type stars. Hence, the spectral classification
of PMS stars could be misled by the presence of non-photospheric
contributions. According to the spectral indices for F, G and K-type
stars, e.g. Ca1 14226, Fe1 14458 and Fe1 15329, the equivalent
width of the lines increases with spectral type. If optical spectra of
PMS stars with veiling exhibit decreased line depths, the equivalent
widths of the spectral indices will appear to be that of earlier types.
Therefore veiling would shift the spectral classification to earlier
types. If the speculation is correct, the stars should exhibit a UV

3 http://dept.astro.Isa.umich.edu/~hernandj/SPTclass/sptclass.html

excess. We plot UV excess, A(U — V), derived in Section 5, with
respect to the discrepancy in the reddening E(V — I) in the right-
hand panel of Fig. 5. The stars possibly classified as earlier spectral
type are expected to be located in the lower left-hand side of the
panel. Indeed, they (FO-K4-type PMS stars — circle, open square
and triangle) locate in the expected region, while stars without a
UV excess are clustered at AE(V — ) =0 and A(U — V) =0.

However, K5—-M-type stars show a systematic and opposite trend.
As the strength of TiO and CaH bands are used for the classifica-
tion of mid-K to M-type stars, the spectral classification should be
correct. In addition, these red bands would be little affected by non-
photospheric contributions. As shown in the right-hand panel of
Fig. 5, K5-K9-type stars (filled square) are close to zero in AE(V —
I), although most of them exhibit a UV excess. However, three
(ID 10938, 13480 and 14932) out of four M-type stars with V —
I'and U — V colour indices show a small spectroscopic reddening
E(V — Dy, of ~0.2 mag, which is an unrealistic value for IC 1848.
We also checked the position of the stars in Fig. 8 and found them
to lie in the PMS locus. These facts imply that they have too late a
spectral type. According to Koenig & Allen (2011) those stars are
identified as Class II objects with strong Ho emission, and our Ho
photometry also tags them as Ha emission stars. They must be very
young stars of IC 1848, and therefore we attribute this discrepancy
to a gravity effect on the spectra of young PMS stars. Many studies
(Luhman, Liebert & Rieke 1997; Bricefio et al. 1998; Luhman et al.
1998; White et al. 1999) remark that the spectral features of young
PMS stars between 6000 and 9000 A resemble those of giant stars
and we note that the inclusion in the spectral classification method-
ology of a Na1 A8183/8195 index, that is very gravity sensitive,
would help discriminate between giant- and dwarf-like M spectra.
Given the weaker TiO bands of MS stars compared to giant stars, it
is possible that the stronger bands of a PMS star can lead to them
being assigned a later dwarf spectral type.

The same trend as in Fig. 5 can also be found in the published data
(Ay and spectral type) of Koenig & Allen (2011). We investigated
their Ay values with respect to the spectral types. The Ay values
of G—K-type stars appear to be higher than those of other spectral
types. The mean Ay of B-FO-type stars is about 1.5 mag, but the Ay
values of G5-type stars have arange of 2.0-2.6 mag. The differences
between two groups with different spectral types in E(V — I) is
about 0.21-0.45mag. These values are in good agreement with
those found in Fig. 5. In addition, the Ay values of K-M-type
stars decrease with the subclasses. The feature is the same as that
found in Fig. 5. These facts imply that the discrepancy found in
Fig. 5 originates from the published data of Koenig & Allen (2011).
We therefore conclude that the application of our reddening map is
more reliable than the reddening correction inferred from previously
published spectral types in the current state and does not cause
serious problems, except for a few PMS stars with nearly edge-on
discs.

3.3 The reddening law

Dust evolution in star-forming regions is one of the more inter-
esting issues in astronomy, since the grain size is directly related
to the reddening law towards an object of interest. Many studies
(Rieke & Lebofsky 1985; Guetter & Vrba 1989; Lim et al. 2011)
have confirmed that the extinction law in the solar neighbourhood,
the Galactic Centre or in moderately young open clusters and as-
sociations is nearly the normal law (a total-to-selective extinction
ratio of Ry ~ 3.1). However, the value is significantly larger for
several extremely young star-forming regions (see table 3 in Greve
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Figure 6. Colour excess ratios obtained from the early-type stars. Open circles and filled circles represent foreground stars and the members of the cluster
(U — B < —0.2), respectively. The solid line corresponds to the normal reddening law (Ry = 3.1). We present each colour excess ratio corresponding to
Ry = 3.1 in the bottom of each panel. The colour excess ratios inferred from the optical to MIR data consistently show the standard reddening law.

2010). For IC 1848 several previous photometric studies (Johnson
et al. 1961; Becker & Fenkart 1971; Moffat 1972) have assumed a
normal reddening law. Recently, Chauhan et al. (2011) found dif-
ferent Ry in four different regions within W5 East. Since the ratio
of total-to-selective extinction is a useful tool to study the state of
dust evolution in star-forming regions, and since the value is critical
in the canonical determination of distance, we tested the reddening
law in IC 1848 using colour excess ratios.

Using the NIR 2MASS data and MIR Spizzer data of Koenig
et al. (2008Db) it is possible to determine the reddening law towards
IC 1848 in a consistent way from the optical to the MIR photometry.
To calculate the colour excess ratios E(V — 1)/E(B — V), observed
colour indices were compared with the intrinsic colours for the
2MASS bands, from table 2 in Paper 0, and the Spitzer IRAC bands
(Sung et al., in preparation). In this analysis, we used 21 of the most
probable normal MS stars among 105 early-type members with
U — B colour index smaller than —0.2 mag, to exclude the young
active stars which could potentially affect the colour excess ratios.
In addition, three foreground stars were also used to investigate the
foreground reddening law. The colour excess ratios obtained from
such stars are plotted in Fig. 6.

We confirmed that the colour excess ratios of foreground stars
(open circle) and early-type members (dot) of IC 1848 are well
consistent with the solid line corresponding to the normal reddening
law (Ry = 3.1). Unlike the optical band and the NIR band, there
is a slightly large scatter in the MIR bands. There are two possible
sources of scatter. We carried out PSF photometry for the point
sources in four sets of the long-exposed Spitzer images (Program
ID: 20300, PI: Allen, Lori) for the W5 region. The photometric
data were compared with those of Koenig et al. (2008b) and the
Glimpse 360 catalogue where 3.6 and 4.5 pm bands are available.
The photometric data are consistent with each other within 0.05 mag
in the zero-points, except for the 4.5 pm band (A[4.5] = 0.07-
0.08 mag). We also found a scatter of 0.03-0.07 mag among MIR
data, and therefore some stars can show a deviation of up to 0.1 mag.
In addition, the inherent uncertainty of MIR photometric data arising
from the non-linearity of the MIR detector and the difficulty in the
flux calibration is, in general, up to 10 percent. The photometric

error could be also increased for some stars lying in crowded fields
or PAH emission nebulae. On the other hand, it is a well-known
fact that IR excess emission arises from a circumstellar disc or
surrounding material of young stars. Thus, the scatter in the MIR
bands may be partly due to uncertainties in the MIR photometry and
partly due to circumstellar dust emission of the stars. Allowing for
the excess emission, the ratios of total-to-selective extinction (Ry),
which we obtained here, are consistent for all wavelengths, and
therefore the reddening law towards IC 1848 is normal. It implies
that the size distribution of dust in IC 1848 is very similar to that of
the general diffuse interstellar medium. Chauhan et al. (2011) found
anormal reddening law towards the cluster around HD 18326 in the
W5 East Hu region, while the Ry of bright-rimmed clouds shows
various values from 2.8 to 3.5. The authors argued that the dust
grains in the regions have inhomogeneously evolved. Given their
results, the strength of UV radiation from O-type stars in the clusters
affects the evolution of dust grains in the natal cloud.

3.4 Distance to IC 1848

ZAMS fitting is the most important method to estimate the dis-
tance to open clusters. In order to obtain a reliable distance from
all CMDs, reddening should be corrected properly. As mentioned
above, the total extinction in the V band for individual early-type
members was determined from Ay = RyE(B — V). The mean value
was (Ay) = 2.05 £ 0.17 (s.d.) mag. After correcting for the red-
dening and extinction, ZAMS fitting to the de-reddened CMDs
was performed. Since multiplicity and evolution effects make stars
brighter, ZAMS fitting to the lower ridge of the MS band is rec-
ommended, allowing for the photometric error. Several relatively
faint early-type members (mid-late B type) appears to be bluer
than the ZAMS colour indices. Sung et al. (2002) have reported the
correlation between UV excess and X-ray luminosity of MS stars
in the intermediate-age open cluster NGC 2516 (age ~160 Myr).
According to them, the higher the X-ray luminosity, the bluer the
U — B and B — V colour indices. Because of the absence of X-ray
observations for IC 1848, we could not obtain the X-ray luminos-
ity of the blue early-type members. In the case of the young open
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Figure 7. Determination of the distance to IC 1848. Dots represent the early-type members (U — B < —0.2). In order to determine the distance to the cluster,
the ZAMS relations of Paper 0 are used after shifting by 11.7 £ 0.2 mag, respectively. The solid line (blue) corresponds to the adopted value of 2.2 kpc, and

the dashed lines are ZAMS relations shifted by the uncertainties.

cluster NGC 1893, the late-B-type MS stars with bluer colour in-
dices were found to be X-ray emitters (Lim et al., in preparation).
If this property is universal, high X-ray luminosity is responsible
for the bluer colour indices. If the ZAMS relations were fitted to
such blue MS stars, the distance would be overestimated. Thus, the
most probable normal MS members (U — B < —0.2), as done in the
previous section, were used in the ZAMS fitting procedure. From
the ZAMS fitting to all reddening-corrected CMDs, the distance
modulus of IC 1848 was estimated to be Vy — My = 11.7 mag,
which is equivalent to 2.2 kpc. In Fig. 7, we also obtained the same
result from four reddening-independent indices, as shown in Paper
0 (equation 9— 12). The uncertainty in the distance modulus may be
0.2 mag from Fig. 7.

The distance derivations of previous investigators ranged from
1.7 to 2.4 kpc. Sharpless (1955) obtained a distance of 1.7 kpc from
their spectral types and photometric data for O stars. However, the
author did not discuss the treatment of extinction correction nor con-
sidered binarity. The distance to the cluster from other photometric
studies (Johnson et al. 1961; Becker & Fenkart 1971; Moffat 1972;
Garmany & Stencel 1992; Loktin et al. 2001; Chauhan et al. 2011)
clusters around 2.2 £ 0.1 kpc, assuming the normal reddening law.
There are two independent measurements. Georgelin & Georgelin
(1976) constructed new Galactic rotation curves derived from the
distances of exciting stars and He radial velocities for the North-
ern and Southern hemispheres, respectively. The authors obtained a
distance of 2.3 kpc for IC 1848 from a Vsg of —36.6kms~!. This
value is consistent with that of the photometric studies. However,
the adopted galactocentric distance (10 kpc) of the Sun is rather
larger than the currently accepted value.

On the other hand, Xu et al. (2006) measured a trigonometric
parallax for 12-GHz methanol masers in the W3OH region and
obtained a distance of 1.95 = 0.04 kpc. Given the little annual vari-
ation of methanol masers, the result seems to be reliable. Although
there is an implicit assumption that the distances to W3/W4/W5
are the same, no careful discussion of the assumption has been
made. Sato et al. (2008) and Sakai et al. (2013) have measured the
trigonometric parallax for the young open cluster NGC 281 and two
H,0 maser sources, IRAS 00259+5625 and IRAS 00420+5530,
using VLBI Exploration of Radio Astrometry. According to their
studies, the three H,O maser sources (d = 2.827035, 2.437)%2 and
2.17Jj8j8§ kpc) are along the line of sight, sequentially (see fig. 5 in
Sakai et al. 2013). From these measurements they could estimate
the size of the expanding ring of molecular clouds, which was found
by Megeath et al. (2002, 2003), where the diameter along the line
of sight is larger than 650 pc. Given these studies, the difference
between the distances estimated from the photometric methods and

the trigonometric parallax for the W3OH region (~250 pc) can be
interpreted as the extent along the line of sight, and therefore the
W3O0H region is likely in front of the W3/W4/W5 complex. Since
our result supports the estimates from previous photometric studies
for IC 1848, we use the distance modulus (11.7 mag) obtained here.
In Fig. 3 we present the CMDs with a ZAMS obtained by adopting
the mean reddening and distance.

3.5 The Hertzsprung—Russell diagram and age of IC 1848

We directly corrected for the reddening of individual early-type
members, while the reddening map (Fig. 4) was used for the red-
dening correction of the other members. The dereddened (V,V —I)
CMD is presented in Fig. 8. In order to constrain the upper limit of
the IMF (see next section), the locus of PMS stars was defined as
shown in the figure (solid lines).

We describe the calibrations required for the construction of the
Hertzsprung—Russell diagram (HRD). For stars earlier than O9, the
spectral type—effective temperature relation from table 5 in Paper 0
was used to estimate the effective temperature. We applied the rela-
tion between (V — I)o and effective temperature of Bessell, Castelli

N
e S s s s s s s

WPH_"_H_H_H_‘_

(V*Do

Figure 8. My versus (V — I)o CMD. The reddening of early-type stars is
estimated from the U — B versusB — V colour—colour diagram. The redden-
ing map was used to correct the reddening of low-mass PMS members. The
PMS locus is defined by the two solid lines which enclose the distribution
of most PMS members in the diagram. The other symbols are the same as
Fig. 2.
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Figure 9. The HRD of IC 1848. Several isochrones (0, 0.5, 2.0 and 5.0 Myr)
are superimposed on the diagram with several evolutionary tracks (Siess et al.
2000; Ekstrom et al. 2012). The other symbols are the same as Fig. 2.

& Plez (1998) to the PMS members with (V — I)y < 1.4 and another
relation (Bessell 1995) to the remaining PMS members to avoid the
effects of the UV excess, arising from accretion activities, on the
U — B and/or B — V colours. For the other stars we averaged the
temperature derived from the spectral type—effective temperature
relation and the colour—effective temperature relations with an ap-
propriate weight. Finally, the bolometric corrections were obtained
from the relations in Paper 0. We present the HRD of IC 1848 in
Fig. 9.

Several evolutionary tracks (dashed lines) with an initial mass
and isochrones (solid lines) were overplotted in the figure. The
stellar evolution models of Ekstrom et al. (2012), which take into
account the effect of stellar rotation on the evolution of stars for a
given mass, were used for post-MS and MS stars, while we used
the models of Siess, Dufour & Forestini (2000) for PMS stars. The
isochrones (0.5, 2.0 and 5.0 Myr) have been constructed from the
two models. The stars with masses larger than 18 M seem to be
moving away from the MS stage, while intermediate-mass stars
(~ 3Mg) seem to be approaching the ZAMS. The isochrone with
an age of 5 Myr well predicts the position of the most massive stars
in the HRD. However, according to Hillwig et al. (2006), HD 17505,
HD 17520 and BD 460 586 are binaries or multiple systems, and
therefore it is probable that the turn-off age may be overestimated.
We have conducted a deconvolution of the brightness of HD 17505
by assuming that the multiple system consists of an O6.51III, two
07.5V stars and an O8.5V (Hillwig et al. 2006). As a result, the
HD 17505 system (the O6.5II1 component deconvolved from the
others) should be dimmed by ~0.58 mag from its current position,
and is then well consistent with the 5Myr isochrone. Although
we adopted a luminosity class III for the brightest component of
HD 17505, it is worth noting that the genuine luminosity may be
very close to Ib or Iab supergiant because the deconvolved absolute
magnitude is —6.29 mag (see table 4 in Paper 0).

We have also estimated the age of IC 1848 from low-mass PMS
stars using the PMS evolution models of Siess et al. (2000). Fig. 10
shows the age distribution of PMS stars. The majority of PMS stars
cover a span of 6 Myr with a median age of about 3 Myr. Given
the age spread of 3—-6 Myr found in other young open clusters,
such as NGC 2244 (Park & Sung 2002), NGC 2264 (Park et al.
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Figure 10. Age distribution of PMS members. The median age is about
3 Myr with a spread of 6 Myr. This age is rather younger than that estimated
for the massive stars.

2000), NGC 6530 (Sung et al. 2000) and Trumpler 14 and 16 (Hur
et al. 2012), the age spread estimated in this work is reasonable,
although the age determined for PMS stars strongly depends on the
PMS evolution models used. In Fig. 10, the long tail towards older
age may arise from overestimating the age of stars in the Kelvin—
Helmholtz contraction phase in the PMS models (Sung et al. 1997;
Sung, Bessell & Chun 2004), and from stars with an edge-on disc
lying below the PMS locus (Sung et al. 2008). It is worth noting that
some of stars in the long tail may be real, old PMS stars, since the
star formation history of the W5 region could be quite complex. In
order to understand the star formation history in W5 West, including
IC 1848, the age distribution based on more complete, membership
selection is needed.

Karr & Martin (2003) estimated a lower limit of 2.4 Myr for the
age of IC 1848, assuming a sound speed for the ionized gas, and an
upper limit of 5 Myr, from the lifetime of O stars. Koenig & Allen
(2011) inferred that the age of the W5 region is younger than 5 Myr
using the evolution model of Siess et al. (2000). Our estimates are
in good agreement with those of the previous studies. On the other
hand, Moffat (1972) claimed that the age of IC 1848 could not
exceed 1 Myr given the existence of the binary or multiple system,
HD 17505, HD 17520 and BD +60 586. However, no supporting
discussion of the luminosity class or the lifetime of such stars was
provided in the study, and we believe that an age of <1 Myr is
unlikely.

4 THE INITIAL MASS FUNCTION

As the IMF is a very important tool to understand star formation
processes, a number of studies have attempted to derive the IMF
in different star-forming environments. Bastian, Covey & Meyer
(2010) reviewed IMF studies and the relationship with environ-
mental conditions and mass range. Since IC 1848 is one of the
large-scale star-forming regions in the Perseus spiral arm, this ob-
ject must be an ideal laboratory to study the IMF in a low-metallicity
and low-spatial-density environment. Given the fact that the cluster

$T0Z ‘T Joquis1das uo A1SIeAIUN [euoIeN Ueleasny ay L e /BI0's[euinopioxo seutu//:dny wolj pepeojumod


http://mnras.oxfordjournals.org/

1462  B.Lim et al.

log ¢ (kp(f2 [log m]
o1

2 1 0
log m (Mo)

Figure 11. The IMF of IC 1848. Circles and the dotted line represent the
IMF derived from members only and members plus candidates within the
PMS locus, respectively. The IMF of NGC 2264 (dashed line; Sung &
Bessell 2010) is overplotted. Dot—dashed and long dashed lines correspond
to the completeness limits for membership and photometry, respectively.
See the main text for details.

contains a few massive stars it is possible to derive the IMF over a
wide mass range.

For all post-MS or MS members, the masses were estimated
by comparing their position in the HRD to post-MS evolutionary
tracks. The mass of PMS stars, or stars in the PMS locus without any
membership criterion, was estimated by comparing their position
in the HRD to PMS evolution model tracks. In order to derive the
IMF we counted stars within a given mass bin (Alogm = 0.2).
For the most massive bin, the bin size (Alogm) was 0.64 because
of the small number of massive stars. The star counts were then
normalized by the logarithmic mass bins and the observed area.
The IMF of IC 1848 is shown in Fig. 11. To avoid the binning
effect we shifted the mass bin by 0.1 and re-derived the IMF (open
circles), using the same procedure as above.

In the figure, the circle and dot represent the IMF of members with
Ha emission or YSOs from Koenig et al. (2008b), while the dotted
line corresponds to the IMF including all stars within the PMS locus.
The shape of the IMF of members in the low-mass regime is very
similar to that of previous studies for other young open clusters, such
as NGC 2244 (Park & Sung 2002), NGC 2264 (Park et al. 2000)
and NGC 6530 (Sung et al. 2000). With complete membership
criteria, Sung & Bessell (2010) showed a smooth increase in the
IMF of NGC 2264 down to 0.25 M compared to that of Park et al.
(2000). Sung et al. (2000, 2009) have discussed the efficiencies of
detecting PMS stars using Ho photometry (47 per cent from a single
observation) and MIR excess (38 per cent), respectively. Hence we
attribute the dip in the IMF of IC 1848 to the incomplete membership
selection for the stars in the Kelvin—Helmholtz contraction phase,
while the incompleteness of our photometry may influence the IMF
in the lower mass regime (<1.2Mc)). The IMF of the members
(=1.2M(y) should be a lower limit, whereas that of all stars within
the PMS locus may be an upper limit in the same mass range.

We first derived the IMF of IC 1848 complete down to 3 Mg
through this study. The slope (I") of the IMF is about —1.6 + 0.2

forlog m > 0.5. It appears to be steeper than the single IMF (Salpeter
1955) and the Kroupa IMF (Kroupa 2002), but close to that of Scalo
(1986) for massive stars. The slope of the IMF for IC 1848 is also
steeper than that of other young open clusters (—1.3 £ 0.1 for
NGC 6530, Sung et al. 2000; —0.7 £ 0.1 for NGC 2244, Park &
Sung 2002; —1.2 for Orion nebula cluster (ONC), Muench et al.
2002; —1.3 for W5 East, Chauhan et al. 2011; —1.3 £ 0.1 for
Trumpler 14 and 16, Hur et al. 2012; —1.1 £ 0.1 for NGC 6231,
Sung et al. 2013a). On the other hand, the slope (I' = —1.7 &+
0.1) and shape of the IMF for NGC 2264 (Sung & Bessell 2010)
are similar to those of IC 1848 in the same mass range. In order
to arrive at a firm conclusion on the shape of the IMF down to
subsolar mass regime, further deep optical and/or NIR observation
with extensive X-ray observations are needed. The complete IMF
of the cluster will give an insight into the star formation processes
in the large-scale star-forming region.

5 ACCRETION RATES OF PMS STARS WITH
A UV EXCESS

The mass accretion rate gives important information on the disc
evolution around PMS stars. Since the emergence of the magne-
tospheric accretion model for PMS stars, the physical quantities
associated with the accretion process have been studied by observa-
tion and modelling UV excess emission or/and spectral lines such
as Ha, Pag, Bry, [O1] 6300 A, etc., within such a paradigm. In this
section we estimate the mass accretion rate of those PMS stars with
a UV excess found from our photometric data using the relation be-
tween the accretion luminosity and U-band brightness (Gullbring
etal. 1998) and compare the results with that of other studies which
used independent ways to estimate accretion luminosities for dif-
ferent star-forming regions.

The first step is to find UV excess stars among PMS members
which exhibit either He emission or a MIR excess. Several PMS
stars exhibit a UV excess in the [(U — V)o, (V — I)y] diagram as
shown in Fig. 12. The majority of stars with a UV excess are late-
type members (V — I > 0.7 mag). These late-type members appear
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Figure 12. The (U — V) versus (V — I)o diagram. Several PMS stars
exhibit a remarkable UV excess driven by their accretion activity. A total of
51 UV excess stars (plus symbols) were found. The other symbols are the
same as in Fig. 2.
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to be bluer in U — V than normal MS stars without excess emission
at a given (V — I)9. The deviation from the expected photospheric
colour of MS stars is larger than the value expected from differential

reddening (0w -v) = \/0Fs_v) + 0F_p = 0.067 mag). Hence

the large UV excess may be related to the intrinsic properties of
late-type PMS stars rather than to inappropriate reddening correc-
tions (we have further discussions on the reddening corrections for
PMS members in Section 3.2). Similar features can be found in
Rebull et al. (2000) for the low-mass members in the ONC. The au-
thors discussed several sources affecting the calculated UV excess,
such as chromospheric activity, accretion activity and the difference
between the intrinsic colours of MS and giant stars.

Rebull et al. (2000) have examined the influence of chromo-
spheric activity on the size of the UV excess using field dMe stars
and young stars in the Taurus—Auriga star-forming region. They
suggested that the limit of UV excess from chromospheric activity
is about —0.5 mag. This value is adopted as a criterion for the PMS
stars with a UV excess in the [(U — V), (V — I)¢] diagram. A total
of 51 members were identified as PMS stars with a UV excess as
shown in Fig. 12 (plus symbols). We computed the U, magnitude
expected for the photospheric colour of MS stars, the extinction-
corrected U, magnitude of stars with UV excess emission, then
transformed them to luminosity (Ly, exp and Ly, o) using a bandwidth
(700 A) and zero magnitude flux of 4.22 x 107 ergem™2 A~ for
the Bessell U band (Cox 2000). The accretion luminosity (L) was
estimated from the relation of Gullbring et al. (1998):

log(Lace /L) = 1.0910g(Ly exe/Le) + 0.98, )

where LU, exc = LU, 0 — LU, exp+

In order to obtain mass accretion rates we estimated the mass of
individual stars from the evolution models of Siess et al. (2000).
The effective temperature and bolometric magnitude of PMS stars
obtained above allow us to estimate the radii of the stars. With mass
(Mpyis), radius (Rpys) and accretion luminosity (L,..) the mass
accretion rate of PMS stars is obtained by using the equation below
(Gullbring et al. 1998; Hartmann et al. 1998):

M = Ly Renis /0.8 G Mpyis, (3

where G and M represent the gravitational constant and mass accre-
tion rate, respectively. We present the mass accretion rate of PMS
members with UV excess in Fig. 13. The mass range does not fully
cover the low-mass stars (<1 M) as shown in Rebull et al. (2000)
and Manara et al. (2012) for the ONC, because IC 1848 is more
distant than the ONC. In the same mass range our results are com-
parable to those studies by Rebull et al. (2000) and Manara et al.
(2012) for the ONC. We also plotted results from other studies for
different star-forming regions (Hartmann et al. 1998; Natta, Testi &
Randich 2006; Mendigutiaetal. 2011, and data therein). The authors
used independent ways to estimate the accretion luminosity, such
as modelled Balmer excess emission and the correlation between
accretion luminosity and the strength of hydrogen recombination
lines, PaB and Bry. The accretion luminosity and mass accretion
rate in this study seem to be compatible with the estimates of other
studies for different star-forming regions.

The mean mass accretion rate of stars in the mass range of 0.5—
2Mg is about 1.4 x 1078 M, yr~!. Because of the limited mass
range of our sample, we cannot confirm whether or not M is pro-
portional to MY, (b = 1.8-2.1; Muzerolle, Hillenbrand & Calvet
2003; Muzerolle et al. 2005; Natta et al. 2006). However, with the
previous estimates for masses below 2M¢ our results are well
consistent with the previously known correlation between the two
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quantities. On the other hand, as shown in Mendigutia et al. (2011),
three intermediate-mass PMS stars exhibit higher mass accretion
rates than expected from the correlation found for low-mass stars.
In that study, the authors found that the age of Herbig Ae/Be stars in
their sample is systematically younger than that of low-mass stars,
and therefore the steep slope in the mass accretion rate with respect
to stellar mass was interpreted as the active accretion of young
intermediate-mass PMS stars. In this study, we also found that the
PMS star (ID 5923) with the highest mass accretion rate is younger
than the other intermediate-mass PMS stars (2.5-5 M(,)). However,
Garcia Lopez et al. (2006) obtained lower mass accretion rates for
the same Herbig Ae stars. The estimates of Donehew & Brittain
(2011) (except the upper limits) also reveal three times lower val-
ues for Herbig Ae/Be stars. The systematic difference in the mass
accretion rate for the Herbig Ae/Be stars among authors may have
arisen from many uncertain factors such as different uses of evo-
lution models, calibration schemes, reddening correction, distance,
disc geometry with mass, etc. However the details are not within
our scope of study based on limited data.

Unlike low-mass star-forming regions, our target is a young open
cluster hosting several high-mass MS stars. Thus, the fundamen-
tal parameters, such as reddening and distance, can be constrained
very well to estimate the mass accretion rate of PMS stars (0.5 <
M/Mg < 5). Furthermore, in forthcoming papers as part of the
SOS project, homogeneous photometric data for many young open
clusters within 3 kpc from the Sun will provide homogeneous es-
timates of the mass accretion rates and contribute to understanding
the evolution of the circumstellar discs of PMS stars and formation
of planetary systems.

6 SUMMARY

IC 1848 is one of the most interesting targets in the large-scale
star-forming environment of the Cas OB6 association. We carried
out UBVI and Ha photometry for the young cluster IC 1848 in
the W5 West region as part of the SOS project. This study pro-
vided not only homogeneous photometric data but also detailed and
comprehensive results for IC 1848 as shown below.

Using the photometric properties of early-type stars, a total of
105 stars were selected as members. We identified 397 young stars
with MIR excess emission from the Spitzer IRAC data (Koenig et al.
2008b) and using our Ho photometry and spectroscopy by Koenig
& Allen (2011), 257 Ho emission stars were also identified. A total
of 462 PMS stars were selected as PMS members.

From the (U — B,B — V) diagram we obtained the reddening
of individual early-type stars yielding a mean reddening of (E(B —
V)) = 0.66 £ 0.05 mag. In common with most young star clusters
or associations, differential reddening was not negligible in the ob-
served regions. We constructed the reddening map to correct the
reddening of PMS members. The photometric data from the opti-
cal to MIR for the early-type stars (U — B < —0.2) in the observed
regions allowed us to examine the reddening law of IC 1848. We ob-
tained a consistent ratio of total-to-selective extinction of Ry = 3.1
over a wide wavelength coverage from the optical to the MIR, and
concluded that the reddening law towards IC 1848 is normal.

In order to determine the distance to the cluster, ZAMS fitting
to the lower boundary of the MS band was carried out both in
the reddening-corrected and reddening-independent CMDs, and we
obtained a distance modulus of 11.7 + 0.2 mag, which is in good
agreement with that of previous photometric studies. The isochrone
fitting to the evolved stars gives an age of 5Myr, while the age

$T0Z ‘T Joquis1das uo A1SIeAIUN [euoIeN Ueleasny ay L e /BI0's[euinopioxo seutu//:dny wolj pepeojumod


http://mnras.oxfordjournals.org/

1464  B. Lim et al.

4
2 ’,O"
3 Al
3 n e
T, of O AT
@ 4
— y
3 —2r ]
—4 ’ T 7
-2 0 2
log L, (Lo)

74— 4
o Qs
>
S el ,
2
)
< 87 i
=
Z
%Ofloil‘xl i
— A

Figure 13. Accretion luminosity versus stellar luminosity (left) and mass accretion rate versus stellar mass (right). Open circles (red) denote our estimates.
Squares, triangles and crosses represent the mass accretion rates derived in different star-forming regions by Hartmann et al. (1998), Mendigutia et al. (2011)

and Natta et al. (2006), respectively. Dotted lines represent the relations Lace o< Lgtellar and M o< M, 2

distribution of PMS stars shows a median age of 3 Myr with an age
spread of 6 Myr.

The IMF complete down to 3 M) was derived from cluster mem-
bers for the first time. Because of the incomplete membership se-
lection of low-mass PMS stars, the slope of the IMF (I' = —1.6 £
0.2) was computed for the limited mass range (logm > 0.5). That
was similar to the Scalo IMF rather than the Salpeter/Kroupa IMF.
We also found that the IMF of IC 1848 closely resembles that of
NGC 2264 (Sung & Bessell 2010) among many young open clusters
in the same mass range.

We found 51 PMS stars with a strong UV excess from our pho-
tometry. The U luminosity was transformed to an accretion lumi-
nosity by adopting an empirical relation from the literature. Finally,
the mass accretion rate of the PMS stars was estimated by using
the accretion luminosity, the computed stellar radius and the stel-
lar mass inferred from the PMS evolution models. The stars in the
mass range of 0.5-2Mc exhibit a mean mass accretion rate of
1.4 x 1078 Mg yr~!. Our result is well consistent with the esti-
mates of other studies for different star-forming regions. We also
found that high-mass stars show a higher mass accretion rate than
the accretion rate expected from the correlation.
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