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xv



2.4 (a) Optical CMD of the cluster Berkeley 86 is shown with the e-stars

shown as solid circles. (b) The near-IR CCDm is shown with e-stars

shown as filled triangles. (c) The spectra of the e-stars Berkeley

86(9) and Berkeley 86(26), in the wavelength range 3800 – 9000 Å,
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2.7 (a) The near-IR of the cluster Bochum 2 is shown with e-stars shown

as filled triangles. (b) The spectra of the e-star are shown in the

wavelength range 3800 – 9000 Å. . . . . . . . . . . . . . . . . . . . 62

2.8 (a) Optical CMD of the cluster Collinder 96 is shown with the e-

stars shown as solid circles. (b) The near-IR CCDm is shown with

e-stars shown as filled triangles. . . . . . . . . . . . . . . . . . . . . 63

2.9 The spectra of the e-stars Collinder 96(1) and Collinder 96(2), in

the wavelength range 3800 – 9000 Å, are shown from bottom to top. 64
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the wavelength range 3800 – 9000 Å. . . . . . . . . . . . . . . . . . 65

xvi



2.11 (a) Optical CMD of the cluster King 10 is shown with the e-stars

shown as solid circles. (b) The near-IR CCDm is shown with e-stars

shown as filled triangles. (c) The spectra of the e-stars King 10(A),

King 10(B), King 10(C), King 10(E), in the wavelength range 3800
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are shown from bottom to top. . . . . . . . . . . . . . . . . . . . . . 116

2.51 (a) & (b) The spectra of the e-stars NGC 7419(J), NGC 7419(K),

NGC 7419(L), NGC 7419(M), NGC 7419(N), NGC 7419(O), NGC

7419(P), NGC 7419(Q), NGC 7419(R) and NGC 7419(1), in the
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ABSTRACT

Emission-line stars in young open clusters are identified to study their properties,

as a function of age, spectral type and evolutionary state. 207 open star clusters

were observed using the slitless spectroscopy method and 157 emission stars were

identified in 42 clusters. We have found 54 new emission-line stars in 24 open clus-

ters, out of which 19 clusters are found to house emission stars for the first time.

From optical/near-IR photometry and spectroscopy, we suggest that Bochum 6(1),

IC 1590(1) and NGC 6823(1) are Herbig Be while IC 1590(2) and NGC 7380(4)

are Herbig Ae candidates. The Classical Be stars are located all along the main

sequence (MS) in the optical colour magnitude diagram (CMD) of clusters of all

ages, which indicates that the Be phenomenon is unlikely only due to core con-

traction near the turn-off. A spectroscopic study of 152 Classical Be stars in 42

young open clusters was performed using medium resolution spectra in 3700−9000

Å range, to understand the Be phenomenon. We found Lyman β fluorescence as

the mechanism for the production of Oi 8446 Å line in 24% of the surveyed stars,

while collisional excitation is the likely excitation mechanism for Oi 8446 Å and

7772 Å lines found in 47% of the stars, suggesting a denser disk. The Balmer decre-

ment ((I( Hα)/I(Hβ)) is found to have a bimodal distribution which is correlated

with the nature of Hβ profile. Candidates with higher Balmer decrement (76%)

were found to have more number of spectral lines, higher Hα equivalent width and

(H−K)0 values, suggesting an optically and geometrically thick disk. Massive Be

stars of spectral type B0−B4 are found to have enhanced Hα emission at the end

of their main sequence lifetime, as inferred from the enhancements observed at

12.5 and 25 Myr. The angular momentum evolution of stars as a function of age

and spectral type also suggest a bimodal origin of Be stars. Stars in the B0−B2

spectral bin are found be spun up towards the end of their MS life time, suggesting

that early type stars evolve to become Be stars. Similar variation in properties

xxviii



were not found for stars in the later spectral types (B4−A0), suggesting that the

Be phenomenon differs in early type and late type stars. Spectroscopic studies

were done for the identified Herbig Ae/Be (HAeBe) stars. The star formation his-

tory of the hosting cluster was estimated by identifying pre-MS stars. The ages of

HAeBe stars were estimated. The duration of star formation in the hosting cluster

were found to be about 10 Myr.
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Chapter 1

Classical Be stars

1.1 Introduction

A Classical Be star (CBe) is a rapidly rotating B-type star with an equatorial

circumstellar decretion disk, which is not related to the natal disk the star had

during its accretion phase (Porter and Rivinius, 2003). Struve (1931) suggested

that rapidly rotating single stars of spectral class B are unstable, which eject mat-

ter at the equator, thus forming a nebulous ring which revolves around the star

and gives rise to emission lines. The present working definition of a Be star is

given as a non-supergiant B star whose spectrum has, or had at sometime, one or

more Balmer lines in emission (Collins, 1987). The term classical has been used to

distinguish them from Herbig Ae/Be (HAeBe) stars, which are intermediate mass

(2−10 M�) pre-main sequence (PMS) candidates with circumstellar accretion disk.

From here onwards CBe/Be is used to represent classical Be stars. Recent studies

point out that Be stars are not rotating at critical velocity and the circumstellar

disk is formed by episodic mass loss from the central star. CBe stars rotate at

70−80% of their critical velocity and hence the reason for the formation of disk

may not be equatorial mass loss mechanism. Jaschek and Jaschek (1983) identified

12% of the stars in the Bright Star Catalogue as Be stars. The consensus is that

the highest fraction of Be stars appears around early spectral type.

The schematic diagram of a Be star is shown in figure 1.1 (Kogure and Hirata,
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1982). CBe stars falls into 3 categories based on the viewing angle. They are

normal Be stars (non-supergiants), B-type shell stars and Pole-on stars (Kogure

and Hirata, 1982; Jaschek et al., 1981). Normal Be stars (non-supergiants) show

double-peaked emission lines whose central reversals are not deeper than the con-

tinuum. B-type shell stars are characterized by shell lines in Balmer lines and

metallic lines from ground states or metastable levels. The properties of shell lines

are that they are usually sharp and their central depths are usually deeper than

the continuum. Pole-on stars are characterized by single-peaked emission lines

on broader photospheric absorption lines. They also show narrow Hei absorption

lines. Pole-on stars are seen in the direction of rotation axis while shell stars are

seen at an inclination angle of 90o, along the equator (Hirata and Kogure, 1984;

Porter, 1996). The schematic diagram showing the Balmer line profiles of above

mentioned categories of Be stars is given in figure 1.2 (Kogure and Hirata, 1982).

Conventionally the mass and radius were determined for Be stars which were

part of eclipsing binary systems. But the problem here is that these systems are

semi-detached/interacting binaries, which result in unreliable estimations. How-

ever, Popper (1980) estimated the masses and radii of Be stars in the spectral

range B0−B8 as 16−3.5 M� and 7−2.7 R� respectively.

The properties of Be stars can be summarized as

1. Be stars are one of the fastest rotators in the Galaxy (vsini > 100 km/s) which

rotate close to the critical limit, where the centrifugal force balances gravity, as

first stated by Struve (1931).

2. Emission lines are present in optical and infrared spectra indicating the pres-

ence of a circumstellar envelope (Struve, 1931). The circumstellar regions are

cooler (electron temperature ≤ 104 K) than photosphere and the electron densities

are of the order of 1011 to 1012 electrons per cm3. The mass loss rate derived from

Infra-red (IR) measurements is about 10−8 M�/year (Hartmann, 1978; Waters,

1986).
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Figure 1.1: Schematic structure of the envelope of a Be star.

3. The study of resonance lines in ultraviolet spectra of early Be stars indicates

high velocity (500−1000 km/s), rarefied (109cm−3) polar winds with a mass loss

rate 10−10 M�/year (Snow and Marlborough, 1976; Snow, 1981). The mass loss

rates and density in polar region are about 100 times less than equatorial value.

This suggests that the winds of Be stars are asymmetric (Waters et al., 1987).

4. Be stars show photometric and spectroscopic long and short term variability

(Doazan and Thomas, 1982).

1.2 Be phenomenon

Although it has been 143 years since Father Angelo Secchi discovered first Be star

(γ Cassiopeia), the Be phenomenon still eludes explanation. Be stars are normal

B-type stars with an optically and geometrically thin circumstellar disk, which

is inferred from emission lines, IR excess and intrinsic polarization. The ‘Be phe-
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Figure 1.2: Schematic profiles of Balmer lines in B and Be stars.

nomenon’ is the episodic occurrence of mass loss in these stars, resulting in Balmer

emission. While the Be phenomenon can be observed in some late O and early A

stars, it is mainly confined to stars of B spectral type. The production of disk in

CBe stars is still a mystery and majority of the studies point towards an optically

thin equatorial disk formed by channeling of matter from the star through wind,

rotation and magnetic field (Porter and Rivinius, 2003).

Rapid rotation, stellar wind, non-radial pulsation, magnetic field and binary

interaction are the proposed mechanisms to explain Be phenomenon in Be stars.

In the following subsections each of these mechanisms are discussed.

5
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1.2.1 Rapid rotation

Be stars rotate faster than normal B stars, although they do not rotate at break-up

velocity (Slettebak, 1979). The effect of rotation in the evolution of massive stars

is not fully understood. The outer layers of rotating massive stars may spin up due

to the evolution of the angular momentum distribution (Langer and Heger, 1998;

Heger and Langer, 2000). When the star rotates at critical speed, it reaches ω limit,

and the effective gravity becomes zero (Maeder, 1999). It has been found that Be

stars rotate only at 70% of critical velocity (Vcrit) (Chen and Huang, 1987; Porter,

1996). By taking the effects of equatorial gravity darkening, Townsend et al. (2004)

argued that Be stars may be rotating close to critical velocity. Gravity darkening

is the phenomenon in which fast rotation produces equatorial stretching of stars,

which in turn induces non-uniform surface gravity and temperature distributions

(von Zeipel, 1924). Using Monte Carlo modeling Cranmer (2005) found that late

type Be stars (B3 and later) can rotate close to Vcrit while early type rotate at

40−60% of the critical value.

From an analysis of 183 stars brighter than V = 6 mag, Slettebak (1982) found

the distribution of Be stars to peak in B2 spectral type. The mean vsini values for

both main sequence (MS) and luminosity class III and IV Be stars were found to

be in the range 200−250 km/s (Slettebak, 1982). The full width at half maximum

(FWHM) values of the line profiles are used to estimate rotation velocity, which

is the azimuthal component of velocity. The rotation velocity can be calculated

by treating the circumstellar disk to be Keplerian or non-Keplerian. Hummel and

Vrancken (2000) found that the line profiles produced using a Keplerian disk is in-

distinguishable from angular momentum conserving disk by changing the density

structure of the disk. They found the value of rotational parameter ’j’ to be less

than 0.65 in the relation for rotation velocity, Vφ ∝ R−j, where φ is the azimuthal

angle. This value is quite near to the Keplerian value, which is j = 0.5. Apart
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from azimuthal velocities, radial velocity component is used to understand the disk

formation and dissipation process. The line profiles from shell stars have been used

as diagnostics of radial outflow.

1.2.2 Stellar winds

A stellar wind is the continuous, supersonic outflow of matter from a star. In

massive stars, the winds (driven by radiation pressure) influence the star’s evo-

lution as well as the interstellar medium. The circumstellar material in Be stars

is concentrated in a disk with a high density and relatively low temperature. In

the polar regions of the star the mass flux is lower which produces a low density

wind with large velocities (typically 1000 to 2000 km/s). The super-ionization

occurs in this low density wind (Poeckert, 1982). This model does not explain why

the Be phenomenon can vanish and re-appear on timescales of the order of years.

An alternative model was proposed by Doazan and Thomas (1982). They assume

that the Be star is surrounded by a spherically symmetric corona, in which the

material can be accelerated to large velocities of the order of 1000 km/s. Outside

this corona the wind is decelerated by interaction with the circumstellar material.

This produces a very extended region of moderately high density, which produces

the Hα emission. In this model the long time scale variations of the emission

line phenomena are explained by the presence or absence of the material which is

collected in the decelerating region. The wind compressed disk (WCD) model of

Bjorkman and Cassinelli (1993) proposes the formation of dense equatorial disk by

radiation-driven wind, in which the ram pressure of the polar wind compresses and

confines the disk. However it has been estimated from numerical hydrodynamic

simulation that the disk generated by WCD model is not dense enough to produce

enough IR/radio continuum emission (Owocki et al., 1994).
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1.2.3 Non-radial pulsations

Be stars are found to occupy the same region in the HR diagram as β Cephei

and Slowly Pulsating B-type (SPB) stars. Hence it is assumed that the pulsation

belongs to p and/or g-mode driven by the κ (kappa) mechanism associated with

the Iron bump. The rapid photometric and spectroscopic variability in Be stars

has been attributed to non-radial pulsations (NRP) phenomenon (Baade, 1982;

Rivinius et al., 2003; Rivinius, 2007). The wave-rotation interaction in rotating

systems was examined by Ando (1982) and he showed that differential rotation

can be amplified by a redistribution of angular momentum, through the transfer

of energy from wave (NRP) to rotation. Cranmer (2009) developed this idea and

proposed the formation of dense Keplerian disks in Be stars even if the underlying

photosphere is rotating at 60% of critical velocity. The possible connection be-

tween pulsation and episodic mass loss in Be stars has been explored by various

authors (Baade, 1985; Ando, 1986; Osaki, 1986; Townsend, 2007). Another pro-

posed mechanism for the formation of disk is by episodic ejections of material from

some specific region on the star (Kroll and Hanuschik, 1997; Owocki and Cranmer,

2002).

The early type Be stars exhibit line profile variability (lpv) in absorption over

a period of 0.5 to 2 days. Rivinius et al. (2003) analysed 3000 high resolution

spectra of 27 early-type stars and assigned short term variability to NRP, with

most of them favoring l = m = +2 pulsation mode. They have demonstrated that

the appearance of lpv depends mostly on the projected rotational velocity, vsini.

The Be star µ Cen has been used to study the correlation between stellar pulsation

and disk formation (Rivinius et al. 1998a; Rivinius et al. 1998b). The input of

mass and angular momentum by the star onto the disk was demonstrated by the

beating in phase of multiple NRP periods with outbursts of circumstellar material.

Štefl et al. (2003) demonstrated that similar kind of outbursts can be seen for Be
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stars with single pulsation period, like in the case of ω CMa. Hubert and Floquet

(1998) showed that pulsations in B6-B9 type stars are much less common than in

their early-type counterparts. Baade (1989) did not detect lpv in the spectra of

B8−B9.5 Be stars while Saio et al. (2007) found low amplitude g-modes in β CMi,

which is a B8Ve star. Diago et al. (2009a) detected g-mode pulsations in B8IVe

star HD 50209 from time series analysis of photometric data observed by CoRoT

(Convection, Rotation and planetary Transits) space mission. It can be inferred

from these observations that some Be stars might exhibit NRP which plays a crit-

ical role in the mass ejection mechanism.

1.2.4 Magnetic field

Intermediate and high-mass stars are mostly non-magnetic with a few percent

(depending on the spectral type) showing detectable magnetic fields (Landstreet,

1992). Cassinelli et al. (2002) proposed a magnetically torqued disk model for

Be stars, in which a strong magnetic field of ∼ 300G channels the flow of wind

material to form an equatorial circumstellar disk (Poe and Friend, 1986; Ud-Doula

et al., 2008). The magnetic rotator wind disk model proposes the formation of

Keplerian disks around Be stars by magnetic fields of the order of a few tens of

Gauss (Maheswaran, 2003, 2005). Maheswaran and Cassinelli (2009) proposed

that magneto-rotational instability can assist the formation of quasi-steady disk,

for a magnetic field of a few tens of Gauss.

The magnetic field in Be stars are detected through spectropolarimetry, from

Zeeman splitting of spectral lines. The result of the measurement of circular po-

larization is usually described by deducing the mean longitudinal field, < Bz >.

Recent development in observations is the detection of magnetic field in the range

40−150 G for eight CBe stars using FORS1 instrument installed at VLT . Among

9
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these stars, λ Eri shows a cyclic variability in magnetic field and the period was

found to be 21.1 minutes (Yudin et al., 2009). Hubrig et al. (2009) detected weak

magnetic fields in four Be stars, HD 62367, µ Cen, o Aqr and ε Tuc with HD 62367

having a strong longitudinal field, < Bz > = 117 ± 38 G.

1.2.5 Binarity

Kriz and Harmanec (1975) presented a general hypothesis that a large portion

of Be stars are interacting binaries undergoing mass transfer from the secondary

component filling its Roche lobe. Harmanec (1985) proposed that the unstable sec-

ondary contracts towards the helium MS, since most of the Be stars lack detectable

secondaries. Gies (2001) categorized Be binaries in four groups (1) hot Algols (i.e.

interacting binaries which were the essence of the hypothesis by Kriz and Harmanec

(1975)), (2) Be + He stars (binary model modification by Harmanec (1985)), (3)

Be X-ray binaries and (4) Be + white dwarf (WD) combinations (Koubský, 2005).

About 70% of the evolved Be binary systems should have a white dwarf companion,

20% a helium star (sdO) and 10% a neutron star (NS) (van Bever and Vanbev-

eren, 1997; Raguzova, 2001). About 30 Be/X-ray binaries with a NS companion

has been detected (van den Heuvel and Rappaport, 1987). The Be + WD binaries

can be identified as low luminosity X-ray sources and despite the large predicted

number none has been discovered yet. The only confirmed candidate belonging

to Be + sdO class is φ Per (Gies et al., 1998) while more evidence is pouring in

to include 59 Cyg (Maintz et al., 2005; Rivinius and Štefl, 2000) and HR 2142

(Peters, 1983; Peters and Gies, 2002). Plavec and Polidan (1976) pointed out the

close relationship between Be stars and Algol eclipsing binaries and concluded that

mass transfer in Algols of longer periods may probably produce a Be star. Since

binarity is not confirmed in many Be stars, it is now generally accepted that Be

stars can be formed as single stars and in binaries.
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1.2.6 Role of stellar evolution in Be phenomenon

Schmidt-Kaler (1964) claimed that Be phenomenon occurs during the overall con-

traction phase following the exhaustion of hydrogen in the core. Hardorp and

Strittmatter (1970) cast some doubts on this claim and showed that one observes

a larger percentage of Be stars than allowed by the small fraction of the MS lifetime

spent in this particular phase. Schild and Romanishin (1976) concluded that the

fraction of Be stars remains constant during 80% of the MS phase, but undergoes

a four-fold increase at the onset of the core contraction phase. Stars in this phase

were identified with the extreme Be stars (Bex) by Schild (1966), who identified

the spectroscopic features that characterize them. Slettebak (1985) stated that Be

stars may be found above the zero-age main sequence (ZAMS) because of evolu-

tionary effects, envelope reddening or rotationally induced gravity darkening of the

underlying star, or some combination of the three. Keller et al. (2000, 2001) found

most of the Be stars close to the turn-off of the star clusters they observed. Fabre-

gat and Torrejón (2000) suggested the Be phenomenon will start to develop only in

the second half of a B star’s MS lifetime, because of structural changes in the star.

They noted that Be star-disk systems should start to appear in clusters 10 Myr

old, corresponding to the midpoint MS lifetime of B0 stars, and their frequency

should peak in clusters 13−25 Myr, corresponding to the midpoint MS lifetime of

B1-B2 stars. The theoretical models of Meynet and Maeder (2000) and Maeder

and Meynet (2001) indicate that the ratio of angular velocity to critical angular

velocity steadily increases throughout the MS lifetime of early-type B stars. This

might explain why the Be phenomenon is prevalent in the later part of a B star’s

MS lifetime.
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1.2.7 Role of metallicity in Be phenomenon

Feast (1972) found that about 50% of B stars in the Small Magellanic Cloud (SMC)

cluster NGC 330 show Be phenomenon. This is quite a high fraction compared to

10−20% in Milky Way (Grebel et al., 1992). Maeder et al. (1999) suggested the

influence of metallicity in Be star formation by indicating a higher fraction of Be

stars in low-metallicity clusters (figure 1.3). In the magnitude interval Mv = −5

to −1.4 (O9–B3) they obtained a ratio Be/(B+Be) = 0.11, 0.19, 0.23 and 0.39 for

21 clusters located in the interior of the Galaxy, the exterior of the Galaxy, the

Large Magellanic Cloud (LMC) and SMC respectively. They have taken a mean

metallicity value of Z = 0.014 for clusters towards center of Galaxy, 0.020 in anti-

center direction, 0.007 in LMC and 0.002 in SMC. Keller (2004) explored the role

of metallicity in the vsini value of B stars in field and young clusters of the LMC

and Galaxy. He found that B-type stars in clusters rotate rapidly compared to

the field counterparts. Moreover the average vsini of B stars in the LMC clusters

is found to be 146 km/s while in the Galaxy, it is 116 km/s. In low metallicity

environments radiative winds are less efficient in B-type stars which result in the

increment of rotation velocity rates, inorder to conserve angular momentum. This

suggests the possibility of producing more Be stars in the Magellanic clouds since

rapid rotation enhances the production of circumstellar disk in B-type stars.

Pamyatnykh (1999) showed that the β Cephei and SPB instability strips vanish

at Z≤0.01 and Z≤0.006 respectively. Hence it is expected to find less number of

pulsators in LMC and no B-type pulsators in SMC. However Maeder and Meynet

(2001) proposed the trigger of pulsation mechanism in rapid rotators through sur-

face metal enrichment. Diago et al. (2009b) detected β Cephei and SPB-type

pulsators in low metallicity environments in contrast with the predictions of the

current theoretical models. For Be stars, an increase in rotation at low metallicity

can enhance non-radial pulsations or amplify the existing modes.
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Martayan et al. (2006, 2007b) performed spectroscopic observations of B and

Be stars in the LMC cluster NGC 2004 and the SMC cluster NGC 330 using VLT-

GIRAFFE facility in MEDUSA mode. They found Be stars of similar age and

mass rotate faster in the SMC than in the LMC, and are large compared to the

Milky Way values (see Table 1.1). They postulated that Be stars begin their MS

life with a high initial rotation velocity than B stars.

Figure 1.3: Relation between the number ratio Be/(B+Be) and the local metallicity
for groups of clusters. The number counts were made in different magnitude intervals,
the dots refer to counts made in the magnitude interval Mv = -5, -1.4, the crosses to the
interval -5, -2 and the triangles to the interval -4, -2.

1.3 Multiwavelength studies of Be stars

Be stars are studied across the electromagnetic spectrum to understand Be phe-

nomenon. The major studies in various bands are given below.
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Table 1.1: The mean rotation velocities of Be stars in the SMC, LMC and Milky Way
in various mass bins. For each sample, the mean age, mass, rotation velocity and the
number of stars are given.

2−5

M�

5−10 M�

age M/M� vsini N* age M/M� vsini N*

SMC Be 8.0 3.7 277 14 7.6 7.6 297 81

LMC Be 0 7.5 7.7 285 21

MW Be 8.1 4.4 241 18 7.6 7.3 234 52

10−12

M�

12−18

M�

age M/M� vsini N* age M/M� vsini N*

SMC Be 7.4 10.8 335 13 7.2 13.5 336 14

LMC Be 7.3 11 259 13 7.2 14.6 224 10

MW Be 7.2 10.6 231 9 6.8 14.9 278 17

1.3.1 Optical Photometry & Spectroscopy

The first comprehensive catalogue of Be stars is the Mount Wilson Catalogue

(MWC) by Merrill and Burwell (1933, 1943, 1949, 1950) which contains 1600 Be,

Ae stars and related objects. Photographic spectral atlas by Hubert-Delplace and

Hubert (1979) contains spectra of 148 Be stars in the wavelength region 3800−6600

Å. A collection of high dispersion Hα and Feii line profiles of 77 Be stars were ob-

tained by Hanuschik et al. (1996). An atlas of far ultra-violet (1200−3000 Å)

and optical high resolution spectra of 166 Be stars have been given by Doazan

et al. (1991). Andrillat et al. (1988, 1994) have done a spectral survey of 97 Be

stars in the wavelength range 7500−8800 Å and 74 Be stars in the spectral range

9840−10200 Å. Bidelman (1976) had included Be supergiants and quasi-planetary

nebulae into the class of Be stars. Later Jaschek et al. (1981) limited the discussion

of Be stars as those which belong to the luminosity class III-V. Jaschek and Egret
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(1982) compiled a comprehensive catalogue of 1100 Be stars from the emission line

star (e-star) catalogues of Wackerling (1970) and Bidelman and MacConnell (1973).

Early work on emission line and shell spectra started as early as the 1920s and

30s by M. Wolf, O. Struve, A. H. Joy, L. B. Andrews, P. Swings and others. It

was the pioneering work by Merrill (1949) who compiled several lists of stars with

shell spectra that attracted the attention of observers. The field opened up by

a comprehensive paper by Herbig in 1954 on NGC 2264 on the basis of spectro-

scopic data of e-stars. A systematic study of open clusters undertaken by Walker

(1956, 1957, 1961) was the basis of subsequent research in this field; he included

clusters such as NGC 2264, NGC 6530, NGC 6583, NGC 6611. The number of

Be stars in open clusters has greatly increased in past years because of the search

conducted by Schild and Romanishin (1976) in 29 northern clusters and by Lloyd

Evans (1980) in NGC 3766 and IC 2581. Large surveys in the southern Milky way

by Stephenson and Sanduleak (1977) and MacConnell (1981), and in the northern

Milky way by the Vatican observers (Coyne et al., 1978) yielded an appreciable

number of new Be stars in open clusters. Recently, McSwain and Gies (2005b)

conducted a photometric survey of 55 southern open clusters and identified 52

definite Be stars and 129 probable candidates.

The photospheric absorption spectra of Be stars typically show broad absorp-

tion lines due to rotation, but are normal in terms of equivalent width (EW), ie.

gravity, temperature and abundance (Slettebak, 1982). From an atlas of high-

resolution (R = 50000), high signal to noise ratio Hα profiles of 24 bright southern

Be stars, Hanuschik (1986) explained the inflections in the flanks of the profiles

due to two-component structure. The inner broadened component is emitted at a

radial distance of around 4 stellar radius while the outer component has an enve-

lope boundary of 20 stellar radius. The inner component of Hα profile is broadened

by Thomson scattering in addition to rotational and thermal broadening.
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McLaughlin described three types of variability in the spectra of Be and shell stars:

(a) E/C variation, which is the change in the ratio of intensity of the emission lines

with respect to continuum.

(b) V/R variation, which is the change in the ratio of the intensity of the violet to

red component of double-peaked emission lines.

(c) appearance and disappearance of a shell-absorption spectrum, as seen in the

case of Pleione (Gulliver, 1977).

The V/R variations on the timescale of years arise from velocity fields and non-

axisymmetric density distributions in the circumstellar disk. The periodic compo-

nent of this slow V/R variability can be understood by global one-armed oscilla-

tions (Okazaki, 1991; Hummel and Hanuschik, 1997).

Polarization in Be stars arises predominantly from Thomson scattering in the

ionized, circumstellar material. From polarization measurements it is found that

the optical radiation from Be stars is intrinsically polarized, which can be as high

as 2%. This provides evidence for the disk like geometry of circumstellar enve-

lope in Be stars (Coyne and McLean, 1982). Polarization strength may vary with

emission strength and V/R ratio while the polarization angles are constant (Wood

et al., 1997).

The disk geometry of the circumstellar envelope in Be stars is revealed through

interferometric observations (Thom et al., 1986; Mourard et al., 1989; Stee et al.,

1995; Quirrenbach et al., 1994). From the interferometric measurements of seven

Be stars in Hα, Quirrenbach et al. (1997) found that the Hα emission region ex-

tends up to 12 stellar radii, with a possible dependance on spectral type. From

a correlated analysis of interferometric and spectropolarimetric observations, they

derived a disk opening angle of around 20o. Wood et al. (1997) estimated a disk

opening angle of 2.5o for ζ Tau from Be star models and on comparison with the

observations of Quirrenbach et al. (1997). Tycner et al. (2005) found a relationship

between the physical extent of Hα emitting region and net Hα luminosity from the
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analysis of Hα line profiles and interferometric observations. Interferometric stud-

ies have confirmed that the geometry of the circumstellar gas is disk-like and the

estimates of opening angles point to a relatively thin disk.

1.3.1.1 Methods to detect Be stars in clusters

Objective-prism spectroscopy is the conventional technique used for detecting e-

stars, in which a low dispersion prism (or a grating) is placed in front of the

telescope objective and produces low resolution spectra in the focal surface, of all

the objects in the field of view. The technique has been used for many years,

mostly in conjunction with Schmidt telescopes. Grebel et al. (1992) surveyed clus-

ters using Strömgren filters y, b and an Hα filter of intermediate width. They used

two-colour diagram (b−y) and (Hα − y) to distinguish Be stars from B stars and

bright supergiants. For the detection of Be stars in Magellanic cloud clusters like

NGC 330, NGC 346, NGC 1818, NGC 1948, NGC 2004 and NGC 2100, Keller

et al. (1999) used the difference between R band and narrow-band Hα CCD images.

McSwain and Gies (2005a) identified Be stars in open clusters using Strömgren b,

y and narrowband Hα photometry. They identified the B-type stars in the cluster

using a theoretical isochrone fit to the (b−y, y) colour-magnitude diagram. This

has been combined with (b−y, y−Hα) colour-colour diagram to identify Be stars.

Detection techniques used by various authors for individual clusters are discussed

in next chapter.

We have used slitless spectroscopy to detect Be stars in young open clusters.

The cluster region was observed with R band / Grism combination, which gives

the dispersed image of stars in the field of view. By comparing with R band image,

stars which show Hα in emission are identified. The details of the setup and the

techniques used will be explained in the next chapter.
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1.3.2 Infra-red

The IR excess of Be stars is due to the presence of a large amount of circumstellar

material with a relatively high density, since the emissivity for free-free radiation

depends on the square of electron density (ρ2). Gehrz et al. (1974) found a con-

siderable excess with an energy distribution typical for free-free emission, i.e. an

excess which increases with wavelength. Their data showed some evidence for a de-

viation in the energy distribution near 10µm (turnover point). Gehrz et al. (1974)

interpreted the excess in terms of free-free emission from a circumstellar shell and

derived a typical density for these shells as 1011 to 1012 cm−3 for a representative set

of Be stars and shell stars. For the physical conditions of Be envelope mentioned

in Gehrz et al. (1974), the contributions from free-free and free-bound to the total

nebular emission at 2.2 µm were found to be 63% and 37% respectively (Ashok

et al., 1984). The flux from the central star in the wavelength region 15−20 µm

is about 10−50 times fainter compared to the flux at 2 µm. The disk extension is

a function of wavelength in IR region with 16 stellar radius (Rs) from 12, 25, 60

µm measurements (Waters, 1986), 8 Rs from 2.3, 19.5 µm (Gehrz et al., 1974), 20

Rs in near-IR (Dougherty et al., 1994) and 40 Rs using Brγ line (Stee and Bittar,

2001). The envelope size of α Ara (B3Ve) in N band has been estimated to be 14

Rs from VLTI/MIDI observations (Chesneau et al., 2005). The schematic view of

α Ara circumstellar environment used by the authors is given in figure 1.4.

Ashok et al. (1984) performed IR photometric studies of 55 northern Be stars

in JHK broadbands and 15 in L band. The observed infrared continuum luminos-

ity (LIR) of the circumstellar envelope was found to exceed the energy input from

the Lyman continuum luminosity (LL). They also found a correlation between

LIR and bolometric luminosity of the central star. Dachs and Wamsteker (1982)
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Figure 1.4: Schematic view of α Ara circumstellar environment

performed broadband IR photometry in the JHKLM bands for 46 bright southern

e-stars and N-band photometry for 8 of them. They found (J−M) colour index

strongly correlated with Hα EW for Be stars earlier than B6. In the far IR, the

observed spectral energy distribution index α, in the relation Sν ∝ να, changes

from α = 0.6 to α >1 in the radio regime. This indicates some structural changes

far away from the central star (Waters and Marlborough, 1994). Here ν represents

the frequency of the electromagnetic radiation.

1.3.3 Ultra-violet

Snow (1987) and Snow and Stalio (1987) used ultraviolet observations to discuss

the phenomenon of super-ionization in Be stars. This refers to the presence of

ionization stages higher than normally found in equilibrium at photospheric tem-

perature. Be stars are found to be much more superionized than normal B-type

stars since C IV and Si IV are observed in Be stars as late as B9 while they are

only seen upto B2 and B5 respectively in normal B-type MS stars (Grady et al.,
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1987). The detection of NV and OVI spectral lines indicate that the winds are

superionized (Marlborough, 1977).

1.3.4 X-ray & γ-ray

Quite a number of X-ray bright objects (LX ∼ 1035–1038 ergs/s) belong to the class

of X-ray binaries in which a neutron star or a black hole forms a binary system with

a companion star. In High Mass X-ray binaries (HMXB), mass is accreted (10−11–

10−8 M�/yr) from the donor star (OB supergiant or Be star) onto the compact

object. X-ray binary pulsars are neutron star HMXBs which emit pulsed X-rays

(Sasaki et al., 2003). The mechanism of X-ray outburst occur when a neutron

star, which is in wide and eccentric orbit, passes close to the circumstellar disk of

a Be star (Apparao, 1985; Okazaki and Negueruela, 2001). This binary system is

of astrophysical interest since it is possible to determine the mass and radius of the

Be star, the mass of the neutron star, an estimate of stellar wind intensity, mass

transfer mechanisms and evolutionary history from optical and X-ray observations

(Rappaport and van den Heuvel, 1982). The Be/X-ray binary system constitutes

60−70% of the population of HMXBs in Milky Way and the LMC while it is more

than 90% in the SMC (Haberl and Sasaki, 2000).

Gamma-ray (γ-ray) binaries are HMXBs that exhibit very high energy emission

in the MeV-TeV range. The following candidates are identified as part of VHE

observations, whose companion is reported to be a Be star. PSR B1259-63/SS

2883 is a binary system of a 48 ms pulsar in orbit around a B2e companion star

(Johnston et al., 1992). Aharonian et al. (2005) reported the discovery of very-high

energy γ-ray emission (∼ TeV) from this system. The Be/X-ray binary LS I +61

303 is one of the brightest known γ-ray sources, detected by COS B (Hermsen

et al., 1977; Albert et al., 2008). The Be companion is of B0Ve spectral type and
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is in a highly eccentric orbit with a period of 26.5 days (Grundstrom et al., 2007).

HESS J0632+057 is a γ-ray binary identified in HESS survey and the follow-up

observation with XMM-Newton identified it as a massive star MWC 148 of spec-

tral type B0pe (Hinton et al., 2009).

1.4 Outline of the Thesis

We have done a survey to search for e-stars in northern open clusters, belonging

to different parts of the Galactic disk. Compared to field CBe stars, cluster candi-

dates offer precise values of distance, reddening and chemical composition, which

helps to understand their evolutionary state better. We used slitless spectroscopy

to find e-stars in clusters, which is an innovative concept for a survey of this mag-

nitude. The medium resolution spectra of identified e-stars are taken and the

spectral parameters like EW and rotation velocity have been used to understand

the properties of disk and angular momentum evolution. The sample of 157 stars

in 42 clusters has been used to derive conclusion about the role of environment

and mechanisms for the formation of Be stars. From photometric and spectro-

scopic studies, we propose a bimodal distribution in Be star population. The early

subtype (B0−B2) evolve to become Be stars while others (B2−A0) are born in Be

phase. The detailed description of the studies summarized in each chapter is given

below.

1.4.1 Chapter 1

In Chapter 1, we have given an introduction to Be stars. We have explained Be

phenomenon in CBe stars and the efforts underway to resolve the puzzle. Rapid

rotation, stellar wind, non-radial pulsation, magnetic field and binary interaction
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are the proposed mechanisms to resolve Be phenomenon in Be stars. We have ex-

plored the theoretical aspects of each of these mechanisms with the observational

developments in each front. Be stars are studied in various bands in the electro-

magnetic spectrum, to understand the nature of the star with the formation and

evolution of circumstellar disk. A quick glance on prominent studies in optical,

IR, UV, X-ray and γ-ray are presented.

1.4.2 Chapter 2

The details of the survey to search for e-stars in 207 young open clusters using slit-

less spectroscopy are explained in this chapter. We found 157 e-stars in 42 open

clusters, most of which are aged less than 100 Myr. The properties of these e-stars

are discussed in the context of the clusters which harbour them. The youngest

clusters to have CBe stars are IC 1590, NGC 637 and NGC 1624 (all 4 Myr old)

while NGC 6756 (125 − 150 Myr) is the oldest cluster to have CBe stars. A

detailed description of the studies conducted in each of these 42 clusters is given

in this chapter. The optical V vs (B−V) colour magnitude diagram (CMD) with

near infra-red (J−H) vs (H−Ks) colour-colour diagram (near-IR CCDm) are used

to classify CBe stars from HAeBe stars in terms of near-IR excess. The spectra of

the e-stars along with the line details are given.

1.4.3 Chapter 3

The statistical analysis of the collective sample of 157 e-stars are presented in

this chapter. The optical photometric data are taken from the references listed

in WEBDA (http://www.univie.ac.at/webda/navigation.html) while near-IR data

are taken from 2MASS (http://vizier.u-strasbg.fr/cgi-bin/VizieR?-source=II/246).

We have explored the role of evolution in Be phenomenon by locating the position
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of Be stars in optical CMD, which was explained in previous chapter. The CBe

stars are located all along the MS in the optical CMDs of clusters of all ages, which

indicates that the Be phenomenon is unlikely only due to core contraction near

the turn-off. The spectral type shows a bimodal distribution, peaking in B1–B2

and B6–B7 spectral bins. Rich clusters like NGC 7419, NGC 2345, NGC 663 and

h & χ Persei are found to favour the formation of early-type Be stars. Most of

the identified e-stars are CBe candidates (145 stars, 92%), while some are Herbig

Be (HBe; 10, 6%) and Herbig Ae (HAe; 2, 2%) candidates. Our survey is more

or less complete in the northern sky and it covers various star forming regions in

the Galaxy like Perseus, Monoceros and Cygnus. Most of the surveyed clusters

were found to have Be star fraction (N(Be)/N(B+Be)) to be less than 10%, which

agrees with previous studies. We propose two mechanisms responsible for CBe

phenomenon. The first mechanism is where some stars are born CBe stars, which

may happen for spectral types later than B1. The second mechanism is where

the B stars evolve to CBe stars, likely due to evolution, enhancement of rotation

or structural changes at the end of the MS. This is likely to happen in early B

spectral types.

1.4.4 Chapter 4

From the spectroscopic survey of 152 CBe stars, various spectral and evolutionary

properties of stars and their disk are studied. Apart from the Balmer lines in

emission, spectra of most of the stars show Feii, Paschen and Oi lines in emission

while Hei is seen in absorption. The Balmer decrement (D34) of Be stars is found

to show bimodal distribution with peak values of 2.5 and 3.9, unlike the typical

nebular value of 2.7. Majority of surveyed stars (76%) may have optically thick

disks, identified by the presence of large D34, high Hα EW, metallic lines and high

(H−Ks)0 values. We found Lyman β fluorescence as the mechanism for the pro-
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duction of 8446 Å line in 24% of the surveyed stars and 47% show line formation

(Oi 8446 Å & 7772 Å lines) due to collisional excitation. The rotation velocity of

candidate stars is found to be in the range 150−300 km/s, which matches with

the values of field CBe stars. The rotation velocity of the disks were found to

range between 50−250 km/s, thus the circumstellar disk is found to lag behind

the star by 50−100 km/s. The angular momentum evolution of stars and disk as

a function of age and spectral type suggest bimodal origin of Be stars. Our results

suggest that stars in the B0−B2 spectral bin are found to spin up towards the end

of their MS life time, which is 10−20 Myr. Stars in the B0−B4 bin show enhanced

Hα emission at the end of their MS lifetime, as inferred from the enhancements

observed at 12.5 and 25 Myr. All the above results indicate that the activity in

early type Be stars gets accelerated towards the end of the MS evolution. Thus

early type stars evolve to become Be stars. Similar variation in properties were

not found for stars in the later spectral types (B4−A0), suggesting that the Be

phenomenon differs in early and late type stars.

1.4.5 Chapter 5

HAeBe and CBe stars are e-stars in different evolutionary phases. The nature

and formation of circumstellar disk in these stars are different. As explained in

Chapter 3, we found that 8 percent of the surveyed e-stars belongs to HAeBe cat-

egory. In this chapter we have identified sure candidates from optical and near-IR

photometry, Spectral Energy Distribution (SED) and spectroscopy. We found 3

HBe and 2 HAe candidates from a sample of 157 e-stars. The age of these HAeBe

stars, estimated using PMS isochrones, were found to range between 0.25 - 3 Myr.

We combined the optical and near-IR photometry to estimate the duration of star

formation in the clusters, Bochum 6, IC 1590, NGC 6823 and NGC 7380. We

found ongoing star formation in all these clusters, with an appreciable number of
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PMS stars. All the four clusters were found to be forming stars for the last 10 Myr.

1.4.6 Chapter 6

Summary of this thesis study is presented here along with the future plans.
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Chapter 2

Survey of emission-line stars in

young open clusters

2.1 Introduction

Open clusters are dynamically associated system of stars which are found to be

formed from giant molecular clouds through bursts of star formation. Apart from

the coeval nature of the stars, they are assumed to be at the same distance and

have the same chemical composition. Hence it is a perfect place to study e-stars

since we do not have a hold on these parameters in the field. Young open clusters

are found to contain CBe stars of all spectral types.

In order to study the Be phenomenon, Schild and Romanishin (1976) identified

41 Be stars in 29 clusters. Abt (1979) found that the Be stars in clusters exhibit a

relatively constant frequency, roughly equal to that of Be field stars. Lloyd Evans

(1980) identified and studied Be stars in NGC 3766 and IC 2581. Mermilliod

(1982) studied 94 Be stars in 34 open clusters. He found that the distribution of

Be stars peaked at spectral type B1−B2 and B7−B8, confirming earlier results.

He also found that the Be stars occupy the whole MS band and are not confined

to the region of termination of the MS. Recently, McSwain and Gies (2005b) con-

ducted a photometric survey of 55 southern open clusters and identified 52 definite

Be stars and 129 probable candidates. They also reported that the spin-up effect
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at the end of the MS phase cannot explain the observed distribution of Be stars

while 73% of the candidates were spun-up by binary mass transfer. Keller et al.

(2000, 2001) found most of the Be stars to be located close to the turn-off of the

clusters they observed. Wisniewski and Bjorkman (2006) identified numerous can-

didate Be stars of spectral types B0−B5 in clusters of age 5−8 Myr, challenging

the suggestion of Fabregat & Torrejon (2000) that CBe stars should only be found

in clusters at least 10 Myr old. These results suggest that a significant number

of B-type stars must emerge onto the ZAMS as rapid rotators. They detected an

enhancement in the fractional content of early-type candidate Be stars in clusters

of age 10−25 Myr, suggesting that the Be phenomenon does become more preva-

lent with evolutionary age. Wisniewski et al. (2007) performed detailed imaging

polarization observations of six SMC and six LMC clusters, known to have large

populations of B-type stars. Their results support the suggestion of Wisniewski

and Bjorkman (2006) that CBe stars are present in clusters of age 5-8 Myr.

In this study, we have performed a systematic survey of young open clusters

in the northern sky, in order to increase the sample of e-stars in clusters and to

study their properties and resolve the above inconsistencies. We performed this

survey during the period 2003−2006, using the method of slitless spectroscopy.

Due to the location of this telescope, the survey mainly concentrated on clusters

in the northern declinations and those north of the declination of −30o. Hence the

objects in the RA range of 8 to 18 hours were not observed.
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2.2 Observation & Analysis

2.2.1 Slitless Spectroscopy

The spectroscopic and the R band imaging observations of the clusters were ob-

tained using the HFOSC instrument, available with the 2.0m Himalayan Chandra

Telescope (HCT), located at HANLE and operated by the Indian Institute of Astro-

physics. Details of the telescope and the instrument are available at the institute’s

homepage (http://www.iiap.res.in/). The CCD used for imaging is a 2 K × 4 K

CCD, where the central 2 K × 2 K pixels were used for imaging. The pixel size is

15 µ with an image scale of 0.297 arcsec/pixel. The total area observed is approx-

imately 10 × 10 arcmin2. The cluster region was observed in the slit-less spectral

mode with grism as the dispersing element using the HFOSC in order to identify

stars which show Hα in emission. This mode of observation using the HFOSC

yields an image where the stars are replaced by their spectra. The cluster region

was initially observed in R band to obtain the positions of stars. Then the grism

was introduced to obtain the spectra. These two frames are blinked/combined

in order to identify stars which show emission in slitless (dispersed) image. The

broad band R filter (7100 Å, BW=2200 Å) and Grism 5 (5200−10300 Å, low res-

olution) of HFOSC CCD system were used in combination without any slit. This

combination provides spectra in the Hα region. A sample spectral image of the

cluster NGC 7419 is shown in figure 2.1. The integration time used to obtain this

image is 10 minutes. The bead like enhancements over the continuum correspond

to emission in Hα. The clusters were observed more than once to confirm detec-

tions and to detect variable e-stars. We have used graded exposures for regions

where bright stars are present. The crowded clusters were rotated to account for

the overlap of dispersed image. Certain clusters were imaged with Hα filters to

check for nebulosity. We performed the observations during the period 2003–2006

and the log of the observations is given in http://arxiv.org/pdf/0804.1498.

28



Chapter 2 Survey of emission-line stars in young open clusters

Figure 2.1: The slitless spectral image of NGC 7419. 25 e-stars are identified from this
image.

The above mentioned technique identifies only stars with emission in Hα above

the continuum. Stars with emission just enough to fill the Hα line, or those with

partial filling cannot be identified. Thus this survey identifies stars with definite

emission. Thus, the identifications, numbers and statistics presented can be taken

as a lower limit.

2.2.2 Slit Spectroscopy

Slit spectra of 157 e-stars were obtained using Grism 7 (3800 Å – 6800 Å) and

167 µ slit combination in the blue region which gives an effective resolution of 10

Å around Hβ line (dispersion relation = 1.47 Å /pixel). The spectra in the red re-

gion were obtained using Grism 8 (5800 Å – 9000 Å) /167 µ slit setup, which gives

an effective resolution of 7 Å around Hα line profile (1.25 Å /pixel). The spectra
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were found to have signal to noise ratio greater than 100. Spectrophotometric

standards such as Fiege 34, Wolf 1346, BD 284211 and Hiltner 600, observed on

corresponding nights were used for flux calibration. All the observed spectra were

wavelength calibrated and corrected for instrument sensitivity using IRAF tasks.

The resulting flux calibrated spectra were normalized and continuum fitted using

IRAF tasks. We performed repeated observations for the candidate stars to check

the consistency of line features and to study line profile variability. The slit spectra

of the identified e-stars were taken during 2005–2008.

30



Chapter 2 Survey of emission-line stars in young open clusters

Table 2.1: List of surveyed clusters.

Cluster name RA Dec Cluster name RA Dec

Basel 1 18:48:12 -05:51:00 Bochum 3 07:03:24 -05:03:00

Basel 4 05:48:30 +30:13:00 Bochum 4 07:31:37 -17:11:36

Basel 6 20:06:48 +38:21:00 Bochum 5 07:31:00 -16:56:00

Basel 7 06:36:36 +08:21:00 Bochum 6 07:32:00 -19:25:00

Basel 11b 05:58:12 +21:58:00 Bochum 14 18:02:00 -23:41:00

Basel 10 02:18:48 +58:19:00 BH245 17:46:16 -29:42:00

Berkeley 6 01:51:12 +61:05:00 Biurakan 2 20:09:12 +35:29:00

Berkeley 7 01:54:12 +62:22:00 Collinder 96 06:30:18 +02:52:00

Berkeley 11 04:20:36 +44:55:00 Collinder 110 06:38:24 +02:01:00

Berkeley 28 06:52:12 +02:56:00 Collinder 469 18:16:15 -18:16:00

Berkeley 43 19:15:36 +11:13:00 Czernik 8 02:33:00 +58:44:00

Berkeley 45 19:19:12 +15:43:00 Czernik 13 02:44:42 +62:21:00

Berkeley 62 01:01:00 +63:57:00 Czernik 20 05:20:06 +39:28:00

Berkeley 63 02:19:36 +63:43:00 Dolidze 25 06:45:06 +00:18:00

Berkeley 65 02:39:00 +60:25:00 Dolidze 42 20:19:42 +38:08:00

Berkeley 79 18:45:12 -01:13:00 Haffner 7 07:22:55 -29:30:00

Berkeley 82 19:11:24 +13:04:00 Haffner 16 07:50:20 -25:28:00

Berkeley 84 20:04:43 +33:54:18 Haffner 18 07:52:39 -26:23:00

Berkeley 86 20:20:24 +38:42:00 Haffner 19 07:52:47 -26:17:00

Berkeley 87 20:21:42 +37:22:00 Haffner 21 08:01:09 -27:13:00

Berkeley 90 20:35:18 +46:50:00 IC 348 03:44:30 +32:17:00

Berkeley 93 21:56:12 +63:56:00 IC 361 04:19:00 +58:18:00

Berkeley 94 22:22:42 +55:51:00 IC 1369 21:12:06 +47:44:00

Berkeley 96 22:29:24 +55:24:00 IC 1442 22:16:30 +54:03:00

Bochum 1 06:25:30 +19:46:00 IC 1590 00:52:48 +56:37:00

Bochum 2 06:48:54 +00:23:00 IC 1805 02:32:42 +61:27:00
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Cluster name RA Dec Cluster name RA Dec

IC 1848 02:51:12 +60:26:00 NGC 581 01:33:23 +60:39:00

IC 2157 06:05:00 +24:00:00 NGC 637 01:43:04 +64:02:24

IC 4996 20:16:30 +37:38:00 NGC 654 01:44:00 +61:53:06

IC 5146 21:53:24 +47:16:00 NGC 659 01:44:24 +60:40:24

King 1 00:22:00 +64:23:00 NGC 663 01:46:09 +61:14:06

King 4 02:35:42 +59:00:00 NGC 744 01:58:33 +55:28:24

King 6 03:28:06 +56:27:00 NGC 869 02:19:00 +57:07:42

King 10 22:54:54 +59:10:00 NGC 884 02:22:18 +57:08:12

King 12 23:53:00 +61:58:00 NGC 957 02:33:21 +57:33:36

King 13 00:10:06 +61:10:00 NGC 1220 03:11:40 +53:20:42

King 14 00:31:54 +63:10:00 NGC 1348 03:34:06 +51:24:30

King 21 23:49:54 +62:43:00 NGC 1444 03:49:25 +52:39:30

Kharchenko 1 06:08:48 +24:19:54 NGC 1502 04:07:50 +62:19:54

Markarian 38 18:15:17 -19:00:00 NGC 1513 04:09:57 +49:30:54

Markarian 50 23:15:18 +60:28:00 NGC 1605 04:34:53 +45:16:12

Mayer 2 04:19:45 +53:10:00 NGC 1624 04:40:36 +50:27:42

NGC 103 00:25:16 +61:19:24 NGC 1758 05:04:35 +23:47:54

NGC 133 00:31:19 +63:21:00 NGC 1778 05:08:04 +37:01:24

NGC 136 00:31:31 +61:30:36 NGC 1893 05:22:44 +33:24:42

NGC 146 00:33:03 +63:18:06 NGC 1912 05:28:40 +35:50:54

NGC 189 00:39:35 +61:05:06 NGC 1931 05:31:25 +34:14:42

NGC 225 00:43:39 +61:46:30 NGC 1960 05:36:18 +34:08:24

NGC 366 01:06:26 +62:13:48 NGC 2129 06:00:41 +23:19:06

NGC 433 01:15:11 +60:07:36 NGC 2168 06:09:00 +24:21:00

NGC 436 01:15:58 +58:48:42 NGC 2169 06:08:24 +13:57:54

NGC 457 01:19:35 +58:17:12 NGC 2175 06:09:39 +20:29:12
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Cluster name RA Dec Cluster name RA Dec

NGC 2186 06:12:07 +05:27:30 NGC 2467 07:52:26 -26:26:12

NGC 2264 06:40:58 +09:53:42 NGC 2483 07:55:39 -27:53:42

NGC 2270 06:43:58 +03:28:48 NGC 2539 08:10:37 -12:49:06

NGC 2302 06:51:55 -07:05:00 NGC 2571 08:18:56 -29:45:00

NGC 2309 06:56:03 -07:10:30 NGC 2678 08:50:02 +11:20:18

NGC 2311 06:57:46 -04:36:36 NGC 3231 10:27:29 +66:47:54

NGC 2319 07:00:43 +03:02:23 NGC 6520 18:03:24 -27:53:18

NGC 2323 07:02:42 -08:23:00 NGC 6525 18:02:06 +11:01:24

NGC 2324 07:04:07 +01:02:42 NGC 6531 18:04:13 -22:29:24

NGC 2343 07:08:06 -10:37:00 NGC 6604 18:18:03 -12:14:30

NGC 2345 07:08:18 -13:11:36 NGC 6611 18:18:48 -13:48:24

NGC 2353 07:14:30 -10:16:00 NGC 6613 18:19:58 -17:06:06

NGC 2355 07:16:59 +13:45:00 NGC 6618 18:20:47 -16:10:18

NGC 2362 07:18:41 -24:57:18 NGC 6649 18:33:27 -10:24:12

NGC 2364 07:20:46 -07:33:00 NGC 6664 18:36:42 -08:13:00

NGC 2367 07:20:06 -21:52:54 NGC 6683 18:42:13 -06:12:42

NGC 2368 07:21:06 -10:22:18 NGC 6694 18:45:18 -09:23:00

NGC 2374 07:23:56 -13:15:48 NGC 6704 18:50:45 -05:12:18

NGC 2383 07:24:40 -20:56:54 NGC 6709 18:51:18 +10:19:06

NGC 2384 07:25:10 -21:01:18 NGC 6756 19:08:42 +04:42:18

NGC 2396 07:28:01 -11:43:12 NGC 6832 19:48:15 +59:25:18

NGC 2401 07:29:24 -13:58:00 NGC 6823 19:43:09 +23:18:00

NGC 2414 07:33:12 -15:27:12 NGC 6830 19:50:59 +23:06:00

NGC 2421 07:36:13 -20:36:42 NGC 6834 19:52:12 +29:24:30

NGC 2428 07:39:25 -16:31:48 NGC 6871 20:05:59 +35:46:36

NGC 2439 07:40:45 -31:41:36 NGC 6882 20:11:47 +26:48:42

NGC 2453 07:47:35 -27:11:42 NGC 6910 20:23:12 +40:46:42
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Cluster name RA Dec Cluster name RA Dec

NGC 6913 20:23:57 +38:30:30 Ruprecht 44 07:58:51 -28:35:00

NGC 6991 20:54:32 +47:27:00 Ruprecht 49 08:03:15 -26:46:00

NGC 6996 20:56:30 +45:38:24 Ruprecht 135 17:58:12 -11:39:00

NGC 7024 21:06:09 +41:29:18 Ruprecht 141 18:31:19 -12:19:11

NGC 7039 21:10:48 +45:37:00 Ruprecht 144 18:33:34 -11:25:00

NGC 7063 21:24:21 +36:29:12 Ruprecht 148 04:46:30 +44:44:00

NGC 7067 21:24:23 +48:00:36 Stock 7 02:29:36 +60:39:00

NGC 7128 21:43:57 +53:42:54 Stock 8 05:27:36 +34:25:00

NGC 7160 21:53:40 +62:36:12 Stock 17 23:46:00 +62:11:00

NGC 7235 22:12:25 +57:16:12 Stock 24 00:39:42 +61:57:00

NGC 7245 22:15:11 +54:20:36 Teutsch 7 08:31:47 -39:04:48

NGC 7261 22:20:11 +58:07:18 Turner 1 19:48:25 +27:17:35

NGC 7296 22:28:02 +52:19:00 Turner 3 18:17:34 -18:51:50

NGC 7380 22:27:21 +58:07:54 Turner 4 18:17:08 -18:42:00

NGC 7419 22:54:20 +60:48:54 Turner 8 19:45:16 +27:50:30

NGC 7423 22:55:08 +57:05:54 Trumpler 1 01:35:42 +61:17:00

NGC 7510 23:11:03 +60:34:12 Trumpler 7 07:27:22 -23:57:00

NGC 7654 23:24:48 +61:35:36 Trumpler 9 07:55:40 -25:53:00

NGC 7788 23:56:45 +61:23:54 Trumpler 33 18:24:42 -19:43:00

NGC 7790 23:58:24 +61:12:30 Trumpler 35 18:42:54 -04:08:00

Roslund 3 19:58:42 +20:29:00 Tombaugh 4 02:28:54 +61:47:00

Roslund 4 20:04:54 +29:13:00 vdB 85 06:46:54 +01:20:00

Ruprecht 18 07:24:39 -26:13:00 vdB-Hagen 1 07:22:55 -29:30:00

Ruprecht 32 07:45:10 -25:32:00 vdB-Hagen 80 06:30:48 -09:40:00

Ruprecht 36 07:48:23 -26:18:00
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Table 2.2: List of e-stars from the slitless survey

Emission star V mag (B−V) Spectral Type RA Dec

Berekeley 62(1) 14.445 0.496 B8 01:01:25.77 +63:58:24.0

Berekeley 63(1) * * * 02:19:32.26 +63:43:46.4

Berekeley 86(9) 11.880 1.090 B5 20:20:10.75 +38:37:30.9

Berekeley 86(26) 12.620 1.130 B7 20:20:20.43 +38:37:36.7

Berekeley 87(1) 12.440 1.580 B1V 20:21:59.99 +37:26:24.1

Berekeley 87(2) 12.090 1.330 B1.5V 20:21:24.81 +37:22:48.3

Berekeley 87(3) 14.240 1.690 B4V 20:21:28.36 +37:26:18.9

Berekeley 87(4) 11.840 1.540 B1.5 20:21:33.55 +37:24:52.2

Berekeley 90(1) * * * 20:35:41.56 +46:46:48.9

Bochum 2(1) * * * 06:49:07.43 +00:21:56.3

Bochum 6(1) 13.300 0.590 B6 07:31:48.84 -19:27:37.2

Collinder 96(1) 8.750 0.330 B1 06:30:17.69 +02:50:52.8

Collinder 96(2) 10.630 0.320 B5.5V 06:30:30.02 +02:53:22.0

IC 1590(1) 13.430 0.390 B8.5 00:52:51.22 +56:36:56.0

IC 1590(2) 13.950 0.300 A0V 00:52:45.67 +56:37:53.8

IC 1590(3) 11.230 0.150 B2 00:52:44.38 +56:37:03.3

IC 4996(1) 11.890 0.540 B2 20:16:29.03 +37:38:52.3

King 10(A) 12.990 1.250 B1 22:54:53.19 +59:09:33.3

King 10(B) 13.000 1.110 B1 22:55:12.43 +59:07:46.5

King 10(C) 14.420 1.000 B2.5 22:55:06.47 +59:13:10.6

King 10(E) 13.750 1.010 B2 22:54:56.64 +59:10:22.7

King 21(B) 13.727 0.766 B3.5 23:49:46.84 +62:42:35.3

King 21(C) 11.436 0.628 B0.5 23:49:57.83 +62:42:07.4

King 21(D) 12.926 0.763 B2.5 23:49:59.04 +62:46:21.9

NGC 146(S1) 11.980 0.330 B2V 00:32:44.72 +63:18:15.6

NGC 146(S2) 13.650 0.380 B6.5V 00:33:18.17 +63:18:37.8

35



Chapter 2 Survey of emission-line stars in young open clusters

Emission star V mag (B−V) Spectral Type RA Dec

NGC 436(1) 13.652 0.390 B7V 01:15:56.29 +58:48:12.4

NGC 436(2) 13.270 0.390 B6 01:15:20.26 +58:50:02.3

NGC 436(3) * * * 01:16:13.12 +58:52:55.0

NGC 436(4) 13.041 0.359 B5.5V 01:15:40.89 +58:49:02.2

NGC 436(5) 12.440 0.821 B3 01:15:58.39 +58:49:15.1

NGC 457(1) 13.033 0.297 B6 01:19:02.36 +58:19:20.2

NGC 457(2) 13.471 0.350 B7V 01:19:32.98 +58:17:25.5

NGC 581(1) 11.355 0.294 B2 01:33:41.87 +60:42:19.4

NGC 581(2) 10.590 0.170 B1V 01:33:24.25 +60:39:44.9

NGC 581(3) 11.889 0.185 B3V 01:33:15.16 +60:41:01.7

NGC 581(4) 11.755 0.249 B2.5 01:33:10.96 +60:39:30.8

NGC 637(1) 13.645 0.495 B6.5V 01:43:22.10 +64:01:18.3

NGC 654(2) 12.292 0.816 B2 01:44:02.95 +61:53:20.3

NGC 659(1) 12.862 0.445 B2.5 01:44:33.09 +60:40:56.2

NGC 659(2) 10.691 0.496 B0 01:44:28.22 +60:40:03.4

NGC 659(3) 12.385 0.329 B2 01:44:22.80 +60:40:43.8

NGC 663(1) 13.993 0.633 B7V 01:46:02.06 +61:15:04.2

NGC 663(2) 11.470 0.660 B1 01 46 06.09 +61 13 39.1

NGC 663(3) 13.249 0.677 B5 01:46:14.01 +61:13:43.9

NGC 663(4) 12.261 0.559 B2V 01:46:30.63 +61:14:29.2

NGC 663(5) 11.891 0.450 B2 01:45:46.39 +61:09:20.9

NGC 663(6) 13.580 0.600 B6 01:46:24.41 +61:10:37.3

NGC 663(7) 10.203 0.658 B0 01 46 35.53 +61 15 47.88

NGC 663(9) 12.334 0.579 B2.5V 01:46:35.60 +61:13:39.1

NGC 663(11) 11.924 0.539 B2V 01 46 20.21 +61 14 21.57

NGC 663(12) 12.490 0.521 B2.5 01:45:37.81 +61:07:59.1

NGC 663(12V) 10.620 0.570 B0.5 01:46:26.84 +61:07:41.7
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Emission star V mag (B−V) Spectral Type RA Dec

NGC 663(13) 13.535 0.598 B6 01 46 34.85 +61 06 27.75

NGC 663(14) 13.455 0.635 B5.5V 01 46 59.55 +61 12 29.8

NGC 663(15) 12.620 0.720 B2.5 01 47 39.34 +61 18 20.7

NGC 663(16) 10.090 0.420 B0/O9 01 45 18.02 +61 06 56.48

NGC 663(24) 12.678 0.562 B2.5V 01 46 28.61 +61 13 50.42

NGC 663(P5) 11.900 0.650 B2 01 45 56.11 +61 12 45.41

NGC 663(P6) 10.560 0.650 B0.5 01 45 59.30 +61 12 45.67

NGC 663(P8) 12.573 0.596 B2.5V 01 45 39.63 +61 12 59.6

NGC 663(P23) 12.362 -0.282 B2.5 01:47:03.74 +61:17:32.0

NGC 663(P25) 11.881 0.423 B2 01:47:26.76 +61:08:44.2

NGC 663(P151) 14.200 * B8 01 47 17.46 +61 13 18.2

NGC 869(1) 9.559 0.493 B0 02:19:26.65 +57:04:42.1

NGC 869(2) 11.645 0.437 B2.5 02:19:28.95 +57:11:25.1

NGC 869(3) 11.003 0.530 B2 02:19:28.98 +57:07:05.3

NGC 869(4) 9.127 0.385 B0/O9 02:18:47.98 +57:04:03.0

NGC 869(5) 10.229 0.420 B1 02:19:13.77 +57:07:45.0

NGC 869(6) 12.370 0.395 B5V 02:19:08.73 +57:03:50.0

NGC 884(1) 10.671 0.417 B1 02:22:48.07 +57:12:03.6

NGC 884(2) 9.700 0.386 B0.5 02:22:06.59 +57:05:24.6

NGC 884(3) 10.162 0.325 B0.5V 02:21:52.95 +57:09:59.3

NGC 884(4) 11.706 0.412 B2.5 02:21:44.56 +57:10:53.9

NGC 884(5) 9.306 0.341 B0 02:21:43.39 +57:07:31.7

NGC 884(6) 10.938 0.362 B2 02:22:02.51 +57:09:21.1

NGC 957(1) 11.130 0.660 B2 02:33:10.45 +57:32:52.8

NGC 957(2) 11.990 0.540 B2.5 02:33:39.44 +57:33:51.7

NGC 1220(1) 13.798 0.693 B9.5 03:11:40.86 +53:21:03.8

NGC 1624(1) 13.393 0.623 B1 04:40:37.25 +50:27:40.4

NGC 1893(1) 13.500 0.740 B6 05:22:42.95 +33:25:05.3
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Emission star V mag (B−V) Spectral Type RA Dec

NGC 2345(2) 11.860 0.390 B5.5V 07:08:10.47 -13:15:36.7

NGC 2345(5) 13.420 0.540 B9 07:08:07.53 -13:13:20.7

NGC 2345(20) 13.900 0.690 B9 07:08:12.49 -13:10:35.8

NGC 2345(24) 13.980 1.000 B6V 07:08:11.59 -13:09:27.8

NGC 2345(27) 13.660 0.630 B8.5 07:08:16.09 −13:10:03.6

NGC 2345(32) 13.860 0.610 A5 07:08:19.58 -13:09:41.0

NGC 2345(35) 10.930 0.510 B2 07:08:22.84 -13:10:16.5

NGC 2345(44) 13.320 0.400 A0/B9 07:08:25.55 -13:12:01.8

NGC 2345(59) 13.050 0.390 A0/B8 07:08:28.04 -13:15:35.8

NGC 2345(61) 13.360 0.430 A0/B9 07:08:29.85 -13:13:14.7

NGC 2345(X1) * * * 07:07:58.15 -13:10:59.6

NGC 2345(X2) * * * 07:08:12.50 −13:09:55.8

NGC 2414(1) * * * 07:33:06.38 -15:26:35.8

NGC 2414(2) * * * 07:33:20.44 -15:27:07.0

NGC 2421(1) 11.480 0.240 B3.5V 07:36:06.68 -20:37:57.5

NGC 2421(2) 12.465 0.262 B7V 07:36:02.96 -20:37:39.1

NGC 2421(3) 12.900 * * 07:36:00.06 -20:38:46.0

NGC 2421(4) 12.240 0.260 B6.5V 07:36:21.95 -20:37:09.6

NGC 6649(1) 11.770 1.300 B1.5 18:33:28.27 -10:24:07.3

NGC 6649(2) 15.210 1.30 A0/1 18:33:26.16 -10:23:35.9

NGC 6649(3) 14.980 1.260 A0 18:33:23.95 -10:24:41.2

NGC 6649(4) 14.070 2.100 B7 18:33:36.29 -10:22:52.4

NGC 6649(5) 14.080 1.500 B7 18:33:25.34 -10:20:51.5

NGC 6649(6) 14.930 1.290 A0 18:33:34.10 -10:26:04.8

NGC 6649(7) * * * 18:33:12.32 -10:25:13.5

NGC 6756(2) 14.299 0.965 B3.5 19:08:40.15 +04:43:51.2

NGC 6756(3) 14.052 0.947 B2.5 19:08:46.24 +04:40:23.2
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Emission star V mag (B−V) Spectral Type RA Dec

NGC 6823(1) 13.730 0.660 B6.5 19:43:04.38 +23:18:48.8

NGC 6834(1) 13.230 0.540 B7.5 19:52:06.48 +29:24:37.7

NGC 6834(2) 12.430 0.720 B5.5 19:52:09.53 +29:23:34.0

NGC 6834(3) 13.260 0.640 B8 19:52:21.21 +29:20:20.4

NGC 6834(4) 12.900 0.580 B6.5 19:52:16.62 +29:25:15.0

NGC 6910(A) 13.600 1.060 B9.5 20:23:11.74 +40:43:25.9

NGC 6910(B) 12.360 0.480 B6 20:23:09.74 +40:45:53.0

NGC 7039(1) 13.750 0.330 B0V 21:11:00.95 +45:39:41.4

NGC 7128(1) 13.210 0.800 B1V 21:44:02.92 +53:42:12.4

NGC 7128(2) 14.440 0.740 B2.5 21:44:05.25 +53:42:36.8

NGC 7128(3) * * * 21:43:33.57 +53:45:32.3

NGC 7235(1) 12.150 0.800 B0.5 22:12:19.54 +57:16:04.1

NGC 7261(1) * * * 22:19:51.44 +58:08:53.5

NGC 7261(2) * * * 22:20:10.09 +58:06:34.3

NGC 7261(3) * * * 22:20:13.31 +58:07:45.5

NGC 7380(1) 13.590 0.560 B9 22:47:42.62 +58:07:46.8

NGC 7380(2) 13.550 0.600 B9 22:47:40.12 +58:09:03.7

NGC 7380(3) 10.160 0.390 B0.5V 22:47:49.56 +58:08:49.6

NGC 7380(4) 14.720 1.550 A1 22:47:22.39 +58:01:21.5

NGC 7419(A) 14.340 1.640 B1.5 22:54:36.68 +60:48:35.2

NGC 7419(B) 14.770 1.530 B2 22:54:27.12 +60:48:52.2

NGC 7419(C) 14.060 1.430 B1 22:54:25.62 +60:49:01.4

NGC 7419(D) 15.560 1.500 B2.5 22:54:23.76 +60:49:31.0

NGC 7419(E) 16.560 1.700 B6 22:54:24.36 +60:47:36.2

NGC 7419(F) * * * 22:54:24.28 +60:47:01.6

NGC 7419(G) 14.250 1.540 B1.5 22:54:20.49 +60:49:52.5

NGC 7419(H) 15.670 1.450 B2.5V 22:54:19.54 +60:48:52.0
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Emission star V mag (B−V) Spectral Type RA Dec

NGC 7419(I) 14.240 1.510 B1.5 22:54:19.65 +60:48:35.8

NGC 7419(I1) * * * 22:53:53.24 +60:48:08.3

NGC 7419(J) 13.930 1.620 B1 22:54:15.34 +60:49:49.9

NGC 7419(K) 14.790 1.510 B2 22:54:20.47 +60:48:53.9

NGC 7419(L) 15.090 1.540 B2 22:54:17.86 +60:48:57.2

NGC 7419(M) 13.720 1.600 B0.5 22:54:14.55 +60:48:39.1

NGC 7419(N) 15.370 1.740 B2.5 22:54:15.90 +60:47:49.2

NGC 7419(O) * * * 22:54:07.03 +60:48:18.0

NGC 7419(P) 15.360 1.630 B2.5 22:54:13.97 +60:46:20.4

NGC 7419(Q) 15.970 1.640 B4 22:54:14.83 +60:51:22.7

NGC 7419(R) 16.090 1.480 B4V 22:54:17.07 +60:51:37.6

NGC 7419(1) 15.730 1.530 B3 22:54:29.22 +60:49:08.0

NGC 7419(2) 15.350 1.380 B2.5 22:54:26.46 +60:49:06.3

NGC 7419(3) 14.190 1.620 B1 22:54:22.56 +60:49:53.1

NGC 7419(4) 14.170 1.620 B1 22:54:23.00 +60:50:04.4

NGC 7419(5) 15.400 1.870 B2.5 22:54:07.58 +60:50:22.9

NGC 7419(6) 16.260 1.590 B5 22:54:26.05 +60:47:57.1

NGC 7510(1A) 13.920 0.810 B2.5 23:10:57.76 +60:33:57.1

NGC 7510(1B) 14.750 0.880 B5 23:11:08.53 +60:35:03.9

NGC 7510(1C) 14.530 1.110 B4 23:10:47.75 +60:31:52.7

Roslund 4(1) 16.100 1.280 A1 20:04:50.44 +29:11:06.1

Roslund 4(2) 10.810 0.890 B0 20:04:47.07 +29:10:03.2
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Table 2.3: Spectral lines identified in e-stars

Emission Star Nature of Feii lines Oi lines Caii triplet Paschen lines Other

Hβ features

Berkeley 62(1) Hβ(e) none 8446(e) all in a P11(eina),P12,P14,

P19(a)

Berkeley 63(1) Hβ(eina) 4e 7772(a),8446(e) 8662(a) P11(eina),P12(a)

Berkeley 86(9) Hβ(a) 2a,1e 7772(a), 8446(e) all in a P11,P12,P14,P19(a)

Berkeley 86(26) Hβ(e) 4a,2e 7772(a), 8446(e) all in e 7 in e

Berkeley 87(1) Hβ(eina) none 8446(e) all in e P11,P12,P17

Berkeley 87(2) Hβ(e) 2e,1a 8446(e) all in e P11(a),P12(e),P14(e)

Berkeley 87(3) Hβ(fill-in) none 7772(e), 8446(e) all in e 5 in e

Berkeley 87(4) Hβ(e) 7e,1a 7772(e), 8446(e) all in e 8 in e

Berkeley 90(1) Hβ(e) 6e 7772(e), 8446(e) all in e P14(e),P19(e)

Bochum 2(1) Hβ(fill-in) 5169(a) 7772(a), 8446(e) 8542(a),8662(a) 8 in a SiII in a

Bochum 6(1) Hβ(e) 4 [FeII] in e, 5e 7772(e), 8446(e) all in e 11 in e SiII in a

Collinder 96(1) Hβ(e) 4e 7772(e), 8446(e) all in e 5 in e

Collinder 96(2) Hβ(a) none 7772(a) all in a P11,P12,P14

IC 1590(1) Hβ(eina) 11e 7772(a), 8446(e) all in e 5 in e SiII in a

IC 1590(2) Hβ(eina) 14e 7772(e), 8446(e) all in e 4 in e

IC 1590(3) Hβ(a) none 7772(a) all in a P11,P12,P14(a)

41



C
h
a
p
te

r
2

S
u
rv

e
y

o
f
e
m

issio
n
-lin

e
sta

rs
in

y
o
u
n
g

o
pe

n
c
lu

ste
rs

Emission Star Nature of Feii lines Oi lines Caii triplet Paschen lines Other

Hβ features

IC 4996(1) Hβ(eina) 1e 8446(e) 8662(a) P11,P12(eina),P14,

P17(e)

King 10(A) Hβ(eina) 2e 8446(e) all in e P11,P12,P14(e), 6347(SiII)

P17(e),P19

King 10(B) Hβ(eina) none 8446(e) all in e 2e,3a

King 10(C) Hβ(eina) 1e 8446(e) all in e P11,P12(eina),P14(e)

King 10(E) Hβ(eina) none 8446(e) all in e 6e,2a

King 21(B) Hβ(eina) none 7772(a), 8446(e) all in a 9a

King 21(C) Hβ(a) none 8446(e) 8542(e),8662(a) 7a,1e

King 21(D) Hβ(eina) none 8446(e) all in a 6a

NGC 146(S1) Hβ(eina) 11a,1e 7772(a), 8446(e) all in e 8a,2e SiII in a

NGC 146(S2) Hβ(eina) 1a 8446(e) none none

NGC 436(1) Hβ(a) none 7772(a), 8446(e) all in a 7a SiII in a

NGC 436(2) Hβ(eina) 9e 7772(e), 8446(e) 2e,8662(a) 4e,2a

NGC 436(3) Hβ(a) 2a,1e 7772(a), 8446(a) 2a,8662(e) 7a,2e

NGC 436(4) Hβ(a) 3a,1e 7772(a), 8446(e) all in a 10a SiII in a

NGC 436(5) Hβ(eina) 8e 7772(e), 8446(e) all in e 8e

NGC 457(1) Hβ(eina) none 8446(e) all in dpe 5e
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Emission Star Nature of Feii lines Oi lines Caii triplet Paschen lines Other

Hβ features

NGC 457(2) Hβ(eina) 8a,2e 7772(a), 8446(e) all in a 8a,1e SiII in a

NGC 581(1) Hβ(eina) 2e 7772(e), 8446(e) all in e P14(e),P17(a)

NGC 581(2) Hβ(eina) 4a,3e 7772(a), 8446(e) all in e 8a,2e SiII in a

NGC 581(3) Hβ(eina) 4e,1a 7772(e), 8446(e) all in e 8e

NGC 581(4) Hβ(a) none 7772(a), 8446(e) all in a 9a SiII in a

NGC 637(1) Hβ(eina) none 8446(e) all in e 3e,3a

NGC 654(2) Hβ(e) 9e,3a 7772(e), 8446(e) all in e 5e

NGC 659(1) Hβ(eina) 2dpe 7772(dpe), 8446(e) all in dpe P14(dpe)

NGC 659(2) Hβ(eina) none 7772(a), 8446(a) all in a 4a

NGC 659(3) Hβ(eina) none 7772(e), 8446(e) all in e 4e,1a

NGC 663(1) Hβ(eina) 2a,1e 7772(e), 8446(e) all in e 4e,5a

NGC 663(2) Hβ(e) 5e,4a 7772(e), 8446(e) all in e 9e,2a

NGC 663(3) Hβ(fill-in) 6a,2e 7772(a), 8446(e) all in a 12a SiII in a

NGC 663(4) Hβ(eina) 5e 7772(e), 8446(e) all in e 10e,2a

NGC 663(5) Hβ(eina) 10e 7772(e), 8446(e) all in e 10e,1a 6347(SiII,e)

NGC 663(6) Hβ(eina) 3e none all in a 2a,3e 6371(SiII)

NGC 663(7) Hβ(fill-in) 1e 7772(a), 8446(e) all in a 5a,2e 6347(SiII)

NGC 663(9) Hβ(eina) 16e 7772(e), 8446(e) all in e 9e,2a
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Emission Star Nature of Feii lines Oi lines Caii triplet Paschen lines Other

Hβ features

NGC 663(11) Hβ(eina) 5e 7772(e), 8446(e) all in e 8e,2a

NGC 663(12) Hβ(eina) 7e 8446(e) all in e 7e,3a

NGC 663(12V) Hβ(e) 12e 7772(e), 8446(e) all in e 7e,2a

NGC 663(13) Hβ(a) 3a,1e 7772(a), 8446(e) all in a 9a SiII in a

NGC 663(14) Hβ(eina) 4e,2a 7772(e), 8446(e) 8662(eina) 6a

NGC 663(15) Hβ(e) 13e 7772(e), 8446(e) all in e 7e,2a

NGC 663(16) Hβ(eina) 1e 8446(e) all in e 4e,1a

NGC 663(24) Hβ(a) 1a,1e 7772(a) all in a P11,P12,P14

NGC 663(P5) Hβ(eina) 7e 7772(e), 8446(e) all in e 8e 7896(MgII,e)

NGC 663(P6) Hβ(a) 1e 8446(e) all in e 7e,1a

NGC 663(P8) Hβ(eina) 2a,2e 8446(e) all in e 7e,4a

NGC 663(P23) Hβ(e) 6e 7772(e), 8446(e) all in e 5e,4a 6371(SiII)

NGC 663(P25) Hβ(eina) 5e 7772(a), 8446(e) all in e 10e 6371(SiII)

NGC 663(P151) Hβ(a) 3a 7772(a), 8446(e) all in a 8a 6371(SiII)

NGC 869(1) Hβ(e) 19e 7772(e), 8446(e) all in e 7e,1a 6347(SiII,e)

NGC 869(2) Hβ(eina) 7e,1a 7772(e), 8446(e) all in e 7e,1a

NGC 869(3) Hβ(eina) 2e 7772(e), 8446(e) all in e 5e,1a

NGC 869(4) Hβ(a) 5e 7772(a), 8446(e) 2a,8446(e) 3a
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Emission Star Nature of Feii Oi lines Caii triplet Paschen lines Other

Hβ lines features

NGC 869(5) Hβ(a) 8e 7772(e), 8446(e) all in e 3e,1a

NGC 869(6) Hβ(e) 6a,3e 7772(a), 8446(e) 2a, 8662(e) 5a,2e SiII in a

NGC 884(1) Hβ(eina) none 8446(e) all in e 5e

NGC 884(2) Hβ(e) 25e 7772(e), 8446(e) all in e 8e SiII in e,7896(MgII,e)

NGC 884(3) Hβ(eina) 3e 7772(a) all in a 4a,3e

NGC 884(4) Hβ(eina) 5e 7772(e), 8446(e) 8498(e), 8542(e) 6e,2a

NGC 884(5) Hβ(eina) 1e 7772(e), 8446(e) all in e 8e,1a SiII in e

NGC 884(6) Hβ(a) 6e,2a 7772(e), 8446(e) all in a 7a,1e

NGC 957(1) Hβ(e) 9e 7772(e), 8446(e) all in e 7e,1a SiII in e,7896(MgII)

NGC 957(2) Hβ(eina) 6e 7772(e), 8446(e) all in e 6e 7896(MgII)

NGC 1220(1) Hβ(eina) 2e 7772(e), 8446(e) all in e 5e

NGC 1624(1) Hβ(e) 2e 8446(e) all in e 3e

NGC 1893(1) Hβ(e) 18e 7772(e), 8446(e) all in e 5e 6347(SiII,e)

NGC 2345(2) Hβ(fill-in) 1e 7772(a), 8446(e) all in a 4a SiII in a

NGC 2345(5) Hβ(eina) 4e none none none 6347(SiII)

NGC 2345(20) Hβ(eina) 3e 8446(e) 8662(a) 2a

NGC 2345(24) Hβ(eina) none 8446(e) 2e,1a 2a,1e
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Emission Star Nature of Feii lines Oi lines Caii triplet Paschen lines Other

Hβ features

NGC 2345(27) Hβ(eina) 14e 7772(e), 8446(e) all in e 5e,1a 6347(SiII)

NGC 2345(32) Hβ(fill-in) none 8446(e) 8662(a) 2a SiII in a

NGC 2345(35) Hβ(a) none 8446(e) 2a,1e 2a,1e SiII in a

NGC 2345(44) Hβ(fill-in) none 7772(a), 8446(e) 8542(a), 8662(a) 2a,1e 6371(SiII)

NGC 2345(59) Hβ(eina) 4e 7772(e), 8446(e) 8498(e), 8542(e) 4e,2a

NGC 2345(61) Hβ(a) none 7772(a), 8446(e) 8542(a) 3a,2e 6347(SiII)

NGC 2345(X1) Hβ(eina) 1e,1a 8446(e) 8662(a) 3a,1e 6371(SiII)

NGC 2345(X2) Hβ(eina) 5e 7772(e), 8446(e) all in e 4e

NGC 2414(1) Hβ(eina) 4e,1a 7772(a), 8446(e) 8498(e), 8662(a) 3a

NGC 2414(2) Hβ(eina) 2e 7772(e), 8446(e) all in e 7e,1a

NGC 2421(1) Hβ(eina) 11e 7772(e), 8446(e) all in e 7e

NGC 2421(2) Hβ(a) none 7772(e), 8446(e) 8542(a), 8662(a) 4a

NGC 2421(3) Hβ(eina) 4e 8446(e) 8542(e), 8662(a) 3a,2e

NGC 2421(4) Hβ(eina) 5e 8446(e) all in e 5e,2a

NGC 6649(1) Hβ(e) 11e 7772(e), 8446(e) all in e 9e,1a

NGC 6649(2) Hβ(eina) 5e 8446(e) all in e 5e,2a

NGC 6649(3) Hβ(fill-in) 4e 7772(e), 8446(e) 2e,1a 5a,2e 6371(SiII)

NGC 6649(4) Hβ(eina) 5e 7772(a), 8446(e) all in e 10e,2a SiII in a
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Emission Star Nature of Feii Oi lines Caii triplet Paschen lines Other

Hβ lines features

NGC 6649(5) Hβ(fill-in) 2e 8446(e) all in e 8e,2a 6371(SiII)

NGC 6649(6) Hβ(fill-in) 5e 8446(e) 2e,1a 5e,4a 6371(SiII)

NGC 6649(7) Hβ(eina) 14e 7772(e), 8446(e) all in e 4a,4e SiII in a

NGC 6756(2) Hβ(eina) 4e,1a 8446(e) 8542(a), 8662(a) 4a

NGC 6756(3) Hβ(eina) 1e,1a 8446(e) all in a 6a 5577([OI],e)

NGC 6823(1) Hβ(eina) 1a 7772(e), 8446(e) all in e 5e

NGC 6834(1) Hβ(eina) 18e 7772(e), 8446(e) all in e 7e 5463(NII,e)

NGC 6834(2) Hβ(eina) 18e,2a 7772(e), 8446(e) all in e 11e,1a

NGC 6834(3) Hβ(a) 5e 8446(e) 8662(a) 3a,2e

NGC 6834(4) Hβ(a) 2e 7772(a), 8446(e) all in a 3a

NGC 6910(A) Hβ(eina) 5e,4a 7772(a), 8446(e) all in a 8a 7896(MgII,e),SiII in a

NGC 6910(B) Hβ(a) 2e none 8662(a) 3a,1e

NGC 7039(1) Hβ(eina) 16e 7772(e), 8446(e) all in e 7e

NGC 7128(1) Hβ(eina) 14e 7772(e), 8446(e) all in e 8e

NGC 7128(2) Hβ(a) 2a 7772(a), 8446(e) all in a 7a SiII in a

NGC 7128(3) Hβ(eina) 3a,1e 8446(e) 8542(a), 8662(a) 3a,2e

NGC 7235(1) Hβ(ce) 16e 7772(e), 8446(e) all in e 6e

NGC 7261(1) Hβ(ce) 13e 7772(e), 8446(e) all in e 10e 7896(MgII,e),SiII in e
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Emission Star Nature of Feii lines Oi lines Caii triplet Paschen Other

Hβ lines features

NGC 7261(2) Hβ(eina) 1e 8446(e) all in e 6e

NGC 7261(3) Hβ(eina) 13e 7772(e), 8446(e) all in e 8e 7896(MgII,e),SiII in e

NGC 7380(1) Hβ(fill-in) 1e,2a 7772(a), 8446(a) all in a 5a,5e SiII in a

NGC 7380(2) Hβ(eina) 7e 7772(e), 8446(e) 8498(e), 8542(e) 8e,2a

NGC 7380(3) Hβ(a) 16e 7772(e), 8446(e) all in e 5a,4e 5942(NII,e)

NGC 7380(4) Hβ(e) 10e 7772(e), 8446(e) all in e 11e 2NII(e),HeI(e),NaI(e),KI(e)

NGC 7419(A) Hβ(e) 13e 7772(e), 8446(e) all in e 12e,2a 6371(SiII,e)

NGC 7419(B) Hβ(e) 10e 7772(e), 8446(e) all in e 10e,2a

NGC 7419(C) Hβ(a) 1e 7772(a), 8446(e) all in a 5a,2e 5005(NII,e)

NGC 7419(D) Hβ(eina) 6e 7772(e), 8446(e) all in e 11e,2a 6347(SiII,e),2MgII(e)

NGC 7419(E) Hβ(e) 4e 7772(e), 8446(e) all in e 8e,1a

NGC 7419(F) Hβ(a) 1e 8446(e) 8498(e), 8542(e) none

NGC 7419(G) Hβ(e) 11e 7772(e), 8446(e) all in e 11e

NGC 7419(H) Hβ(a) 4e 7772(a), 8446(e) all in a 4a,1e

NGC 7419(I) Hβ(eina) 9e 7772(e), 8446(e) all in e 10e,1a 4131(SiII)

NGC 7419(I1) Hβ(eina) none 7772(a), 8446(e) none 3a,1e

NGC 7419(J) Hβ(eina) 5e 7772(e), 8446(e) all in e 13e

NGC 7419(K) Hβ(a) 3e 7772(a), 8446(e) all in a 8a
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Emission Star Nature Feii Oi lines Caii triplet Paschen Other

of Hβ lines lines features

NGC 7419(L) Hβ(e) 14e 7772(e), 8446(e) all in e 9e,2a 6347(SiII,e),5530(NII,e)

NGC 7419(M) Hβ(e) 14e 7772(e), 8446(e) all in e 11e,2a 6371(SiII)

NGC 7419(N) Hβ(e) 12e 7772(e), 8446(e) all in e 11e,2a 7896(MgII)

NGC 7419(O) Hβ(a) 3e 7772(e), 8446(e) all in e 12e,2a 7877(MgII,e)

NGC 7419(P) Hβ(a) 5e 7772(a), 8446(e) all in a 11a,2e 5684(NII,e),6371(SiII),7896(MgII)

NGC 7419(Q) Hβ(e) 12e,1a 7772(e), 8446(e) all in e 5e,5a 6347(SiII),7877(MgII)

NGC 7419(R) Hβ(e) 5e 7772(a), 8446(e) 8498(e),8542(dpe)

NGC 7419(1) Hβ(e) 5e 7772(e), 8446(e) all in e 7e,1a 7896(MgII)

NGC 7419(2) Hβ(a) 2e 7772(a), 8446(e) all in e 8e,2a

NGC 7419(3) Hβ(e) 9e 7772(e), 8446(e) all in e 8e 7896(MgII)

NGC 7419(4) Hβ(e) 7e 8446(e) 8498(e), 8542(e) 6e,3a

NGC 7419(5) Hβ(e) 6e,1a 7772(e), 8446(e) all in e 12e,2a 5711(NII,e),SiII(e),7896(MgII)

NGC 7419(6) Hβ(e) 8e 8446(e) all in e 6e 6347(SiII)

NGC 7510(A) Hβ(eina) 7e,3a 7772(a), 8446(e) all in e 8e,1a

NGC 7510(B) Hβ(eina) 5e,1a 7772(a), 8446(e) all in e 8e,1a

NGC 7510(C) Hβ(e) 12e 7772(a), 8446(e) all in e 7e,3a MgII(e),SiII(e)

Roslund 4(1) Hβ(a) 1e,2a 7772(a), 8446(e) 8498(e) 3a 5577([OI],e)

Roslund 4(2) Hβ(e) 17e,1a 7772(a), 8446(e) all in e 7e SiII(a), 7896(MgII,e)

e - emission profile, a - absorption, dpe - double-peaked emission

eina - emission in absorption, ce - core-emission
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Chapter 2 Survey of emission-line stars in young open clusters

2.2.3 Photometry

In order to study the identified e-stars as well as the hosting cluster in detail, we

have taken the photometric data from the references listed in WEBDA. For a few

clusters like King 21, NGC 146, NGC 6756, NGC 6834 and NGC 7419, we have

obtained the photometry using the HCT. After cross-correlating the e-stars from

our R band image with the location given in the reference, the photometric param-

eters were taken. We have also taken the E(B−V) and distance values listed in the

reference to estimate the absolute magnitude MV and (B−V)0. The spectral type

is determined from the estimated MV and (B−V)0 using Schmidt-Kaler (1982).

The optical data were combined with near-IR photometry to look for near-IR

excess in e-stars. The near-IR photometric magnitudes in J, H, Ks bands for all the

candidate stars are taken from 2MASS database. The (J−H) and (H−Ks) colours

obtained were transformed to Koornneef (1983) system using the transformation

relations by Carpenter (2001). For brevity, we have used (H−K) throughout the

text eventhough it means (H−Ks) colour. The colours are de-reddened using the

relation from Rieke and Lebofsky (1985), since the slope of the reddening vector

matches with this extinction relation. For this purpose we have made use of the

optical colour excess E(B−V), which corresponds to the reddening of the cluster

to which the e-star is associated.

2.3 Analysis of clusters with e-stars

Among the 207 clusters, 23 clusters do not have reliable age estimates. They are

Basel 1, Basel 4, Basel 6, Basel 7, Basel 11b, Berkeley 6, Berkeley 43, Berkeley

45, Berkeley 63, Berkeley 84, Berkeley 90, Czernik 20, Kharchenko 1, Mayer 2,

NGC 2364, NGC 3231, NGC 6525, NGC 6832, NGC 6882, NGC 7024, Roslund
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18, Roslund 32, Roslund 36, Turner 3, Turner 4, Turner 8, vdB-Hagen 80 and

vdB-Hagen 92. We have detected 2 e-stars in 2 clusters (Berkeley 63 and Berkeley

90), for which reliable age information is not available. The clusters without age

information were picked up based on their young appearance with the presence of

bright stars. Therefore the number of clusters with age estimation is 184. Thus

40 out of 184 clusters (22%) are found to have e-stars in them. 39 clusters are

found to be older than 100 Myr and two among them have CBe stars. Hence out

of the 207 clusters surveyed, 145 were found to have age less than 100 Myr, with

38 clusters housing e-stars (26%). The coordinate list of the surveyed clusters is

given in table 2.1.

From the slitless spectra of 207 clusters, we identified 42 clusters to have e-

stars. On the whole, we identified 157 e-stars. A detailed list of e-stars along with

the coordinates, V magnitude, (B−V) colour and the spectral type are given in

table 2.2. We have identified e-stars in 19 clusters, which were not in the Be star

list of WEBDA. These 19 clusters are found to have 49 e-stars. Together with

the new identifications from already known clusters with e-stars (5 clusters), we

have found 54 new e-stars in 24 open clusters. Among the newly identified clusters

with e-stars, NGC 2345 (12 stars), NGC 6649 (7 stars) and NGC 436 (5 stars) are

noteworthy.

The clusters with e-stars are mostly younger than 50 Myr, whereas there are a

few clusters, which are quite old to have these stars. The oldest clusters to have

these stars are NGC 6756 and NGC 7039, where the age of the second cluster is

debatable. NGC 6756, with an age of 125−150 Myr is thus the oldest cluster to

house two CBe stars. NGC 6834, an 80 Myr cluster is found to house 4 CBe stars,

but with our CCD photometry the age was re-estimated to be about 40 Myr. An-

other interesting cluster is the 60−100 Myr old NGC 2345, where we have detected

12 e-stars. No e-stars were known in this cluster. NGC 436 (40 Myr) is another
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Chapter 2 Survey of emission-line stars in young open clusters

not-so-young cluster, where we have detected 5 CBe stars for the first time. NGC

6649 is a young 30 Myr cluster in which we have identified 7 CBe candidates for

the first time. On the other extreme, there are some very young clusters (∼ 4

Myr), where we have identified CBe candidates (NGC 1624, NGC 637 & IC 1590).

In some clusters, CBe and HAeBe stars are found to co-exist (NGC 146, IC 1590,

NGC 7380 & Roslund 4). The largest number of CBe stars is found in NGC 7419

(25 stars), closely followed by NGC 663 (22 stars).

We found that 37 clusters have proper optical photometric data, out of the 42

clusters and we have constructed optical CMD for them. The cluster members

are shown as points while e-stars are shown as special symbols in the CMD. We

have plotted ZAMS (Schimdt-Kaler, 1982) and isochrones of solar metallicity on

the CMD (Padova isochrones, Bertelli et al. (1994)). The cluster parameters are

not re-estimated but taken from the literature. In some cases, the fit is not found

to be satisfactory. The position of the Be stars in the CMD is checked to look

for the evolutionary effect, which has been quoted as one of the reasons for Be

phenomenon in CBe stars. If the e-stars are preferentially located near the evolved

region or turn-off of the cluster MS, it is an indication of evolutionary effect.

The near-IR CCDm were plotted for the clusters to classify e-stars based on their

IR excess. The location of the MS and reddening vectors are taken from Koornneef

(1983) and the IR sources in the 10’ × 10’ cluster field are shown as dots while the

e-stars are shown in special symbols. This diagram is not dereddened for e-stars

whose colour excess E(B−V) is not known. A detailed analysis of the individual

clusters which contain e-stars along with the optical CMDs and near-IR CCDm are

provided in the following subsections. The description of clusters which harbour

sure HAeBe stars, Bochum 6, IC 1590, NGC 6823 and NGC 7380, are given in

chapter 5. Hence we have not included these clusters in this chapter.

Among the surveyed clusters which contain e-stars, we have studied NGC 7419
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Chapter 2 Survey of emission-line stars in young open clusters

(Subramaniam et al., 2006), NGC 146 (Subramaniam et al., 2005) and 4 clusters

(Berkeley 86, Berkeley 87, IC 4996, NGC 6910) in the Cygnus region (Bhavya

et al., 2007) in detail. The turn-on age of these clusters (estimated by fitting PMS

isochrones) was found to be different from the turn-off age, suggesting continued

or multiple episodes of star formation in the above open clusters.

The spectra of e-stars in each cluster in the wavelength range 3800 – 9000 Å are

shown with optical CMD and near-IR CCDm. The spectral lines are identified and

marked for e-stars in clusters Berkeley 62, Berkeley 63 and Berkeley 86, which has

been used to identify the features in remaining e-stars. The important spectral

lines of total surveyed e-stars is listed in table 2.3. The lines which are in emission

are indicated as ‘e’, those having emission in absorption profile as ‘eina’, double

peaked emission profile as ‘dpe’ while others are in absorption only. The table lists

the number of Feii lines present in each e-star while their wavelength is given in

chapter 4. A discussion of individual clusters which harbour Be stars is given below.

2.3.1 Berkeley 62

Berkeley 62 belongs to Trumpler class III2m. Photoelectric UBV observations

by Forbes (1981) showed the cluster (RA = 01h01m00s, Dec = +63o57′, l =

123o.982, b = 1o.098) to have a distance modulus (DM) of 11.56 ± 0.25 and a

reddening of E(B−V)=0.86 ± 0.04. At the corresponding distance of 2.05 ± 0.24

kpc, the cluster would lie near the inner edge of the Perseus spiral arm and is a

possible member of the Cassiopeia OB7 association at 2.5 kpc. They estimated an

age of 10 Myr, based on an early type star (B1) in the cluster. Phelps and Janes

(1994) estimated an age of 10 Myr for the cluster along with an E(B−V) of 0.82

and distance of 2704 pc.
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Chapter 2 Survey of emission-line stars in young open clusters

We used the UBV CCD data from Phelps and Janes (1994) and the star 1121

is found to show emission. The coordinates of the e-star is given in table 2.2. No

nebulosity is associated with the e-star.
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Figure 2.2: (a) Optical CMD of the cluster Berkeley 62 is shown with the e-stars shown
as solid circles. The ZAMS is shown in solid line while isochrone as dashed line. (b) The
near-IR CCDm is shown with e-stars shown as filled triangles. (c) The spectra of the
e-star Berkeley 62(1) are shown in the wavelength range 3800 – 9000 Å.

The spectral type of the star is found to be B8. The CMD of the cluster is

shown in figure 2.2(a) with a 10 Myr isochrone fitted to it. The point to be noticed

here is that, the star is located slightly to the left of the isochrone. Hence there

is a possibility that this may be a foreground field star. Also, the e-star is located
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well below the turn-off of the cluster MS.

The near-IR CCDm for the cluster is shown in figure 2.2(b). The e-star is

found to show low IR excess, which puts it in CBe category. If we assume this

CBe candidate to be a member of this cluster, we find the presence of a late B-type

CBe star in a very young open cluster. The spectra of the e-star Berkeley 62(1)

in the wavelength range 3800 – 9000 Å are shown in figure 2.2(c). We do not find

any Feii lines in the spectrum while Hβ, Oi 8446 Å lines are in emisssion. The Caii

triplet (8498, 8542, 8662 Å) and Paschen lines P12, P14 and P19 are in absorption

while P11 shows ‘eina’ profile.

2.3.2 Berkeley 63

The cluster Berkeley 63 lies in the Perseus arm with Galactic coordinates l =

132o.506, b = 2o.496. Not much information is available for this cluster, in the

literature. The cluster is found to have an e-star. Since the optical data was not

available for the cluster we were unable to estimate the age of the cluster.

The near-IR CCDm for the cluster is given in figure 2.3(a) and the candidate

is found to have near-IR excess. But after dereddening, the e-star may lie close to

the MS which puts them in CBe category. No nebulosity is associated with the

e-star. The spectra of the e-star Berkeley 63(1) in the wavelength range 3800 –

9000 Å are shown in figure 2.3(b). The spectra is found to have 4 Feii lines in

emission while Oi 7772 Å line is in absorption and 8446 in emission. Among the

Caii triplet members only 8662 is present, which is in absorption. The Paschen

lines P11 shows ‘eina’ profile while P12 shows absorption profile.
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Figure 2.3: (a) The near-IR CCDm of the cluster Berkeley 63 is shown with e-stars
shown as filled triangles. (b) The spectra of the e-star in the cluster are shown in the
wavelength range 3800 – 9000 Å.

2.3.3 Berkeley 86

Berkeley 86, a young open cluster, is one of the three nuclei of the OB association

Cyg OB1. The core of this cluster is located at l = 76o.7, b = 1o.3. Optical pho-

tometry was carried out in UBVRI bands by Deeg and Ninkov (1996) and Massey

et al. (1995). They found the cluster to be a young one with a turn-off age of 5

Myr, a reddening of 1 mag and an initial mass function close to the Salpeter value.

Berkeley 86 hosts the famous eclipsing binary system V444 Cygni (Forbes, 1991).

Strömgren photometry was performed by Delgado et al. (1997) down to V=19 mag,

from which they estimated an age of 8.5 Myr and a distance of 1659 pc. Forbes

(1981) found the cluster to lie at a distance of 1.72 ± 0.20 kpc with a reddening of

E(B−V)=0.96 ± 0.07 mag. The cluster is located in the Orion spiral feature and

is a possible member of the Cygnus OB1 association at 1.8 kpc. An age of 6 Myr

was estimated based on O9 star, which is the earliest spectral type present in the

cluster. Vallenari et al. (1999) studied about 2000 stars in the field of Berkeley 86

down to K ∼ 16.5 mag using near-IR photometry in J and K bands. They have

found a number of PMS stars from (V−I) vs (I−K) plot and J vs (V−J) diagram.
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They do not estimate the ages of these candidate PMS stars. WEBDA lists 3 Be

stars is this cluster.
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Figure 2.4: (a) Optical CMD of the cluster Berkeley 86 is shown with the e-stars shown
as solid circles. (b) The near-IR CCDm is shown with e-stars shown as filled triangles.
(c) The spectra of the e-stars Berkeley 86(9) and Berkeley 86(26), in the wavelength
range 3800 – 9000 Å, are shown from bottom to top

We identified two e-stars in this cluster. The optical CMD of the cluster, using

Massey et al. (1995) data (fitted with 10 Myr isochrone), is shown in figure 2.4(a)

while near-IR CCDm is shown in figure 2.4(b). The stars 9 (B5V) and 26 (B7V)

are located well below the MS turn-off. Bhavya et al. (2007) studied the PMS
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contents of this cluster. They found the PMS stars to be distributed in two age

groups. The younger group is found to be younger than 1 Myr, while the older

group is as old as or older than 5 – 7 Myr. Star 9 is found to lie on the 0.25 Myr

PMS isochrone and 26 is located on the 0.5 Myr isochrone. Thus these stars could

be younger than 1 Myr, which makes them as candidate HAeBe stars. Otherwise,

these stars could be 5 Myr old or slightly older, which would make them as candi-

date CBe stars. These stars are found to show considerable IR excess in near-IR

CCDm. The spectra of the e-stars in the wavelength range 3800 – 9000 Å are

shown in figure 2.4(c). The star Berkeley 86(9) is found to have Hβ, Caii triplet

and Paschen lines in absorption while they are in emission in Berkeley 86(26).

2.3.4 Berkeley 87

Berkeley 87 (Dolidze 7, RA = 20h21m42s, Dec = 37o.22), located at l = 75o.71, b =

+0o.31 is a sparse grouping of early-type stars lying in a heavily obscured region

of the Cygnus. Turner and Forbes (1982) derived a distance of 946 ± 26 pc and

an age of 1−2 Myr for the cluster from UBV photometry of 105 stars. The age as

reported in WEBDA is 14 Myr. The distance was estimated to be 0.9 kpc from

the interstellar line depth of the cluster members (Polcaro et al., 1989). It is part

of the star formation region ON 2, which harbours many compact Hii regions,

strong OH masers and CO, ammonia molecular clouds. Diffuse emission in C IV

5802-12 Å doublet and X-ray emission in 2−6 keV range have been detected in the

cluster, which is interpreted as due to the interaction of the strong wind from a

Wolf Rayet star (ST 3) of velocity 5200 kms−1 with the cluster members. A high

energy γ-ray source 2CG 075+00 (≤100 Mev) has been found to be associated

with this cluster. Berkeley 87 contains a peculiar emission-line B super giant HDE

229059 (Hiltner, 1956), two faint objects (VES 203 and VES 204) which show Hα

in emission (Coyne et al., 1975), the red super giant BD +37 39 03 and the faint
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variable star V439 Cygni. According to WEBDA the cluster contains 5 B type

e-stars.
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Figure 2.5: (a) Optical CMD of the cluster Berkeley 87 is shown with the e-stars shown
as solid circles. (b) The near-IR CCDm is shown with e-stars shown as filled triangles.
(c) The spectra of the e-stars Berkeley 87(1), Berkeley 87(2), Berkeley 87(3) and Berkeley
87(4) are shown in order from bottom to top.

We identified 4 e-stars in this cluster. Stars 9(2), 15(4), 38(1) and 68(3) (Turner

and Forbes, 1982) are stars with Hα emission, shown as filled circles (figure 2.5(a)).

The numbers given in brackets are the ones followed in this paper. The CMD is

shown in figure 2.5(a) fitted with 8 Myr isochrone. Three stars are earlier than B2
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and one star is B4 spectral type, located on the MS of the cluster CMD. Bhavya

et al. (2007) estimated the turn-on age of the cluster to be less than 1 Myr, which

is consistent with the recent star formation activity in the cluster vicinity. The

cluster has a turn-off age of 14 Myr, as indicated in WEBDA. On the other hand,

the age of 2 Myr as estimated by Turner and Forbes (1982), is in good agreement

with our estimation of the turn-on age. The e-stars in this cluster are very young.

The stars Berkeley 87(1) and Berkeley 87(4) (figure 2.5(b)) show near-IR excess

compared to Berkeley 87(2) and Berkeley 87(3) and hence can be considered as

candidate HBe stars. There is significant differential reddening in this cluster. No

nebulosity is associated with the e-stars. Therefore, the above classification should

be taken with some caution. From PMS isochrone fitting it has been found that if

they are HAeBe stars, then they are as young as 0.15 Myr. If they are CBe stars,

then they are ≤ 2 Myr old. Thus, if these stars are CBe stars, these might be one

of the very young CBe stars known. The spectra of the e-stars in the wavelength

range 3800 – 9000 Å are shown in figure 2.5(c). The spectral lines Oi 8446 Å and

Caii triplet are found to be in emission for all e-stars.

2.3.5 Berkeley 90

The cluster Berkeley 90 is found to be located near Cygnus region (l= 84o.877

and b= 3o.784). Not much information is found in the literature about this clus-

ter. The e-star is found to be highly reddened as shown in near-IR CCDm (figure

2.6(a)). This e-star is associated with nebulosity. Hence it may be a candidate

HBe star. The spectra of the e-star in the wavelength range 3800 – 9000 Å are

shown in figure 2.6(b). The spectral lines Hβ, Oi, Caii triplet, Paschen lines (P14

& P19) are in emission.
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Figure 2.6: (a) The near-IR CCDm of the cluster Berkeley 90 is shown with e-stars
shown as filled triangles. (b) The spectra of the e-star are shown in the wavelength range
3800 – 9000 Å.

2.3.6 Bochum 2

Bochum 2 (RA = 06h48m54s, Dec = +00o23′, l = 212o.302, b = −0o.390) lies in

the Galactic anti-centre direction and therefore seems to be important for inves-

tigations of the spiral structure, dynamics and chemistry of the outer disk of our

Galaxy. Turbide and Moffat (1993) used the cluster for the same and found that

the galactic rotation curve is flat or slightly rising out to the limit at R = 16 kpc.

Moffat and Vogt (1975) obtained UBV photoelectric photometry for eight stars

in the cluster and came to the conclusion that the cluster lies at a distance of

5.5 kpc with a mean E(B−V)=0.89. Moffat et al. (1979) determined a reddening

of 0.84 and distance of 4.8 kpc from spectroscopic observations of three bright stars.

Munari and Carraro (1995) used UBV(RI)C Hα CCD photometry and Grism

spectroscopy and found the cluster to be young (7 Myr) with a DM of 14.0 and

a reddening of 0.80. The cluster exhibits differential reddening. Munari and

Tomasella (1999) found a trapezium system (BD +00 16 17) associated with the

cluster and the high resolution spectra showed variations in neutral helium absorp-
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Figure 2.7: (a) The near-IR of the cluster Bochum 2 is shown with e-stars shown as
filled triangles. (b) The spectra of the e-star are shown in the wavelength range 3800 –
9000 Å.

tion lines in binaries. A distance of 2661 pc and reddening of 0.831 mag have been

given in WEBDA.

The e-star is located outside the UBV CCD photometric field. Hence we have

not given the optical CMD. We have taken the E(B−V) value of 0.89 from Turbide

and Moffat (1993) to deredden the near-IR CCDm (figure 2.7(a)). It is likely to

be a CBe candidate, again in a young cluster. The e-star is not associated with

nebulosity. The spectra of the e-star in the wavelength range 3800 – 9000 Å are

shown in figure 2.7(b). The Hei lines are found to be weak and Siii lines 6347 and

6371 Å are in absorption.

2.3.7 Collinder 96

Collinder 96 (RA = 06h30m18s, Dec = +02o52′) is a young open cluster located in

the Monoceros region (l = 207o.964, b = −3o.386).
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Figure 2.8: (a) Optical CMD of the cluster Collinder 96 is shown with the e-stars shown
as solid circles. (b) The near-IR CCDm is shown with e-stars shown as filled triangles.

Moffat and Vogt (1975) indicated that the cluster contains 4 B-type stars with

similar reddening from UBV Hβ photoelectric photometry. They estimated the

mean reddening of the cluster to be 0.48 ± 0.06 and DM as 11.8, from which the

distance is estimated as 1.1 kpc. They identified a Be star from the small beta

value and relatively blue U−B index. WEBDA has reported a value of 0.510 mag

as reddening value, a distance of 962 pc and an age of 10.7 Myr.

The UBV data are taken from Moffat and Vogt (1975) and the stars 1 and 4

listed in their catalogue are found to show emission. The spectral type of star 1

is found to be B1 while star 4 is B5.5. Even though a younger age is quoted in

WEBDA, an isochrone of 63 Myr fits the turn-off region well, as shown in figure

2.8(a). Photometry is available only for a few stars and hence the age estimation

is quite unreliable. Hence deep field CCD photometry is necessary to estimate an

accurate age to this cluster. The e-stars are located close to the MS in near-IR

CCDm (figure 2.8(b)) without much reddening. Hence they can be considered as

CBe stars. The spectra of the e-stars in the wavelength range 3800 – 9000 Å are

shown in figure 2.9. The spectral lines Hβ, Oi, Caii triplet and Paschen lines
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are found to be in emission for Collinder 96(1) while they are in absorption for

Collinder 96(2).
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Figure 2.9: The spectra of the e-stars Collinder 96(1) and Collinder 96(2), in the
wavelength range 3800 – 9000 Å, are shown from bottom to top.

2.3.8 IC 4996

IC 4996 is located (RA = 20h14m24s, Dec = +37o29′, l = 75o.36, b = 1o.31) in

the direction of the Cygnus and is part of a star forming region. IRAS map of the

region (Lozinskaya and Repin, 1990) shows the presence of a dusty shell around

the cluster. Zwintz and Weiss (2006) performed time series CCD photometry in

Johnson B and V filters to find 40 stars to lie in the classical instability strip, of

the 113 stars analysed in the cluster. They have discovered two δ Scuti-like PMS

stars in the cluster. The parameters obtained by Delgado et al. (1998) for the

cluster are E(B−V)=0.71 ± 0.08 mag, DM = 11.9 mag and age of 7.5 ± 3Myr.

They suggested a number of PMS stars in the cluster, which are located at 0.5 and

1 magnitude above the MS in the V vs (B−V) CMD, around the location of spec-

tral types A-F. Delgado et al. (1999) estimated the spectral types and heliocentric

radial velocities for 16 stars in the cluster and the mean radial velocity was found
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to be −12 ± 5 kms−1. Vansevicius et al. (1996) estimated the distance and age of

the cluster to be 1620 pc and 9 Myr respectively, using BVRI CCD photometry.

Pietrzynski (1996) performed variability studies on the cluster and found an RR

Lyrae type variable and another eclipsing system. WEBDA lists 2 Be stars in this

cluster.
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Figure 2.10: (a) Optical CMD of the cluster IC 4996 is shown with the e-stars shown
as solid circles. (b) The near-IR CCDm is shown with e-stars shown as filled triangles.
(c) The spectra of the e-star are shown in the wavelength range 3800 – 9000 Å.

We identified one e-star in this cluster. Star numbered 23 in Delgado et al.
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(1998) is found to have Hα emission and shown as filled circle in optical CMD,

fitted with 8 Myr isochrone (figure 2.10(a)). The spectral type is found to be B2.

The star is found to be located close to the evolved part of the CMD. Bhavya

et al. (2007) studied the cluster in an attempt to understand the star formation in

Cygnus region. They found that the cluster has been forming stars for the last 7

Myr. Also, the presence of PMS stars near the tip of the MS indicates that some

of the high mass stars could be very young and the star formation stopped very

recently. The e-star is not much reddened in near-IR CCDm (figure 2.10(b)) and

hence can be considered as a CBe star, near the MS turn-off. The spectra of the

e-star in the wavelength range 3800 – 9000 Å are shown in figure 2.10(c).

2.3.9 King 10

King 10 (RA = 22h54m54s, Dec = +59o10′00′′, l = 108o.481, b = −0o.396) is

classified as Trumpler class II1m (Lynga, 1987). UBVRI CCD photometry of

the cluster was carried out by Mohan et al. (1992) down to 19.5 mag in V band

and estimated a distance of 3.2 kpc, mean E(B−V) of 1.16 mag and an age of 50

Myr. The age given in WEBDA is 30 Myr and indicates the presence of 6 Be stars.

The cluster is found to contain four e-stars. We have taken UBV CCD data

from Mohan et al. (1992). But this data set do not contain the magnitudes of

e-stars. So while plotting the CMD, we have used UBV photographic data of

Handschel (1972) for e-stars. The e-stars are found to be 931(A), 309(B), 459(C)

and 806(E). The numbers from Handschel (1972) are given with our designations

in brackets. The stars A and B are of B1 spectral type while C and E are of B2.5

and B2 type respectively. The 50 Myr isochrone is plotted on the CMD, as shown

in figure 2.11(a). The earlier spectral types are found to be near the turn-off. All

the e-stars are found to be of CBe nature, as seen from their location in near-IR
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CCDm (figure 2.11(b)), though one star (star B) shows relatively large reddening

and IR excess.
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Figure 2.11: (a) Optical CMD of the cluster King 10 is shown with the e-stars shown
as solid circles. (b) The near-IR CCDm is shown with e-stars shown as filled triangles.
(c) The spectra of the e-stars King 10(A), King 10(B), King 10(C), King 10(E), in the
wavelength range 3800 – 9000 Å, are shown from bottom to top.

The spectra of the e-stars in the wavelength range 3800 – 9000 Å are shown in

figure 2.11(c). The e-star King 10(A) is found to have Siii line 6347 Å in absorption

while Hβ, Oi 8446 Å, Caii triplet and Paschen lines are in emission for all e-stars.
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2.3.10 King 21

The open cluster King 21 is of Trumpler class III3m with coordinates RA =

23h49m56s, Dec = +62o41′54′′ (Ruprecht, 1966). The cluster lies very close to

the Galactic plane with longitude of 115o.946 and latitude of 0o.664.
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Figure 2.12: (a) Optical CMD of the cluster King 21 is shown with the e-stars shown
as solid circles. (b) The near-IR CCDm is shown with e-stars shown as filled triangles.
(c) The spectra of the e-stars King 21(B), King 21(C), King 21(D), in the wavelength
range 3800 – 9000 Å, are shown from bottom to top.

Haug (1970) obtained photometric magnitudes of four stars in the cluster field.

From the photoelectric magnitudes of 26 stars in the cluster field, Mohan and
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Pandey (1984) estimated a distance of 1.91 kpc. The cluster exhibits a differential

reddening of 0.21 mag with a mean E(B−V) of 0.89 mag.

We have done the UBV CCD photometry of the cluster and the cluster param-

eters estimated are E(B−V) = 0.80 mag, distance = 3.5 kpc and age= 30 Myr.

We have identified 3 e-stars in the cluster (labelled B,C and D in our catalogue)

which are of spectral types B3.5, B0.5 and B2.5 respectively. The optical CMD of

the cluster is given in figure 2.12(a) fitted with a 30 Myr isochrone. The e-star C

is found to be in the evolved part of the isochrone and hence may be a giant. The

stars B and D seems to be displaced by 0.3 mag in (B−V) from the MS, which

might be due to gravity darkening effect in CBe stars.

From near-IR CCDm (figure 2.12(b)) the e-stars show low near-IR excess and

hence can be considered as CBe stars. The spectra of the e-stars in the wavelength

range 3800 – 9000 Å are shown in figure 2.12(c). We do not find Feii lines in any of

the e-stars while Paschen lines are present in absorption and Oi 8446 Å in emission.

2.3.11 NGC 146

NGC 146 (RA = 00h33m03s, Dec = +63o18′06′′, l = 120o.868, b = 0o.504) is a

young open cluster located in the direction of the Perseus spiral arm. The cluster

was studied by Hardorp (1960) using RGU photometry and Jasevicius (1964) us-

ing UBV photographic photometry. From the CCD photometry, Phelps and Janes

(1994) estimated a distance of 4786 pc along with an E(B−V) value of 0.70 mag

and an age of 10 Myr.

Subramaniam et al. (2005) studied the cluster using UBV CCD photometry

down to a limiting magnitude of 20. From the UBV CCD photometry of 434 stars

they estimated an excess E(B−V) of 0.55 ± 0.04 mag and with BV photometry
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Figure 2.13: (a) Optical CMD of the cluster NGC 146 is shown with the e-stars shown
as solid circles. (b) The near-IR CCDm is shown with e-stars shown as filled triangles.

of 976 stars they estimated a distance of 3470 ± 300 pc. The turn-off age of the

cluster was found to be 10–16 Myr while the turn-on age is about 3 Myr, which was

estimated from the isochrone fitting of 54 PMS stars with near-IR excess. From

the slitless spectra of the cluster we found 2 e-stars, of which one is found to be a

HBe star from its location in near-IR CCDm.

The UBV CCD data were taken from Subramaniam et al. (2005) and the e-stars

correspond to star number 563 and 502 which are of spectral type B2V and B6.5V

respectively. These stars are numbered as S1 and S2 in our catalogue. The CMD

of the cluster is shown in figure 2.13(a) with a 10 Myr isochrone. S1 is located

near, but below the turn-off, whereas S2 is located well below the turn-off. The

star S1 may be a candidate HBe star since it is found to be heavily reddened in

near-IR CCDm (figure 2.13(b)), whereas S2 is a candidate CBe star. The spectra

of the e-stars in the wavelength range 3800 – 9000 Å are shown in figure 2.14. The

e-star NGC 146(S1) is rich in spectral lines with 11 Feii lines and 10 Paschen lines.

Siii lines are present in absorption while Caii triplet and Oi 8446 Å are in emission.
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Figure 2.14: The spectra of the e-stars NGC 146(S1) and NGC 146(S2), in the wave-
length range 3800 – 9000 Å, are shown from bottom to top.

2.3.12 NGC 436

NGC 436 (RA = 01h15m58s, Dec = +58o48′42′′) is located in the Cassiopeia-

Perseus spiral arm (l = 126o.111, b = −3o.909). The cluster was observed photo-

electrically by Huestamendia et al. (1991) and photographically by Alter (1944)

and Boden (1950). Becker and Stock (1958) studied the cluster in RGU system.

Phelps and Janes (1994) found the cluster to be 42 Myr old at a distance of 3236 pc

with an E(B−V) value of 0.50, using UBV CCD photometry. Huestamendia et al.

(1991) found the cluster to be 63 Myr old at a distance of 2600 pc and E(B−V)

of 0.48 mag. WEBDA gives an age of 90 Myr.

The e-stars were identified using UBV CCD data from Phelps and Janes (1994)

and photoelectric photometry of Huestamendia et al. (1991). There are 5 e-stars

and star 3 does not have optical data. The spectral types range from B3 to B7.

The CMD of the cluster is shown in figure 2.15(a) fitted with a 40 Myr isochrone.

All the e-stars are located below the turn-off. The star 3 do not have any optical

data and its location in near-IR CCDm (figure 2.15(b)) is a puzzle even though
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the flag of 2MASS data is good. All the e-stars are candidate CBe stars, as seen

from their location in the optical and near-IR CCDm.
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Figure 2.15: (a) Optical CMD of the cluster NGC 436 is shown with the e-stars shown
as solid circles. (b) The near-IR CCDm is shown with e-stars shown as filled triangles.
(c) The spectra of the e-stars NGC 436(1), NGC 436(2), NGC 436(3), NGC 436(4),
NGC 436(5) in the wavelength range 3800 – 9000 Å, are shown from bottom to top.

The spectra of the e-stars in the wavelength range 3800 – 9000 Å are shown in

figure 2.15(c). Siii lines are found in absorption for NGC 436(1) and NGC 436(4).

The spectrum of NGC 436(3) is found to be different from the other spectra.
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2.3.13 NGC 457
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Figure 2.16: (a) Optical CMD of the cluster NGC 457 is shown with the e-stars shown
as solid circles. (b) The near-IR CCDm is shown with e-stars shown as filled triangles.

NGC 457 is located in Cassiopeia with coordinates RA = 01h19m35s, Dec =

+58o17′12′′, l = 126o.635 and b = −4o.383. Pesch (1959) estimated a reddening

of 0.50 mag and a distance of 2880 pc from UBV photoelectric observations and

identified supergiants of spectral types B6 Ib, F0 Ia and M0 Ib-II. Phelps and

Janes (1994) found an age spread of 12 Myr in the cluster with a turn-off of 20

Myr. They estimated an E(B−V) value of 0.49, a distance of 3020 pc from UBV

CCD photometry.

The UBV data are taken from Phelps and Janes (1994) and the e-stars are

those numbered 17 and 31 in their catalogue. We have found their spectral types

to be B6 and B7 respectively.

The CMD of the cluster is shown in figure 2.16(a) with a 20 Myr isochrone.

The e-stars are located on the MS, well below the turn-off and hence they may

be candidate CBe stars. This is also supported by their location in the near-IR

CCDm (figure 2.16(b)), since they are not much reddened like HBe stars. The

spectra of the e-stars in the wavelength range 3800 – 9000 Å are shown in figure

73



Chapter 2 Survey of emission-line stars in young open clusters

4000 4500 5000 5500
0.6

0.8

1

1.2

1.4

6000 7000 8000 9000
0.6

0.8

1

1.2

1.4

1.6

1.8

Figure 2.17: The spectra of the e-stars NGC 457(1) and NGC 457(2), in the wavelength
range 3800 – 9000 Å, are shown from bottom to top.

2.17. We found deep Oi 7772 Å absorption profile for NGC 457(2), which is similar

to NGC 146(S1). The spectral lines are also similar (figure 2.17). Most of the lines

including Siii are in absorption for NGC 457(2).

2.3.14 NGC 581

NGC 581 (M103, RA = 01h33m23s, Dec = +60o39′00′′, l = 128o.053, b = −1o.804)

is a young open cluster of Trumpler type II3m which lies near ε Cassiopeia. Photo-

graphic UBV studies were done by Hoag et al. (1961), McCuskey and Houk (1964),

Moffat (1974) and Osman et al. (1984). Sagar and Joshi (1978) estimated the age

of the cluster to be 40 Myr and a distance modulus of 12.16 mag. Steppe (1974)

estimated a distance of 3110 pc for the cluster using RGU photographic photom-

etry. Phelps and Janes (1994) used UBV CCD photometry to find the cluster to

lie at a distance of 2692 pc with an E(B−V) value of 0.44 and an age range of 10

– 22 Myr. Sanner et al. (1999) performed CCD photometry and found it to be 16

± 4 Myr old, at a distance of 3 kpc. The proper motion studies identified 77 stars

of V=14.5 mag or brighter as the cluster members.

74



Chapter 2 Survey of emission-line stars in young open clusters

[a]
-1 0 1 2

10

5

0

-5

[b]
0 0.5 1 1.5

0

0.5

1

1.5

[c]

4000 4500 5000 5500

1

1.5

2

6000 7000 8000 9000

1

1.5

2

Figure 2.18: (a) Optical CMD of the cluster NGC 581 is shown with the e-stars shown
as solid circles. (b) The near-IR CCDm is shown with e-stars shown as filled triangles.
(c) The spectra of the e-stars NGC 581(1), NGC 581(2), NGC 581(3), NGC 581(4), in
the wavelength range 3800 – 9000 Å, are shown from bottom to top.

The UBV CCD data were taken from Phelps and Janes (1994) and the e-stars

are found to be the stars numbered 87, 7540, 7834 and 49. The CMD of the cluster

is shown in figure 2.18(a) with a 12.5 Myr isochrone. All the four e-stars are below

the MS turn-off. All the e-stars belong to the location of the CBe stars in near-IR

CCDm (figure 2.18(b)) indicating that all the stars are candidate CBe stars. The

spectra of the e-stars in the wavelength range 3800 – 9000 Å are shown in fig-
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ure 2.18(c). There is a similarity between the line features of e-stars NGC 581(1)

and NGC 581(3) while Siii lines are present for stars NGC 581(2) and NGC 581(4).

2.3.15 NGC 637

NGC 637 (RA = 01h43m04s, Dec = +64o02′24′′, l = 128o.546, b = 1o.732) is a

young open cluster located in the Perseus arm. Grubissich (1975) estimated the

distance to the cluster to be 2.45 kpc from three-colour RGU photometry.
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Figure 2.19: (a) Optical CMD of the cluster NGC 637 is shown with the e-stars shown
as solid circles. (b) The near-IR CCDm is shown with e-star shown as filled triangle.

From UBV photoelectric photometry Huestamendia et al. (1991) found an

E(B−V)=0.66 mag, a DM of 11.89, which corresponds to a distance of 2.5 kpc

and an age of 15 Myr. In an effort to determine the stellar and molecular veloci-

ties of six young open clusters, Liu et al. (1988) made a CO-13 map of the cluster.

The observations show strong CO emission in certain regions of the cluster which

indicated the presence of molecular gas. Phelps and Janes (1994) estimated a dis-

tance of 2884 pc, E(B−V) of 0.65 and age of 1−4 Myr for the cluster. Using UBVRI

CCD and 2MASS JHK photometry, Yadav et al. (2008) estimated the radius of
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the cluster as 4.2 arcmin, a distance of 2.5 ± 0.2 kpc and an age of 10 ± 5 Myr.

The mass function slope for the cluster is found to be 1.65 ± 0.20. The cluster

was found to be dynamically relaxed due to the dynamical evolution of the cluster.
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Figure 2.20: The spectra of the e-star in the cluster NGC 637 are shown in the wave-
length range 3800 – 9000 Å.

The UBV CCD photometric data was taken from Phelps and Janes (1994). The

star 27 was identified as an e-star and belongs to B6.5V spectral type. A 4 Myr

isochrone is fitted and the resulting CMD is shown in figure 2.19(a). The e-star

belongs to CBe category, as inferred from its location in the optical CMD and near-

IR CCDm (figure 2.19(b)). This is also another very young CBe candidate. The

spectra of the e-star in the wavelength range 3800 – 9000 Å are shown in figure 2.20.

2.3.16 NGC 654

The young open cluster NGC 654 (RA = 01h44m00s, Dec = +61o53′06, l =

129o.082, b = −0o.357) is in the Cassiopeia region and classified as type I2p by
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Trumpler (1930). The cluster was studied by Pesch (1960), Hoag et al. (1961),

McCuskey and Houk (1964), and Moffat (1974).

[a]
-1 0 1 2

5

0

-5

[b]
0 0.5 1 1.5

0

0.5

1

1.5

[c]

4000 4500 5000 5500

0.8

1

1.2

1.4

6000 7000 8000 9000
0.6

0.8

1

1.2

1.4

1.6

1.8

Figure 2.21: (a) Optical CMD of the cluster NGC 654 is shown with the e-star shown
as solid circle. (b) The near-IR CCDm is shown with e-star shown as filled triangle. (c)
The spectra of the e-star in the cluster NGC 654 are shown in the wavelength range 3800
– 9000 Å.

Using photoelectric UBV magnitudes, Joshi and Sagar (1983) found the red-

dening to vary from 0.74 to 1.16 magnitudes. This is interpreted as due to residual

material from the cluster’s formation by Samson (1975) or due to a local cloud

in the direction of the cluster by Stone (1977), and McCuskey and Houk (1964).

From UBV CCD photometry, Phelps and Janes (1994) estimated an E(B−V) of
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0.90, a distance of 2692 pc and an age range of 8−25 Myr for the cluster. The

cluster is found to have variable reddening with values ranging from 0.75 to 1.15

mag (Pandey et al., 2005; Phelps and Janes, 1994). Pandey et al. (2005) estimated

the cluster age to be in the range of 15−20 Myr and is located at a distance of

2.41 ± 0.11 kpc.

The UBV CCD data were taken from Pandey et al. (2005). Star numbered

221 in their catalogue shows emission and is of B2V type. A 10 Myr isochrone

is fitted and the resulting CMD is shown in figure 2.21(a). The star is reddened

with respect to the cluster MS and is located below the turn-off. Since the e-star

is close to the MS in near-IR CCDm (figure 2.21(b)), it is a candidate CBe star.

The spectra of the e-star in the wavelength range 3800 – 9000 Å are shown in

figure 2.21(c). Many of the spectral lines like Feii, Caii, Oi and Paschen series are

present in emission.

2.3.17 NGC 659

The cluster NGC 659 (RA = 01h44m24s, Dec = +60o40′24′′, l = 129o.375, b =

−1o.534) was studied using UBV photometry by McCuskey and Houk (1964),

RGU photometry by Steppe (1974), BVRI and Hα photometry by Coyne et al.

(1978). Alter (1944) obtained a distance of 3 kpc for this cluster. Phelps and

Janes (1994) estimated a distance of 3.5 kpc and an age of 22 Myr from CCD

photometry. Pietrzynski et al. (2001) found three Be stars in the cluster when

they monitored it for photometric variability over 35 nights. Apart from Be stars

they found three pulsating variables of γ-Dor type and one detached binary.

The UBV CCD data were taken from Phelps and Janes (1994) and the stars

numbered 193, 11, 109 are e-stars. The spectral types of these stars are B2.5, B0
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and B2 respectively. The CMD of the cluster is shown in figure 2.22(a) with a 20

Myr isochrone. The star 2 is found to be in the evolved part of the isochrone while

the other two stars are on the MS. All the 3 e-stars are CBe candidates as seen from

their location in the optical CMD and near-IR CCDm (figure 2.22(b)). The spec-

tra of the e-stars in the wavelength range 3800 – 9000 Å are shown in figure 2.22(c).
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Figure 2.22: (a) Optical CMD of the cluster NGC 659 is shown with the e-stars shown
as solid circles. (b) The near-IR CCDm is shown with e-stars shown as filled triangles.
(c) The spectra of the e-stars NGC 659(1), NGC 659(2), NGC 659(3), in the wavelength
range 3800 – 9000 Å, are shown from bottom to top.
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2.3.18 NGC 663

The open cluster NGC 663 (RA = 01h46m09s, Dec = +61o14′06′′, l = 129o.467, b =

−0o.941, Trumpler class II3r) is rich in e-stars and is located in the Cassiopeia

region in the Perseus arm. Sanduleak (1979) observed the cluster using objective-

prism plates during a period from 1946 to 1975 and found 27 e-stars with most of

the Be stars confined to a spectral type earlier than B5. The number got updated,

during an observation in 1981-1990 in high-resolution mode, to 24 with 12 stars

showing variability in Hα emission on a timescale of years to several decades (Sand-

uleak, 1990). Moffat (1972) obtained the cluster parameters as distance = 2.29 kpc,

E(B−V) = 0.86 and earliest spectral type to be B0 along with some B super giants.

[a]
-1 0 1 2

6

4

2

0

-2

-4

-6

[b]
0 0.5 1 1.5

0

0.5

1

1.5

Figure 2.23: (a) Optical CMD of the cluster NGC 663 is shown with the e-stars shown
as solid circles. (b) The near-IR CCDm is shown with e-stars shown as filled triangles.

Van den Bergh and de Roux (1978) estimated E(B−V) to vary from 0.8 to 1.0

using photographic UBV photometry with a DM of 11.55 ± 0.04. Tapia et al.

(1991) estimated a distance of 2.5 kpc, AV = 1.98 ± 0.04 mag, Rv = 2.73 ± 0.20

and an age of 9 Myr from near-IR JHK and Stromgren uvby and Hβ photometry.

Phelps and Janes (1991) found that the cluster lies in front of a molecular cloud

using UBV photometric analysis which was identified earlier by Leisawitz (1989)
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from a CO map of this region. Phelps and Janes (1991) estimated a mean red-

dening of E(B−V) = 0.80 mag and a distance of 2.8 kpc. They also found a large

deficiency of low mass stars in the cluster relative to the number expected from

the field star IMF. As part of an effort to study the star formation history and

mass function of open clusters, Pandey et al. (2005) conducted a wide field UBVRI

CCD photometry and found a variable reddening from 0.62 to 0.95. Using Bertelli

isochrones for Z = 0.02, they estimated a distance of 2.42 ± 0.12 kpc and log(age)

= 7.4.

Fabregat and Capilla (2005) performed CCD uvbyβ photometry to estimate a

variable reddening of E(b−y)=0.639 ± 0.032 in the central region to E(b−y) =

0.555 ± 0.038 in the south-east region and a DM of 11.6 ± 0.1 mag. The esti-

mated age of the cluster (log t = 7.4 ± 0.1) favoured their interpretation of Be

phenomenon to be an evolutionary effect. Pigulski et al. (2001b) identified 26 Be

stars in the cluster using BV(RI)c Hα photometry down to a magnitude of Rc =

15.4 mag. They detected Be stars over a range of spectral type with the majority

falling in between B0 and B3. About 70 % of the observed Be stars showed pho-

tometric variability with certain members showing up to 0.4 magnitude variations

in Cousins I band (Pigulski et al., 2001a). Pietrzynski (1997) found two Be stars

to show variability along with RR Lyrae candidates.

From the slitless survey we found 22 e-stars in the cluster. Stars numbered

13, 24 and P151 have been newly detected. We did not find emission for 4

stars in the cluster, which are identified as Be in SIMBAD (http://simbad.u-

strasbg.fr/simbad/). This may be due to spectroscopic variability, which seems

to be associated with most of the Be stars. The UBV CCD photometric data

are from Pandey et al. (2005). The CMD of the cluster along with an isochrone

corresponding to a turn-off age of 25 Myr is shown in figure 2.23(a).
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Figure 2.24: The spectra of the e-stars NGC 663(1), NGC 663(2), NGC 663(3), NGC
663(4), NGC 663(5), NGC 663(6), NGC 663(7), NGC 663(9), NGC 663(11) and NGC
663(12), in the wavelength range 3800 – 9000 Å, are shown from bottom to top.

The stars 7, 16, P6 and 12V are found to be at the turn-off of the MS in the

optical CMD. The rest of the e-stars are below the turn-off. Thus in this cluster,

the e-stars are distributed throughout the MS between the spectral types B0 - B8.

The star P6 (V977 Cas) has been quoted as of B2 IV spectral type in SIMBAD

while 7 (V985 Cas) is of B3V, 16 (V972 Cas) is of B3III and 12V (V981 Cas) is

of B3 type with no information on luminosity class. Our estimates of the spectral

types of the above stars seems to be off from the above values quoted in SIMBAD

which could be due to different methods used for classification. From the near-IR

CCDm (figure 2.23(b)) we can see that all the e-stars are not much reddened,

which puts them in CBe category. The spectra of 22 e-stars in the wavelength

range 3700 – 9000 Å are given in figures 2.24 & 2.25. The e-stars NGC 663(3),

NGC 663(5), NGC 663(7) and NGC 663(13) are found to have 6347 Å Siii line

while NGC 663(6), NGC 663(P23), NGC 663(P25) and NGC 663(P151) have 6371

Å line in absorption. The Mgii line 7896 Å is present in emission in NGC 663(P5).

The lines of Feii, Caii, Oi and Paschen series are present in the spectra of all e-stars.
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Figure 2.25: The spectra of the e-stars NGC 663(12V), NGC 663(13), NGC 663(14),
NGC 663(15), NGC 663(16), NGC 663(24), NGC 663(P5), NGC 663(P6), NGC 663(P8),
NGC 663(P23), NGC 663(P25) and NGC 663(P151) in the wavelength range 3800 – 9000
Å, are shown from bottom to top.

2.3.19 NGC 869

NGC 869 (h Persei, RA = 02h19m00s, Dec = +57o07′42′′, l = 134o.632, b =

−3o.741) is a part of the twin cluster h & χ Persei. While searching for B-type

pulsators in h Persei, Krzesiński et al. (1999) discovered two β Cephei stars and one

SPB star along with three eclipsing binaries and one λ Eri star. They estimated

the average reddening to be 0.52 mag with a dispersion of 0.1 mag throughout the

cluster from UBV photometry of 258 stars in the field. The cluster parameters

listed in WEBDA are distance = 2079 pc, E(B−V) = 0.575 and age = 11.72 Myr.

Slesnick et al. (2002) found the cluster parameters as E(B−V) = 0.56 ± 0.01, DM

= 11.85 ± 0.05, and age = 12.8 ± 1.0 Myr using UBV CCD photometry. They

derived a mass of 3700 M� for the cluster by integrating the present-day mass

function from 1 to 120 M�. They derived an initial mass function slope to be Γ =

-1.3 ± 0.2 which is normal for high-mass stars and close to the Salpeter value.

The UBV CCD photometric data of 3461 stars in the cluster are taken from
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Slesnick et al. (2002). The cluster is found to contain 6 e-stars in the central

region. The CMD of the cluster along with isochrone for a turn-off age of 12.5 Myr

is shown in figure 2.26(a). The e-stars 1 (BD+56 534, B2IIIe), 3 (B3IVe) and 4

(BD+56 511, B3III) are reported to be in the evolved phase, as given in SIMBAD.

All the e-stars are located well below the MS turn-off.
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Figure 2.26: (a) Optical CMD of the cluster NGC 869 is shown with the e-stars shown
as solid circles. (b) The near-IR CCDm is shown with e-stars shown as filled triangles.
(c) & (d) The spectra of the e-stars NGC 869(1), NGC 869(2), NGC 869(3), NGC 869(4),
NGC 869(5) and NGC 869(6), in the wavelength range 3800 – 9000 Å, are shown from
bottom to top.

The stars are found to lie in the CBe location in the near-IR CCDm (figure

85



Chapter 2 Survey of emission-line stars in young open clusters

2.26(b)). The stars 2, 3 and 5 seems to be clubbed together and hence show similar

reddening values. All the e-stars are found to be CBe candidates. The spectra of

the e-stars in the wavelength range 3800 – 9000 Å are shown in figure 2.26(c &

d). The Siii line 6347 Å is found to be in emission for NGC 869(1) while it is in

absorption for NGC 869(6). Oi 8446 Å is found in emission for all e-stars.

2.3.20 NGC 884

NGC 884 (χ Persei, RA = 02h22m18s, Dec = +57o08′12′′, l = 135o.052, b =

−3o.582) is the younger of the double cluster h & χ Persei, located in the Perseus

arm of the Galaxy. Fletcher (1988) suggested the presence of M-type red super

giants in the cluster. Krzesinski and Pigulski (1997) performed a photometric

search for B-type pulsators in the central region of χ Persei cluster and found two

β Cephei stars, apart from nine other variables which contains two eclipsing stars.

They found the Be stars in the cluster to be variable and redder than B stars of

the same spectral type. The cluster parameters as given in WEBDA are distance

= 2345 pc, reddening = 0.560, age = 10.76 Myr.

Slesnick et al. (2002) found the cluster parameters as E(B−V) = 0.56 ± 0.01, DM

= 11.85 ± 0.05 and age = 12.8 ± 1.0 Myr using UBV CCD photometry. They

derived a mass of 2800 M� for the cluster by integrating the present-day mass

function from 1 to 120 M�. They derived an initial mass function slope to be Γ =

-1.3 ± 0.2 which is normal for high-mass stars and close to the Salpeter value.

The UBV CCD photometric data of 3144 stars in the cluster were taken from

Slesnick et al. (2002). The cluster is found to contain 6 e-stars in the central

region. The optical CMD of the cluster along with an isochrone for a turn-off age

of 12.5 Myr is shown in figure 2.27(a). The star 2 (BD+56 573) is found to be of

B2III-IVe spectral type. The star 5 (V506 Per) has been reported as a variable
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in SIMBAD and found to be of B1IIIe spectral type. All the e-stars are located

below the turn-off.
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Figure 2.27: (a) Optical CMD of the cluster NGC 884 is shown with the e-stars shown
as solid circles. (b) The near-IR CCDm is shown with e-stars shown as filled triangles.
(c) & (d) The spectra of the e-stars NGC 884(1), NGC 884(2), NGC 884(3), NGC 884(4),
NGC 884(5) and NGC 884(6), in the wavelength range 3800 – 9000 Å, are shown from
bottom to top.

It can be seen that all the e-stars in near-IR CCDm (figure 2.27(b)) have rela-

tively less reddening suggesting that they belong to CBe category. Star 2 has large

IR excess, may be due to the presence of a large amount of circumstellar material.

The spectra of the e-stars in the wavelength range 3800 – 9000 Å are shown in
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figure 2.27 (c & d). We found Hei 5876, 6678, 7065 Å in emission for NGC 884(5)

with Siii 6347 and 6371 Å lines. NGC 884(2) is found to have 25 Feii emission

lines along with Siii and Mgii 7896 Å lines in emission.

2.3.21 NGC 957

NGC 957 is an open cluster of Trumpler class III3r with coordinates RA =

02h33m21s, Dec = +57o33′36′′, l = 136o.287, b = −2o.645 and is located in the

Perseus spiral arm. This cluster lies near to the double cluster h & χ Persei.

Using photographic photometry for 250 stars brighter than V=14.5 mag, in the

Morgan-Johnson UBV system, Gerasimenko (1991) estimated a distance of 1.82

kpc, a colour excess of 0.90 and an age of 3.8 Myr. Gimenez and Garcia-Pelayo

(1980) investigated the cluster using RGU photographic photometry and found a

reddening of E(G−R) = 1.12 and a distance of 1850 pc. Using UBVRI CCD and

2MASS JHK photometry Yadav et al. (2008) estimated the radius of the cluster

as 4.3 arcmin at a distance of 2.2 ± 0.2 kpc and age of 10 ± 5 Myr. The mass

function slope for the cluster is found to be 1.31 ± 0.50 by correcting field star

contamination and data incompleteness. The cluster was found to be dynamically

relaxed due to the dynamical evolution of the cluster.

The UBV photoelectric data for the cluster were taken from Hoag et al. (1961)

and the e-stars are 94 and 188 in their catalogue. Star 94 belongs to B2 and star

188 belongs to B2.5 spectral type. The CMD of the cluster is shown in figure

2.28(a) with a 10 Myr isochrone. The e-stars are located well below the MS turn-

off. From the location of stars in optical CMD and near-IR CCDm (figure 2.28(b))

it can be inferred that both are CBe candidates. The spectra of the e-stars in

the wavelength range 3800 – 9000 Å are shown in figure 2.28(c). Both e-stars are

found to have Mgii line 7896 Å , Oi 7772 & 8446 Å and Caii triplet in emission.
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NGC 957(1) has Siii lines in emission.
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Figure 2.28: (a) Optical CMD of the cluster NGC 957 is shown with the e-stars shown
as solid circles. (b) The near-IR CCDm is shown with e-stars shown as filled triangles.
(c) The spectra of the e-stars NGC 957(1) and NGC 957(2), in the wavelength range
3800 – 9000 Å, are shown from bottom to top.

2.3.22 NGC 1220

NGC 1220 (RA = 03h11m40s, Dec = +53o20′42′′, l = 143o.036, b = −3o.963) is a

young compact open cluster with a core radius of 1.5−2.0 arcmin. Ortolani et al.
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Figure 2.29: (a) Optical CMD of the cluster NGC 1220 is shown with the e-star shown
as solid circles. (b) The near-IR CCDm is shown with e-star shown as filled triangle.

(2002) estimated the reddening E(B−V) = 0.70 ± 0.15 mag, distance = 1800 ±

200 pc and an age of 60 Myr using UBV CCD observations. They found the clus-

ter to lie at 120 pc above the galactic plane which is relatively high for its age.

From the location of stars in (B−V) vs (U−B) plane, they inferred that the cluster

members are between B5 and A5 spectral types.

The UBV CCD data were taken from Ortolani et al. (2002) for 234 stars.

The star numbered 25 is found to show emission and is of B9.5 type. A 60 Myr

isochrone is fitted and the resulting CMD is shown in figure 2.29(a). Both the

ZAMS and isochrone fit do not look impressive. As mentioned in the beginning,

we have used the parameters in the reference for fitting. Re-estimation of the

paramters will be done using fresh photometric observations. From the location

of the e-star in near-IR CCDm (figure 2.29(b)), the e-star is inferred to be CBe

star with low IR excess. This cluster thus hosts one of the oldest CBe stars. The

spectra of the e-star in the wavelength range 3800 – 9000 Å are shown in figure 2.30.
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Figure 2.30: The spectra of the e-star in NGC 1220 are shown in the wavelength range
3800 – 9000 Å.

2.3.23 NGC 1624

NGC 1624 (OCl 403, Cr 53; RA = 04h40m38s, Dec = +50o28′04′′, l = 155o.356, b =

2o.616) is a young cluster of Trumpler class I2p. Sujatha and Babu (2006) obtained

UBVRI CCD photometry and found it to be 6.025 ± 0.5 kpc distant. It shows a

differential reddening with E(B−V) ranging from 0.70 to 0.90 mag, which might

be due to the presence of an Hii region within which the cluster is embedded. The

cluster is young with an age of 3.98 Myr and has an initial mass function slope of

1.65 ± 0.25, which is close to the Salpeter value.

The UBV CCD data were taken from Sujatha and Babu (2006) for 206 stars

in the cluster. The star 101 is an e-star and is of B1 spectral type. This e-star

is found to be associated with nebulosity. A 4 Myr isochrone is fitted and the

resulting CMD is shown in figure 2.31(a). The e-star is located near the top of the

MS, but below the turn-off. The star belong to CBe category as inferred from its

location in the optical CMD and near-IR CCDm (figure 2.31(b)).

The spectra of the e-star in the wavelength range 3800 – 9000 Å are shown in
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figure 2.31(c). Hei 4471 Å absorption line profile is found to be thin while 5876,

6678 and 7065 lines are in emission. The Heii lines 4541 and 5412 Å are found to

be in absorption while 4687 Å is in emission. The candidate is found to be of O6

spectral type in SIMBAD. But high ionization lines of elements like silicon are not

present. Moreover features like P-Cygni are not associated with line profiles.
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Figure 2.31: (a) Optical CMD of the cluster NGC 1624 is shown with the e-star shown
as solid circle. (b) The near-IR CCDm is shown with e-star shown as filled triangle. (c)
The spectra of the e-stars in the cluster are shown in the wavelength range 3800 – 9000
Å.

We found a probable companion at about 10 arc-second distance from the star.

We plan to check for binarity by monitoring the variability of Heii and Hei lines
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through repeated observations.

2.3.24 NGC 1893

NGC 1893 (RA = 05h22m44s, Dec = +33o24′42′′, l = 173o.58, b = −1o.680) is a

very young cluster associated with the bright diffuse nebulosity, IC 410 and ob-

scured by several conspicuous dust clouds. UBV photometry has been carried out

by Cuffey (1973) and Massey et al. (1995). Massey et al. (1995) found a mean

E(B−V) of 0.53 ± 0.02 for the cluster along with a distance of 2057 pc and an

age of 2−3 Myr, estimated using massive stars. Moffat (1972) found an O5 type

star as a cluster member at a distance of 3.98 kpc and reddening of 0.55 mag

using faint stars. Some of the early-type stars in the cluster are responsible for the

photo ionization of the IC 410 nebula. Tapia et al. (1991) performed near-IR and

Strömgren photometry of 50 stars down to K = 12 mag. They estimated an age

of 4 Myr along with a total extinction of 1.68 in V band and a distance of 4325

pc. The distance and age obtained by Fitzsimmons (1993) match with Tapia et al.

(1991). Vallenari et al. (1999) studied about 700 stars down to K∼17 in J and K

bands and estimated an age of 4 Myr and reddening value of 0.35 mag. Marco

and Negueruela (2003) carried out a search for emission-line PMS stars using slit-

less spectroscopy in the cluster NGC 1893 and found 19 stars between B-type and

G-type. They suggested that all the PMS stars are confined to the outer rim of

the molecular cloud associated with the Hii region IC 410 and the bright emission

cometary nebulae Sim 129 and Sim 130. From the spatial distribution of PMS

stars, they came up with the possibility of star formation in NGC 1893 triggered

by the O-type stars in the cluster.

From the co-existence of HAeBe stars and B-type MS stars along with O-type

stars, Marco and Negueruela (2002) concluded that massive star formation is still
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Figure 2.32: (a) Optical CMD of the cluster NGC 1893 is shown with the e-star shown
as solid circle. (b) The near-IR CCDm is shown with e-star shown as filled triangle.

ongoing in NGC 1893 and has been taking place over a relatively long timescale.

Marco et al. (2001) estimated a color excess E(b−y)=0.33 ± 0.03 and a DM of

13.9 ± 0.2 from uvbyβ photometry. Yadav and Sagar (2001) found a non-uniform

extinction in the cluster with the E(B−V) value varying from 0.39 to 0.63 mag.

Sharma et al. (2007) have used near-IR colours, slitless spectroscopy and narrow-

band Hα photometry to explore the effects of massive stars on low-mass star for-

mation. They identified the candidate YSOs to have an age spread between 1 and

5 Myr using V versus (V−I) CMD. This indicated a non-coeval star formation in

the cluster. They found a shallower value of mass function for PMS stars compared

to a value of −1.71 ± 0.20 for MS stars in the cluster.

The UBV CCD data for 1591 stars in the cluster were taken from Massey et al.

(1995). The star 35 is an e-star of B6 spectral type. A 4 Myr isochrone is fitted and

the resulting CMD is shown in figure 2.32(a). From the fitting of PMS isochrones

to the optical CMD, the star is likely to be as young as 0.1 Myr. The e-star is found

to be reddened by 0.3 mag in (J−H) and 0.4 mag in (H−K) (figure 2.32(b)). But

the e-star in not associated with nebulosity. Since it is found to be of late spectral
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Figure 2.33: The spectra of the e-star in the cluster NGC 1893 are shown in the
wavelength range 3800 – 9000 Å.

type and the cluster as a whole is young, it may be a HBe candidate, when coupled

with information from near-IR excess and PMS isochrone fitting. The cluster has

been reported to be located in a young star forming region and this HBe star is

found to be in a location close to the core of the cluster. The spectra of the e-star

in the wavelength range 3800 – 9000 Å are shown in figure 2.33. All the major

lines are in emission including Siii 6347 Å line. A total of 18 Feii lines are seen in

emission with a shell line at 4233 Å.

2.3.25 NGC 2345

NGC 2345 (RA = 07h08m18s, Dec = −13o11′36′′, l = 226o.580, b = −2o.314) is

supposed to be a moderately young open cluster located in Canis Major. Moffat

(1974) estimated a distance of 1.75 kpc from photoelectric UBV and spectroscopic

observations. He found that the cluster contains two A-type and 5 K-type giants

and the earliest spectral type detected is B4. WEBDA quotes an age of 71 Myr

and a reddening of 0.616 mag.
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Figure 2.34: (a) Optical CMD of the cluster NGC 2345 is shown with the e-stars shown
as solid circles. (b) The near-IR CCDm is shown with e-stars shown as filled triangles.

This cluster is not known to have any e-stars. We report the detection of 12

e-stars in this cluster. The UBV photoelectric data were taken from Moffat (1974)

for 59 stars in the cluster. Out of the total list of 64 stars, 5 are left out for not

having E(B−V) value. Since the photometry is available only for a few stars in

this cluster, we have obtained UBV CCD observation to estimate the cluster pa-

rameters accurately. Since we have not finished the analysis we are presenting the

values obtained by Moffat (1974). The stars NGC 2345(X1) and NGC 2345(X2)

do not have any photometric data. An isochrone of age 63 Myr is fitted to the

cluster data (dashed line in figure 2.34(a)) considering the position of e-stars. We

have fitted a 100 Myr isochrone (dotted line in figure 2.34(a)) considering giants

as members of this cluster and to accommodate them in the fit. Hence the cluster

seems to be in the age range 60−100 Myr.

The star 35 is found near the turn-off of the MS in the CMD and has been

quoted as of spectral type B4 III in the literature (SIMBAD). The star 32 is found

to be of A5 spectral type. All the remaining e-stars belongs to late B spectral

type (B5–B9). All the stars are found to be in CBe location in the near-IR CCDm
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Figure 2.35: (a) & (b) The spectra of the e-stars NGC 2345(2), NGC 2345(5), NGC
2345(20), NGC 2345(24), NGC 2345(27), NGC 2345(32), NGC 2345(35), NGC 2345(44),
NGC 2345(59), NGC 2345(61), NGC 2345(X1) and NGC 2345(X2), in the wavelength
range 3800 – 9000 Å, are shown from bottom to top.

(figure 2.34(b)). This is one of the oldest cluster to have a large number of e-stars.

This cluster is very interesting due to the presence of large number of e-stars and

giants. The spectra of the e-stars in the wavelength range 3800 – 9000 Å are shown

in figure 2.35. All the e-stars except NGC 2345(20), NGC 2345(24), NGC 2345(59)

and NGC 2345(X2) are found to have Siii lines in the spectra.

2.3.26 NGC 2414

Vogt and Moffat (1972) found a constant reddening across the cluster NGC 2414

(RA = 07h33m12s, Dec = −15o27′12′′, l = 231o.412, b = 1o.946) with a mean

value of E(B−V) = 0.55 mag and a distance of 4.15 kpc. They have used only 10

stars as cluster members and the earliest one was of B1 spectral type. As a part

of analysing the luminous stars in l = 231o region, Fitzgerald and Moffat (1980)

found the cluster to lie at a distance of 4.15 kpc and colour excess of 0.55 ± 0.03

mag. From the significant lack of stars beyond 4.2 kpc they suggested that the
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Figure 2.36: (a) The near-IR CCDm of the cluster NGC 2414 is shown with e-stars
shown as filled triangles. (b) The spectra of the e-stars NGC 2414(1) and NGC 2414(2),
in the wavelength range 3800 – 9000 Å, are shown from bottom to top.

Orion arm does not extent beyond this distance in this direction. WEBDA alerts

that this may not be a true cluster.

No photometric data is available for the e-stars in this cluster. The e-stars

are found to be of B1.5 and B0 spectral types from spectral line matching. The

2MASS photometric data of the cluster was de-reddened using E(B−V) value of

0.55, as given in Vogt and Moffat (1972). The near-IR CCDm of the cluster is

shown in figure 2.36(a). The Be stars show low near-IR excess. The cluster is not

associated with nebulosity. Hence both of them belong to CBe category. The spec-

tra of the e-stars in the wavelength range 3800 – 9000 Å are shown in figure 2.36(b).

2.3.27 NGC 2421

The open cluster NGC 2421 (RA = 07h36m13s, Dec = −20o36′42′′, l = 236o.271, b =

0o.069) was classified as Trumpler class I2m by Ruprecht (1966). Moffat and Vogt

(1975) used UBV,Hβ photoelectric photometry to study the cluster and estimated
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Figure 2.37: (a) Optical CMD of the cluster NGC 2421 is shown with the e-stars shown
as solid circles. (b) The near-IR CCDm is shown with e-stars shown as filled triangles.

the cluster parameters as E(B−V) = 0.47 ± 0.05, distance = 1.87 kpc with an

earliest spectral type of B0.5 in the cluster. Ramsay and Pollaco (1992) observed

the central region of the cluster of size 2.2 × 3.3 arcmin, using UBVIc photometry.

They estimated a distance of 2.75 kpc, reddening of E(B−V) = 0.49 ± 0.03 and an

age less than 300 Myr. Yadav and Sagar (2004) studied the cluster using UBVRI

CCD photometry and determined the radius of the cluster to be 3 arcmin using

stellar density profile. The cluster exhibits a colour excess of E(B−V) = 0.42 ±

0.05 mag and an age of 80 ± 20 Myr. A distance of 2.2 ± 0.2 kpc has been obtained

from ZAMS fitting and the metallicity was found to be Z ∼ 0.004. The cluster is

dynamically relaxed with a relaxation time of 30 Myr.

The UBV CCD data and XY positions for 1285 stars are taken from Yadav

and Sagar (2004). We detected 4 e-stars in this cluster using slitless spectroscopy.

Stars numbered 873(2) of Yadav and Sagar (2004), 1436(1), 1452(4) from Moffat

and Vogt (1975) and 32(3) from Babu (1983) are found to show emission. The

numbers given in brackets are our identification numbers. The stars belong to the

spectral type B7V, B3.5V, B6.5V and B8 respectively. The star numbered 3 does
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Figure 2.38: The spectra of the e-stars NGC 2421(1), NGC 2421(2), NGC 2421(3) and
NGC 2421(4), in the wavelength range 3800 – 9000 Å, are shown from bottom to top.

not have (B−V) value and hence cannot be represented in the optical CMD. All

the Be stars seem to be located close to the evolved part of the cluster sequence.

An 80 Myr isochrone is fitted to the MS and the resulting CMD is shown in fig-

ure 2.37(a). Since the data for e-stars are taken from different references and the

ZAMS and isochrone fit is poor, re-estimation of parameters is necessary using

new CCD data. The e-stars 2, 3 and 4 are clubbed together at the tip of the MS

while star 1 is more reddened in (H−K) colour as shown in near-IR CCDm (figure

2.37(b)). Since star 1 looks like more evolved compared to other stars in the cluster

CMD, it might be a Be star in giant phase with circumstellar dust. The spectra

of the e-stars in the wavelength range 3800 – 9000 Å are shown in figure 2.38. Oi

8446 Å is found to be in emission for all e-stars while Caii triplet is in emission

for NGC 2421(1) and NGC 2421(4).
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Figure 2.39: (a) Optical CMD of the cluster NGC 6649 is shown with the e-stars shown
as solid circles. (b) The near-IR CCDm is shown with e-stars shown as filled triangles.

2.3.28 NGC 6649

NGC 6649 (RA = 18h33m27s, Dec = −10o24′12′′) is a relatively rich, compact

cluster lying in the galactic plane (l = 21o.635, b = −0o.785) behind a dusty re-

gion, producing more than four magnitudes of visual absorption. The cluster was

studied by The and Roslund (1963), Talbert (1975) and Barrell (1980). Walker and

Laney (1987) estimated a distance of 1585 pc from UBV CCD photometry. The

cluster is heavily reddened with a variable reddening of 0.3 mag over 5 arc-minute

diameter of the cluster. The cluster is found to contain a Cepheid variable V367

Scuti with Mv = −3.80. Madore and van den Bergh (1975) estimated a DM of

15.4 and an E(B−V) of 1.37 for the cluster using UBV photoelectric photometry.

An age of 37 Myr is given in WEBDA.

The UBV photometric data for 400 stars were taken from Walker and Laney

(1987). There are 7 e-stars in this cluster as identified from the slitless spectra.

Stars numbered 16(2) in Talbert (1975), 65(6) in Walker and Laney (1987), 09(1)

and 20(3) in Madore and van den Bergh (1975), stars 59(4) and 81(5) in The and

Roslund (1963) are found to show emission. The numbers given in brackets are our
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catalogue numbers and star number 7 in our catalogue does not have photometric

data.
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Figure 2.40: (a) & (b) The spectra of the e-stars NGC 6649(1), NGC 6649(2), NGC
6649(3), NGC 6649(4), NGC 6649(5), NGC 6649(6) and NGC 6649(7), in the wavelength
range 3800 – 9000 Å, are shown from bottom to top.

An isochrone for 25 Myr is fitted to the cluster data and the resulting CMD is

shown in figure 2.39(a). The isochrone fit does not look satisfactory. Moreover the

magnitudes of e-stars are taken from different references. Hence we are planning to

estimate the parameters using new UBV CCD photometry. The e-star numbered

1 seems to be near the turn-off, whereas others are well below the turn-off point of

the isochrone. The same star separates out in IR excess from other stars in near-IR

CCDm (figure 2.39(b)). It may be a CBe giant with a dusty envelope around it

since the excess in (H−K) is higher than in (J−H) colour. The e-stars are found

to belong to CBe category since all of them are clustered near the hot end of MS

showing a little excess. Star 4 is very reddened in the optical CMD, such a large

reddening is not seen in the near-IR CCDm, the (B−V) value of this star may be

unreliable. The spectra of the e-stars in the wavelength range 3800 – 9000 Å are

shown in figure 2.40. All e-stars except NGC 6649(1) and NGC 6649(2) show Siii
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lines in the spectra.

2.3.29 NGC 6756

NCG 6756 (RA = 19h08m42s, Dec = +04o42′18′′, l = 39o.089, b = −1o.682) is

a moderately young open cluster belonging to Trumpler type I2r. Using CCD

Strömgren Photometry of 368 stars in the cluster, Delgado et al. (1997) estimated

an age of 131 Myr, E(B−V) of 0.91 and DM of 12.60 mag. Paunzen et al. (2003)

searched for peculiar stars in the cluster using narrow band photometric system.

They estimated the uvby indices for two peculiar stars and found that it matches

with a typical B8 star and a late type star respectively. Svolopoulos (1965) used

RGU system to estimate a distance of 1.65 kpc, linear diameter of the cluster as

1.9 pc, reddening values E(G−R) = 1.64, E(U−G) = 1.15 mag and the earliest

spectral type as B3. Different authors estimate a range of cluster diamter (3 –

11 arcmin) and distance (1270 – 5250 pc) values. Similarly, a large range in age

is found in the literature, from 63 Myr (WEBDA) to 130 Myr (Delgado et al., 1997).

We have obtained UBV photometry of the cluster using HCT. The reddening

has been obtained as E(B−V) = 1.1 (Ranges between 1.1−1.2) and a DM of 15.8,

which translates to a distance of 3 kpc. The age is estimated to be in the range

125 − 150 Myr. The isochrones corresponding to 125 Myr and 150 Myr are fitted

in the CMD (figure 2.41(a)). The e-stars are close to the evolved region of the

isochrone. They belong to B3.5 and B2.5 spectral types respectively. Even though

the e-stars are reddened, they lie within the reddening vector in near-IR CCDm

(figure 2.41(b)). Hence both of the e-stars may be CBe stars.

Thus, NGC 6756 is one of the few clusters which has crossed the survey cate-

gory of 100 Myr and one of the old clusters to have CBe stars. The spectra of the
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e-stars in the wavelength range 3800 – 9000 Å are shown in figure 2.41(c). The

e-star NGC 6756(3) is found to have 5577 [Oi] line in emission.
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Figure 2.41: (a) Optical CMD of the cluster NGC 6756 is shown with the e-stars shown
as solid circles. (b) The near-IR CCDm is shown with e-stars shown as filled triangles.
(c) The spectra of the e-stars NGC 6756(2) and NGC 6756(3), in the wavelength range
3800 – 9000 Å, are shown from bottom to top.
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2.3.30 NGC 6834

NGC 6834 (RA = 19h52m12s, Dec = +29o24′30′′, l = 65o.698, b = 1o.189) is a

cluster of Trumpler type II2m. Miller et al. (1996) observed this cluster as part

of a CCD photometric survey for Be stars using B, V filters and two narrow-band

interference filters at Hα and Hα continuum. By fitting Geneva isochrones with

solar metallicity to the cluster population, they found an age of ∼ 50 Myr, a mean

reddening of E(B−V)∼ 0.7 mag, and a DM of 12.2 mag (i.e. a distance of ∼ 2750

pc). They used (Hα continuum − Hα ) index and (B−V) color index to find six Be

star candidates in the cluster. Fünfschilling (1967) estimated a distance of 2100

pc and a color excess of E(B−V) = 0.61 from photographic observations. Paunzen

et al. (2006) determined the cluster parameters as log(age) = 7.9, E(B−V) = 0.70

and mv − Mv = 13.6. Moffat (1972) estimated a DM of 11.65, distance of 2.14

kpc, mean reddening of 0.72 and an age of 80 Myr using UBV photographic data

from Hoag et al. (1961) and Fünfschilling (1967). He mentioned the existence of a

partly disrupted dust ring of diameter 49’, corresponding to 3.1 pc, associated with

the cluster. Johnson (1961) estimated a distance of 3030 pc for the cluster. The

evolved stars numbered 32 (WEBDA no.) and 129, showing a possible emission,

were investigated spectroscopically by Sowell (1987), classified as G0/5 III/V and

F2 Ib, respectively.

We have obtained UBV CCD photometric data and estimated the parameters

of the cluster based on this photometry. We found 4 e-stars in the cluster which

are of spectral type B7.5, B5.5, B8 and B6.5 respectively. An isochrone of 40 Myr

is fitted and resulting CMD is shown in figure 2.42(a). The star 2 is displaced

away from the optical CMD while the remaining candidates lie closer to the MS.

The e-stars are devoid of any nebulosity. They all lie near the tip of the MS in

near-IR CCDm (figure 2.42(b)) and hence do not show considerable near-IR ex-

cess. Hence all the 4 e-stars belong to CBe category. The spectra of the e-stars in
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the wavelength range 3800 – 9000 Å are shown in figure 2.42(c).
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Figure 2.42: (a) Optical CMD of the cluster NGC 6834 is shown with the e-stars shown
as solid circles. (b) The near-IR CCDm is shown with e-stars shown as filled triangles.
(c) The spectra of the e-stars NGC 6834(1), NGC 6834(2), NGC 6834(3) and NGC
6834(4), in the wavelength range 3800 – 9000 Å, are shown from bottom to top.

2.3.31 NGC 6910

NGC 6910 (RA = 20h21m18s, Dec = +40o37′, l = 78o.66, b = 2o.03) is a young

open cluster located in the Cygnus region and is a part of the Cygnus OB9 associ-
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ation. This cluster is located in the core of the star forming region, 2 Cygni. It is

surrounded by a series of gaseous emission nebulae which resemble Barnard’s loop

in the Orion. From UBV CCD observations down to V = 18 mag of 206 stars in

the cluster, Delgado and Alfaro (2000) found eleven PMS stars of spectral type A

to G. They estimated the cluster parameters to be E(B−V) = 1.02 ± 0.13, DM

= 11.2 ±0.2 and age = 6.5 ± 3 Myr. Kolaczkowski et al. (2004) found four β

Cep-type stars along with three e-stars, while searching for variable stars in the

cluster. They suggest a possibility of finding a large number of β Cep stars in

the cluster due to higher metallicity of the cluster. Using VIc and Hα photometry,

they have determined an age of 6 ± 2 Myr, DM of 11.0 ± 0.3 mag and an E(B−V)

value varying from 1.0 to 1.4 mag.
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Figure 2.43: (a) Optical CMD of the cluster NGC 6910 is shown with the e-stars shown
as solid circles. (b) The near-IR CCDm is shown with e-stars shown as filled triangles.

Shevchenko et al. (1991) studied the cluster using UBVR photoelectric pho-

tometry. From the photometry of 132 stars, they found the HAeBe stars BD +40

41 24 and BD +41 37 31 to be associated with it. The extinction is high in the

region with a value of E(B−V) = 1.2 mag and the value of R = 3.42 ± 0.09. Us-

ing intermediate-band photoelectric photometry for 16 cluster members, Crawford
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et al. (1977) obtained a reddening value of E(b−y)=0.75 mag and a DM of 10.5

mag. They found that a type Ia super giant star of Mv =−6.9 to be associated

with the cluster. WEBDA has not recorded any e-star in the cluster.
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Figure 2.44: The spectra of the e-stars NGC 6910(A) and NGC 6910(B), in the wave-
length range 3800 – 9000 Å, are shown from bottom to top.

Since no CCD photometry is available for the e-stars, we have used the UBV

photographic photometry of Hoag et al. (1961). The e-stars 26(B) and 181(A)

are located very close to each other. The labels for e-stars given in brackets are

followed in this work. These stars are shown as dark filled circles in the optical

CMD. We have fitted a 6.3 Myr isochrone and the resulting CMD is shown in

figure 2.43(a). Bhavya et al. (2007) found that this cluster has been forming stars

till recently. The e-star NGC 6910(A) is found to be located near the 0.5 Myr

PMS isochrone, indicating that this could also be a candidate HBe star. The star

NGC 6910(B) is located to the left of the MS, hence we do not discuss the nature

of this star based on the photometry. The peculiar location may be due to two

reasons - we used the photographic data for these two stars and there may be some

error in the data of this star, or, the reddening is very different for this star. If

these two stars belong to the CBe class, then these stars are ≤ 7 Myr old. We
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plan to estimate the cluster and Be star parameters using new photometric data.

The near-IR CCDm of the e-stars is shown in figure 2.43(b) and we can see that

star A is reddened and hence can be considered as a HBe candidate while star B

belongs to CBe category. We conclude the star A to be HBe star of spectral type

B9.5 and star B to be CBe star of spectral type B6. The spectra of the e-stars

in the wavelength range 3800 – 9000 Å are shown in figure 2.44. The e-star NGC

6910(A) shows 7896 Mgii line in emission while Siii lines are in absorption.

2.3.32 NGC 7039

The open cluster NGC 7039 (RA = 21h10m48s, Dec = +45o37′00′′, l = 87o.879, b =

−1o.705) lies in a low density region in Cygnus and is of Trumpler type III2p.

Collinder (1931) obtained a distance of 900 pc while Schöneich (1963) estimated a

distance of 700 pc for this cluster with 13 members from spectral type B5 to K0.

Hassan (1973) determined the cluster parameters as E(B−V) = 0.19, distance =

1535 pc and an age of 1 billion years from photographic photometry. Schneider

(1987) observed the cluster using Strömgren and Hβ photometry and estimated a

distance of 675 pc along with a color excess of E(b−y) = 0.056. They pointed out

the possibility of the existence of another cluster in the background, at a distance

of 1500 pc. The cluster parameters as given in WEBDA are, age = 66 Myr, dis-

tance = 951 pc and E(B−V) = 0.131 mag.

The UBV photographic data are taken from Hassan (1973). An isochrone of

1000 Myr is fitted and resulting CMD is shown in figure 2.45(a). The photomet-

ric data is found to have a scatter and hence the spectral type of A6 estimated

photometrically is not reliable. The near-IR CCDm of the cluster shows that the

Be star is reddened compared to the cluster members (figure 2.45(b)). Hence it

may be an Ae star. Better photometry is needed to estimate the parameters of
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this cluster, such as reddening, distance and age. The spectra of the e-star in the

wavelength range 3800 – 9000 Å are shown in figure 2.45(c). We found 16 Feii

lines in emission along with Oi, Caii and Paschen lines.
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Figure 2.45: (a) Optical CMD of the cluster NGC 7039 is shown with the e-stars shown
as solid circles. (b) The near-IR CCDm is shown with e-stars shown as filled triangles.
(c) The spectra of the e-star in the cluster are shown in the wavelength range 3800 –
9000 Å.
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Figure 2.46: (a) Optical CMD of the cluster NGC 7128 is shown with the e-stars shown
as solid circles. (b) The near-IR CCDm is shown with e-stars shown as filled triangles.

2.3.33 NGC 7128

NGC 7128 (RA = 21h43m57s, Dec = +53o42′54′′) is a Trumpler-type II3m cluster

situated in the second galactic quadrant (l = 97o.4, b = 0o.4), close to the direction

of the Cygnus star formation complex. An average distance of 3 kpc and an age

of 10 Myr were obtained by various authors (Johnson, 1961; Barbon, 1969). Balog

et al. (2001) studied the cluster using Johnson UBV CCD photometry, Strömgren

uvby photometry and medium resolution spectroscopy. They found two obvious

and one probable Be star in the cluster. From an analysis of the photometric

diagrams they estimated a colour excess of E(B−V) = 1.03 ± 0.06 mag, DM of

13.0 ± 0.2 mag and an age above 10 Myr. In a search for variable stars using

CCD photometry, Jerzykiewicz et al. (1996) discovered two eclipsing binaries, one

irregular red variable and three small-amplitude periodic variables in the cluster.

The UBV CCD photometric data for 452 stars were taken from Balog et al.

(2001). The stars 1081 and 12 are found to show emission which are numbered

as 1 and 2 respectively in our catalogue. Star 1 is of B1.5 type and star 2 is of

B2.5V type. The third e-star’s UBV magnitudes are not estimated but found to
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Figure 2.47: The spectra of the e-stars NGC 7128(1), NGC 7128(2) and NGC 7128(3),
in the wavelength range 3800 – 9000 Å, are shown from bottom to top.

be of B0V from spectral line analysis. A 10 Myr isochrone is fitted to the cluster

data and the resulting CMD is shown in figure 2.46(a). The stars are located on

the MS and below the turn-off. The star 1 is found to be in an odd position in

the near-IR CCDm (figure 2.46(b)). But the quality flag of the 2MASS data is

DEE, which means the magnitudes are unreliable. The e-stars are not associated

with any nebulosity. Hence the three e-stars are CBe candidates. The spectra of

the e-stars in the wavelength range 3800 – 9000 Å are shown in figure 2.47. The

e-star NGC 7128(1) is found to have all major lines in emission, as presented in

table 2.3. NGC 7128(2) has Siii lines in absorption.

2.3.34 NGC 7235

NGC 7235 (RA = 22h12m25s, Dec = +57o16′12′′, l = 102o.701, b = 0o.782) is

a small cluster of Trumpler type III2p in Cepheus. The cluster has an angular

diameter of about 5’ and contains about 30 B-type stars. Hoag et al. (1961)

carried out UBV photometry of the cluster. Becker (1965) performed photographic

observations and photoelectric observations of nine faint stars were done by Garcia-

112



Chapter 2 Survey of emission-line stars in young open clusters

Pelayo and Alfaro (1984).
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Figure 2.48: (a) Optical CMD of the cluster NGC 7235 is shown with the e-star shown
as solid circle. (b) The near-IR CCDm is shown with e-star shown as filled triangle. (c)
The spectra of the e-star in the cluster are shown in the wavelength range 3800 – 9000
Å.

Moffat (1972) used photographic UBV data to estimate the cluster parameters

as distance = 3.16 kpc and E(B−V) = 0.96. He found the earliest spectral type to

be B0.5 along with B0 II and B9 Iab super giants. Using BVRIHα CCD photome-

try Pigulski et al. (1997) found a β Cep star, a Be short-period variable (period=

0.862 days, star 1 in our catalogue) of λ Eri type, a Mira variable, a W UMa

eclipsing binary, a candidate α Cyg variable and a probable eclipsing binary in the
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cluster. They have agreed the age of the cluster to be between the age estimated

by Lindoff (1968) and Stothers (1972), which is 10−25 Myr.

The UBV CCD data were taken from Pigulski et al. (1997) for 75 stars in the

cluster. The e-star is numbered as 9 in their list and we have found it to be of B0.5

spectral type. A 12.5 Myr isochrone is fitted to the cluster data and the resulting

CMD is shown in figure 2.48(a). The e-star is located below the turn-off, slightly

reddened with respected to the MS location. The near-IR CCDm of the cluster

is shown in figure 2.48(b). Both the diagrams indicate that this e-star is a CBe

candidate. The spectra of the e-star in the wavelength range 3800 – 9000 Å are

shown in figure 2.48(c).

2.3.35 NGC 7261

NGC 7261 (RA = 22h20m11s, Dec = 58o07′18′′, l = 104o.037, b = 0o.910) is lo-

cated at a distance of 1681 parsec with a reddening value of 0.969 mag and an age

of 46.8 Myr, as mentioned in WEBDA.

We identified 3 e-stars in this cluster. No photometry is available for e-stars

in this cluster. An E(B−V) value of 0.969 mag is used to de-redden the JHKs

magnitudes taken from 2MASS catalogue. The resultant near-IR CCDm is shown

in figure 2.49(a). The e-stars 1 and 2 are more reddened compared to the third

star. No nebulosity is found to be associated with the e-stars. All the three stars

may belong to CBe category. The spectra of the e-stars in the wavelength range

3800 – 9000 Å are shown in figure 2.49(b).
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Figure 2.49: (a) The near-IR CCDm of the cluster NGC 7261 is shown with e-stars
shown as filled triangles. (b) The spectra of the e-stars NGC 7261(1), NGC 7261(2) and
NGC 7261(3), in the wavelength range 3800 – 9000 Å, are shown from bottom to top.

2.3.36 NGC 7419

NGC 7419 (RA = 22h54m20s, Dec = +60o48′54′′) is a moderately populated galac-

tic star cluster in Cepheus, lying along the Galactic plane l = 109o.13, b = 1o.14

with an unusual number of giants and super giants (Fawley and Cohen, 1974).

Blanco et al. (1955) identified the giants/super giants from objective prism in-

frared spectroscopy and estimated a visual absorption of 5.0 mag and a distance of

6.6 kpc. van de Hulst et al. (1954) estimated a distance of 3.3 kpc, whereas Moffat

and Vogt (1973) estimated the distance to be 6.0 kpc. Photometric observations

of the central region of this cluster was made by Bhatt et al. (1993). They found a

differential reddening of 1.54 – 1.88 mag with a mean value of 1.71 mag, a cluster

distance of 2.0 kpc and age about 40 Myr.

Beauchamp et al. (1994) estimated a younger age of 14 Myr and indicated

higher Av as reported by majority of authors. General interstellar absorption is

found to be higher in this direction. Pandey and Mahra (1987) and Neckel and

Klare (1980) found an absorption of 2.0 – 3.0 mag at 2 kpc in this direction. Hα
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emission stars in NGC 7419 were discovered by Gonzalez and Gonzalez (1956) and

Dolidze (1959, 1975). Furthermore, Kohoutek and Wehmeyer (1999) updated this

list with more such stars.
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Figure 2.50: (a) Optical CMD of the cluster NGC 7419 is shown with the e-stars shown
as solid circles. (b) The near-IR CCDm is shown with e-stars shown as filled triangles.
(c) & (d) The spectra of the e-stars NGC 7419(A), NGC 7419(B), NGC 7419(C), NGC
7419(D), NGC 7419(E), NGC 7419(F), NGC 7419(G), NGC 7419(H), NGC 7419(I) and
NGC 7419(I1), in the wavelength range 3800 – 9000 Å, are shown from bottom to top.

Pigulski and Kopacki (2000) reported that NGC 7419 contains a relatively large

number of CBe stars. From CCD photometry in narrow-band Hα and broad-band
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R and I (Cousin) filters, they identified 31 such stars. The fraction of CBe stars

found in this cluster puts it along with NGC 663, which is the richest in CBe stars

among the open clusters in our Galaxy. NGC 7419 also contains a low blue-red

giants ratio (Beauchamp et al., 1994). Caron et al. (2003) indicated a direct re-

lation between the relative frequency of red super giant (RSG) stars and CBe stars.
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Figure 2.51: (a) & (b) The spectra of the e-stars NGC 7419(J), NGC 7419(K), NGC
7419(L), NGC 7419(M), NGC 7419(N), NGC 7419(O), NGC 7419(P), NGC 7419(Q),
NGC 7419(R) and NGC 7419(1), in the wavelength range 3800 – 9000 Å, are shown from
bottom to top.

Based on the CCD photometric observations of 327 stars in UBV passbands,

Subramaniam et al. (2006) estimated the cluster parameters as reddening, E(B−V)

= 1.65 ± 0.15 mag, distance = 2900 ± 400 pc and a turn-off age of 25 ± 5 Myr.

The turn-on age of the cluster has been found to be in the range 0.3 – 3 Myr from

isochrone fits. About 42% of the stars are found to show near-IR excess which, from

their position in the near-IR CCDm, which indicates that they are intermediate

mass PMS stars. From slitless spectra we have identified 27 stars showing Hα in

emission, from which slit spectra of 25 stars were taken in the wavelength region

3700 – 9000 Å. From the spectral features and their location in the near-IR CCDm

(figure 2.50(b)) the e-stars are found to fit the HBe properties rather than those
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of CBe stars. Better techniques are required to prove the HBe nature of these

stars. For the present study, we consider the e-stars as CBe candidates and assign

an age of 25 Myr. The analysis has been done for 25 stars since 2 stars are out

of the photometric field of the cluster. The spectral type of the 25 e-stars in the

cluster is given in table 2.2. A 25 Myr isochrone is fitted to the cluster data and

the resulting CMD is shown in figure 2.50(a).
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Figure 2.52: (a) & (b) The spectra of the e-stars NGC 7419(2), NGC 7419(3), NGC
7419(4), NGC 7419(5) and NGC 7419(6), in the wavelength range 3800 – 9000 Å, are
shown from bottom to top.

The spectra of the e-stars in the wavelength range 3800 – 9000 Å are shown

in figure 2.50(c & d), 2.51 and 2.52. Mgii line 7877 Å is present in the spectra of

NGC 7419(D), NGC 7419(O), NGC 7419(Q) and 7896 Å in NGC 7419(D), NGC

7419(N), NGC 7419(P), NGC 7419(1), NGC 7419(3) and NGC 7419(5). Caii

triplet is found in emission for 16 e-stars. Nii lines 5005, 5530, 5684, 5711 Å are

found in the spectra of NGC 7419(C), NGC 7419(L), NGC 7419(P) and NGC

7419(5) respectively.

118



Chapter 2 Survey of emission-line stars in young open clusters

2.3.37 NGC 7510

NGC 7510 (RA = 23h11m03s, Dec = +60o34′12′′, l = 110o.903, b = 0o.064) is a

young open cluster of Trumpler type II2m, located in Cepheus.
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Figure 2.53: (a) Optical CMD of the cluster NGC 7510 is shown with the e-stars shown
as solid circles. (b) The near-IR CCDm is shown with e-stars shown as filled triangles.

From UBV photographic photometry of the cluster, Barbon and Hassan (1996)

estimated a mean color excess E(B−V) = 1.12, distance of 3.09 kpc and age of 10

Myr. Sagar and Griffiths (1991) obtained CCD observations of the cluster in B, V

and I passbands down to V ∼ 21 mag. The cluster has a colour excess, E(B−V)

in the range 1.0 to 1.3 mag. From an analysis of V vs (B−V) and V vs (V−I)

CMDs, they found a DM of 12.5 mag and an age of 10 Myr. Paunzen et al. (2005)

detected two Be stars using narrow band, three filter photometric system. From

the derived cluster parameters E(B−V) = 0.90 ± 0.02, distance = 3480 ± 420 pc,

age = 22.3 Myr, they found the cluster to be part of the Perseus arm of the Milky

way.

The UBV photographic data were taken from Barbon and Hassan (1996) and

the stars 18, 77 and 25 are found to show emission. They are numbered as 1A, 1B

and 1C by us and are found to be of B2.5, B5 and B4 spectral type respectively. A
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Figure 2.54: The spectra of the e-stars NGC 7510(1A), NGC 7510(1B) and NGC
7510(1C), in the wavelength range 3800 – 9000 Å, are shown from bottom to top.

10 Myr isochrone is fitted to the cluster data and the resulting CMD is shown in

figure 2.53(a). Comparing optical CMD and near-IR CCDm (figure 2.53(b)) the

e-star NGC 7510(1C), shows relatively large reddening and IR excess, and could be

a HBe candidate. But the absence of nebulosity may cause doubt to the candida-

ture. The stars NGC 7510(1A) and NGC 7510(1B) belong to CBe category. The

spectra of the e-stars in the wavelength range 3800 – 9000 Å are shown in figure

2.54. NGC 7510(1A) and NGC 7510(1B) show similar spectral features with Caii

triplet, Paschen lines and Feii lines in emission while NGC 7510(C) shows Mgii

and Siii lines also in emission. The Oi 7772 Å line is present in absorption while

8446 is present in emission in all the e-stars.

2.3.38 Roslund 4

Delgado et al. (2004) obtained photometric and spectroscopic observations of the

cluster Roslund 4 (RA = 20h04m54s, Dec = +29o13′00′′, l = 66o.984, b = −1o.270)

and estimated a colour excess of 1.1 ± 0.2, DM of 11.7 ± 0.5, age of 15.8 Myr and

a heliocentric radial velocity of -15.7 ± 5.2 km/s. They found that the emissions
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seen in Hα and forbidden lines are of nebular origin except in the case of three

stars of spectral type earlier than A0. They suggested the cluster to be associated

with two nebulae IC 4954 and IC 4955 along with two Herbig-Haro objects.
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Figure 2.55: (a) Optical CMD of the cluster Roslund 4 is shown with the e-stars shown
as solid circles. (b) The near-IR CCDm is shown with e-stars shown as filled triangles.
(c) The spectra of the e-stars Roslund 4(1) and Roslund 4(2), in the wavelength range
3800 – 9000 Å, are shown from bottom to top.

Racine (1969) used photoelectric photometry to study the cluster and estimated

a distance of 2900 ± 300 pc using thirteen cluster members. Phelps (2003) used

B and V band CCD data and [Sii] emission-line imaging to study the cluster and

obtained an age of 4 Myr, which explains shocked gas features in the region, and
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a distance of 1700−2000 pc.

The photometric data were taken from Delgado et al. (2004). The cluster data

is fitted with 15.8 Myr isochrone and resulting CMD is shown in figure 2.55(a). The

cluster is found to have 2 e-stars of spectral type A1 and B0 respectively. The B0

star is located very close to the turn-off, whereas the other e-star is located on the

MS, well below the turn-off. The star 1 (A1) has been found to be associated with

nebulosity. Using PMS isochrone fitting, the age of the star has been estimated

in the range 1.5−3 Myr. From the near-IR CCDm, this star is found to have a

considerable near-IR excess of 0.5 mag in (J−H) (figure 2.55(b)). These evidences

suggest that the star can be a HAe candidate. Hence out of the 2 e-stars in the

cluster, Roslund 4(1) is HAe star while Roslund 4(2) is a CBe candidate. The

spectra of the e-stars in the wavelength range 3800 – 9000 Å are shown in figure

2.55(c). Roslund 4(1) shows [Oi] 5577 Å in emission and the spectrum resembles

NGC 6756(3). Roslund 4(2) has 6347 Å Siii line in absorption and 7896 Å Mgii

line in emission.

2.4 Conclusion

• We performed slitless spectroscopy to search for e-stars in open clusters. We

identified 157 e-stars in 42 open clusters from a survey of 207 open clusters.

• We have used UBV photometric data, most of which were taken from WEBDA,

to construct optical CMDs. These were fitted with ZAMS and isochrones us-

ing the age and distance values taken from data references. These values

have been used for the comparitive analysis of the photometric parameters

of e-stars, which is given in next chapter. The location of e-stars in these

diagrams have been used to understand their evolutionary phase.
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• From the above cluster analysis, we found that new photometric data are

needed for the clusters Berkeley 63, Berkeley 90, Collinder 96, NGC 1220,

NGC 2414, NGC 2421, NGC 6649, NGC 6910, NGC 7039, NGC 7261 and

NGC 7510. This will help in re-estimating the CBe parameters from the

modified cluster parameters. The clusters Bochum 2, NGC 2414, NGC 7261

do not have the data corresponding to the e-stars.

• The near-IR JHKs magnitudes for the cluster region are used to construct

near-IR CCDm. The position of e-stars in near-IR CCDm, which is corrected

for cluster reddening, is used as a method to classify CBe stars from HAeBe

candidates.

• The spectra of 157 e-stars, taken with a resolution of 4.41 Å in the wavelength

range 3800 – 5500 Å and 3.75 Å in the wavelength region 5500 – 9000 Å , are

presented. The spectral features identified for each e-star is given in table

2.3. The spectra of e-stars in each cluster is compiled with optical CMD and

near-IR CCDm. A comprehensive analysis of the stellar properties using

measured spectral parameters is given in chapter 4.

• The clusters Bochum 6, IC 1590, NGC 6823 and NGC 7380 which were

found to have HAeBe stars are not described here. They will be presented

in chapter 5.
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Chapter 3

Be phenomenon in open clusters:

results from a survey of

emission-line stars in young open

clusters

3.1 Introduction

A collective analysis of the properties of 157 e-stars, identified from slitless sur-

vey, is presented in this chapter. We estimated their distance, age and spectral

type from the optical CMD of open clusters to which they are associated. We

also identified their evolutionary phase by finding their location in the cluster MS.

We looked for nebulosity around the e-stars in addition to the location in opti-

cal CMD and near-IR CCDm, to separate possible HBe stars from CBe stars.

A detailed analysis of e-stars treating them as members of the parent cluster is

given in chapter 2. To classify e-stars based on near-IR excess, we have compared

the 2MASS colours of the known catalogued HBe stars (The et al., 1994) and

CBe stars (Jaschek and Egret, 1982) along with our candidate stars. The B and V

band photometric magnitudes were taken from Tycho-2 Catalog (Høg et al., 2000),

which along with the known spectral types were used to determine colour excess

E(B−V). This was used to estimate E(J−H) and E(H−K) using the relations by
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Rieke and Lebofsky (1985), which in turn were used to deredden the (J−H) and

(H−K) colours. The distribution of clusters which have Be stars were studied in

Galactic coordinates with respect to the clusters which do not contain e-stars to

look for any preferential location for clusters with e-stars.

3.2 Results and Discussion

As mentioned earlier, the technique used here only identifies definite e-stars and

thus the statistics presented here are lower limits. Since this survey has covered a

large number of clusters, we have done statistical analysis of the fundamental pa-

rameters of the e-stars and the clusters which house them. The following sections

discuss these facts. Most of the identified e-stars are CBe candidates (145 stars,

∼ 92%), whereas some are HBe candidates (10 stars, ∼ 6%). A very few (2, ∼

2%) HAe candidates are also present (table 3.1). In order to study the identified

e-stars as well as the hosting cluster in detail, we have taken the photometric data

from the references listed in table 3.1.

3.2.1 Colour-Magnitude Diagram of the e-stars

The Mv versus (B−V)0 CMD of the e-stars in all the clusters is shown in figure 3.1.

From the distribution of stars in the diagram we can see that a few could belong to

HBe stars. Stars brighter than Mv ∼ −3.0 are located to the right of the ZAMS.

There are about 20 stars in this group and this might be due to reddening or due

to evolution away from the MS. From the analysis of the CMDs of 37 clusters, we

identified only about 12 stars to be located close to the MS turn-off and probably

evolving away from the MS. Thus, the deviation from the MS is likely to be due to

both evolution and reddening. In the range, Mv = −3 – 0.0, most of the CBe stars
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are located very close to the ZAMS with some located to the right, probably due

to reddening. This figure and also the summary given below show that most of the

CBe stars are still in the MS evolutionary phase. Thus, the emission mechanism

is not connected with the core-contraction at the MS turn-off for a majority of the

identified e-stars.
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Figure 3.1: The CMD of the e-stars is shown in figure with Y-axis being the absolute
magnitude and X-axis being the reddening corrected colour.

From the 40 clusters with ages known, we found 9 clusters younger than 10

Myr to harbour e-stars. These clusters contain 15 e-stars out of which 10 belong

to CBe category while five belong to HBe class. We have found the cohabitance

of both classes of e-stars in the clusters IC 1590 and NGC 6910. The clusters IC

1590, NGC 637 and 1624 are found to have young CBe stars whose age is about

4 Myr. We have observed 16 clusters to be in the age range 10−19 Myr which

contain a total of 42 e-stars out of which 35 belong to CBe category, five HBe

stars and two HAe stars. We have found seven clusters to be in 20−40 Myr age
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bin which contain a total of 65 e-stars, all of which are CBe stars. This age bin

contains rich clusters like NGC 663, 6649 and 7419 which contribute 22, 7 and 25

CBe stars to the total sample. Since the remaining clusters in this group have at

least three Be stars, we can infer that this age range favours a rich environment

for the formation of Be stars. From a spectral type evolution point of view, B-type

stars earlier than B5 are found to be in and around MS phase during this period.

The clusters King 10, NGC 6834 and 7261 are found in 40−50 Myr age range

which contain 11 CBe stars. We have four clusters in the age bin 60−100 Myr

which have a total of 19 CBe stars, out of which 12 are from the cluster NGC

2345. We have a couple of clusters with age greater than 100 Myr: NGC 6756

and 7039. NGC 6756 is found to have an age range of 125−150 Myr, which is

found to have two CBe stars with spectral types B3.5 and B2.5, respectively. Even

though we have fitted an age of 1000 Myr to the cluster NGC 7039, the presence

of e-star makes the age estimation suspicious. Hence, deeper and new UBV CCD

observations are needed to have any say about this cluster.

From the analysis of the individual cluster CMDs with e-stars, 12 are found to be

near the turn-off in the CMD. They are IC 4996(1, B2), King 10(B, B1), King

10(E, B2), King 21(C, B0.5), NGC 659(2, B0), NGC 663(7, B0), NGC 663(16,

B0), NGC 663(P6, B0.5), NGC 663(12V, B0.5), NGC 2421(1, B3.5), NGC 6649(1,

B1.5), Roslund 4(2, B0). Our catalogue number and spectral type are given in

brackets. Hence majority of the e-stars are not in the evolved part of the MS.

Thus our result does not favour core contraction scenario as the only mechanism

for the Be phenomenon.
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Figure 3.2: A plot of Mv versus the age in Myr of the e-stars is shown. The e-star
belonging to cluster NGC 7039 is not plotted due to uncertainty in age estimation.

3.2.2 Mv versus age of the e-stars

A plot of Mv with respect to age of the e-stars is shown in figure 3.2. Stars in

the age range 0−10 Myr are distributed between Mv = 0.5 and −3.0. That is,

these clusters lack CBe stars of spectral type earlier than B1. On the other hand,

these very early spectral types as well as the later spectral types are seen in the

age range 10−30 Myr. A trend is seen for the e-stars to shift to late B spectral

type with age, especially for the stars in 40−80 Myr, due to massive stars evolving

away. This trend is deviated by the two stars in the cluster NGC 6756, which is

older than 100 Myr.

The trend which is noteworthy is the absence of very early CBe spectral types

in clusters younger than 10 Myr. This suggests that the spectral types earlier than

B1 show Be phenomenon after 10 Myr. If this is true, this suggests that the Be

phenomenon in spectral types earlier than B1 is due to evolutionary effect. The
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existence of this younger age limit is only indicative here. Search and identification

of CBe stars in more clusters in this age range are required to confirm this result.

3.2.3 Distribution of e-stars versus cluster Age

We have surveyed 207 open clusters, out of which 145 were younger than 100 Myr,

39 clusters were older than 100 Myr while the age of 23 clusters is unknown. Out

of the total number of clusters surveyed, 22% have been found to have e-stars. The

fraction of clusters which have e-stars with respect to total surveyed clusters as a

function of age is shown as histograms in figure 3.3. We find that the maximum

fraction of clusters which house CBe stars fall in the age bin 0−10 and 20−30 Myr

(∼ 40%). There seems to be a dip in the fraction of CBe clusters in the 10−20

Myr age bin. For older clusters, the estimated fraction ranges between 10 and

25%. The reduction in the fraction from 0−10 Myr age bin to 10−20 Myr age

bin could be due to evolutionary effects and also due to the MS evolution of the

probable HBe stars. Also, the fraction in the 10−20 Myr age bin is similar to the

value found for older clusters. There seems to be an enhancement in the cluster

fraction with Be stars in the 20−30 Myr age bin.

In table 3.2, we have also shown the results from McSwain and Gies (2005b), in

parenthesis. They have a good number of clusters younger than 40 Myr and there

are only a few older clusters. The CBe cluster fraction from their data indicates

that the largest fraction (0.71) is in the 10−20 Myr, with lesser fractions in the

0−10 and 20−30 age bins. Thus McSwain and Gies (2005b) data set indicates that

the fraction of clusters with Be stars increases after 10 Myr, whereas our data set

shows the rise after 20 Myr. The striking result is that both the sets indicate a

rise in the age bin, 10−30 Myr, from the initial fraction. It should be noted that

these two data sets have sampled different part of the galactic disk. This result is
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Figure 3.3: Fraction of clusters which have e-stars with respect to the total number of
clusters surveyed is shown in the figure.

similar to that reported by Wisniewski and Bjorkman (2006).

When we estimate the fraction of CBe stars observed in various age bins, the

statistics is dominated by the CBe-rich clusters. Out of the 155 e-stars (ages of

two stars is not known), distributed in 40 clusters, 19.3% (30 of 155) of the stars

are found to belong to 1−10 Myr group, with the 10 Myr clusters belonging to this

group. About 61.9% (96) are in the 10−40 Myr age group including the candidates

of 40 Myr old clusters. We have found seven e-stars (4.5%) in the 40−50 Myr age

group. The surprising aspect is the presence of 19 stars in 50−100 Myr group

(12.2%), which are the stars from the clusters Collinder 96, NGC 1220, 2345 and

2421. For the sake of completion, we have to include the clusters older than 100

Myr like NGC 6756 and 7039 (2% contribution to the total list of e-stars) to this

list of old clusters.
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We find that Be phenomenon is pretty much prevalent in clusters younger than

10 Myr, ∼ 40% of clusters in this age range house CBe stars and about 20% CBe

stars are younger or as old as 10 Myr. McSwain and Gies (2005b) also find a good

fraction of young clusters to have CBe stars. Thus, using a much larger sample, we

confirm similar results obtained by Wisniewski and Bjorkman (2006); Wisniewski

et al. (2007) and McSwain and Gies (2005b). Thus, these CBe stars are born as

CBe stars, rather than evolved to become CBe stars. Since we do not find any

CBe stars earlier than B1 in clusters of this age range, our results mildly suggest

that this happens mainly for spectral types later than B1.

We also find that the fraction of clusters with CBe stars significantly increases

in the age range 20−30 Myr, similar to the result found by Wisniewski and Bjork-

man (2006) (10−25 Myr) and McSwain and Gies (2005b) (10−20 Myr). All these

results put together indicate that there is an enhancement in the 10−30 Myr age

range. These suggest that stars in these clusters evolve to become CBe stars.

Thus, there could be two mechanisms responsible for the Be phenomenon. Rapid

rotation is generally considered as the reason for the Be phenomenon. First mech-

anism is where the stars start off as CBe stars early in their lifetime, as indicated

by CBe stars in very young clusters. These probably are born fast-rotators. These

type of stars are found in all age groups of clusters. These types of stars are likely

to be later than B1, as indicated by the paucity of very early type CBe stars in

young clusters. The second mechanism is responsible for the enhanced appearance

of Be stars in the 10−30 Myr age group clusters. This is likely to be an evolu-

tionary effect on the MS. As seen in figure 3.3, the 10−30 Myr age range has a

large number of CBe stars in the spectral type earlier than B1. This component

is probably due to the structural or rotational changes in the early B-type stars,

in their second half of the MS life time (Fabregat and Torrejón, 2000).

Recently Martayan et al. (2009b) gave explanation to the above plot in terms
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of the evolution of angular velcocity as follows. In massive Be stars, the threshold

value of ω/ωc for Be phenomenon (0.7) is aquired during the beginning of main

sequence lifetime. Here ωc is critical angular velocity. The value of ω/ωc is dropped

below 0.7 due to wind-driven mass loss which results in the reduction of angular

momentum. Hence the Be phenomenon disappears after 5−10 Myr. Intermediate-

mass Be stars seem to retain the value of ω/ωc above the threshold value during

their entire main sequence lifetime. The Be phenomenon vanishes when the star

evolves to reach TAMS in 40 Myr, which explains the lower fraction in this age-bin.

Low-mass B stars appear as Be at the beginning of main sequence phase but will

switch back to B star by reorganisation of the internal angular momentum. Even-

tually the threshold value of 0.7 is achieved during an age of 40−50 Myr, which

is visible in the increment of the number of open clusters with Be stars at an age

of 40 Myr. Then the low mass stars reaches TAMS and the fraction of clusters

with Be stars decreases with age. However, this explanation do not account for

the presence of massive Be stars in clusters older than 10 Myr.

3.2.4 Distribution of e-stars as a function of spectral type

Out of the total 157 e-stars, spectral types of 140 have been estimated based on

available photometric data. The photometric UBV magnitudes available from the

literature have been corrected for reddening and distance to determine the spec-

tral type using Schmidt-Kaler (1982). Mermilliod (1982) studied the distribution

of Be stars as a function of spectral types, which is found to show maxima at types

B1−B2 and B7−B8. The positions of these maxima are identical to those of gaps

already noticed in the (U−B) vs (B−V) plane at exactly B1−B2 and B7−B8. Our

analysis shows bimodal peaking of the distribution in B1−B2 and B5−B7 spectral

bins (figure 3.4).
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Figure 3.4: The distribution of the surveyed e-stars with respect to the spectral type is
given in figure. The solid squares show the total candidates while the open circles show
the number of candidates after removing the contribution from 5 rich clusters.

Fabregat (2003) studied the Be star frequency as a function of the spectral

subtype for Galactic and Magellanic cloud clusters in the 14−30 Myr age interval,

and found that Be stars of the earlier subtypes are significantly more frequent than

in the Galactic field, and late Be stars are less. Our results indicate that about

32% of the e-stars belong to spectral type later than B5. We have found 26 stars in

B0−B1 spectral bin, 23 in B1−B2 bin, 20 in B2−B3 bin, six in B3−B4 and five in

B4−B5 spectral bin (figure 3.4). In this analysis also, the statistics is dominated

by the clusters rich in CBe stars. It can be seen that most of the CBe stars in rich

clusters belong to early B type. Thus, the enhanced peak seen in the B0-B1 bin

is due to rich clusters. The distribution obtained after removing the contribution

from rich clusters like NGC 7419, 2345, 663 and h & χ Persei is also shown in

figure 3.4. It can be seen that the B0−B1 enhancement is substantially reduced.

The distribution is more or less even with peaks in B1−B2 and B6−B7 spectral
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bins.

3.2.5 Be star fraction

The Be phenomenon has always been connected with the question that whether

all B-type stars pass through the Be phase or not. Jaschek and Jaschek (1983)

estimated the mean frequency of Be stars to be around 11% from Bright Star Cat-

alogue considering all spectral type and luminosity classes. In order to address this

question we have found the ratio of Be stars to total B-type stars [N(Be)/N(Be+B)]

in the surveyed clusters. We have estimated this fraction in 37 clusters for which

reliable photometry was available. The ratio is found to be less than 0.1 (10%)

for 29 clusters. The rich clusters NGC 7419, 663 and 2345, which are having more

than 10 e-stars, are found to be well separated from the rest (figure 3.5).
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Figure 3.5: The figure shows the ratio of Be stars with respect to all B type stars in
the surveyed clusters.
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The Be star fraction of NGC 2345 is highest among the surveyed clusters (26%)

while the rich clusters like NGC 7419 (11%) and NGC 663 (4.5%) shows a lesser

value. The clusters which stand out from the rest are labelled in figure 3.5. These

include clusters having multiple e-stars like NGC 6649 (Be star fraction of 17.9%),

Berkeley 87 (18.2%), NGC 2421 (11.7%), Collinder 96 (18.2%) and NGC 1220

(16.6%). McSwain and Gies (2005b) also found the Be star fraction to be ≤ 10%

for most of the clusters. Fabregat and Gutierrez-Soto (2005) have estimated Be

star fraction in NGC 663 and h& χ Persei to be around 9.5 and 6.8%, respectively.

They have found 188 B-type stars in NGC 663 out of which 18 are Be stars while

we have found a total of 486 B-type stars including 22 Be candidates. For h& χ

Persei, they have estimated a total of 218 stars among which 15 showed emission

while we have found 1065 B stars out of which 12 showed emission, which results

in a Be fraction of 1.1%.

3.2.6 Distribution of e-stars in near-IR CCDm

The near-IR CCDm of the cluster e-stars along with the catalogued CBe and

HAeBe stars is shown in figure 3.6. The diagram also shows the MS and the red-

dening line (Koornneef, 1983). The cluster e-stars which are displaced from the

CBe location, where all the catalogued CBe stars lie, are discussed below. The e-

stars NGC 7380(4)(1.005,0.855), IC 1590(1)(0.953,0.500), IC 1590(2)(0.999,0.790)

and NGC 6823(1)(1.045,0.767) are located in the HAeBe location. Some stars like

Bochum 6(1)(0.596,0.295), NGC 884(2) (0.545, 0.226), NGC 7419(1) (0.515, 0.219),

NGC 146(S1)(0.356,0.320) and Roslund 4(1)(0.296,0.359) are located in the region

between the HAeBe and CBe distribution. The stars NGC 436(3)(0.165,0.705)

and NGC 7128(1)(0.254,0.741) are found to be beyond the reddening vector. In

the former case, it might be due to the variation of colour excess around the star

while in the latter case the quality of the data is poor with a flag of DEE. Thus,
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this comparison confirms that most of the cluster e-stars are CBe type of stars,

and only a few stars are HBe candidates.
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Figure 3.6: Extinction corrected near-IR CCDm of e-stars (open triangles) in open
clusters with MS (bold curve) and reddening vectors (dashed lines). The field CBe stars
(filled squares) and HBe stars (filled circles) from the catalogue are also shown in figure.

Some of the catalogued Herbig stars (The et al., 1994) like HBC 334(0.286,0.268),

V374 Cep(0.351,0.189), HD 35929 (0.296, 0.190), HD 130437 (0.273, 0.142), V361

Cep (0.170, 0.085), HD 37490 (0.100, 0.099), HBC 324 (0.059, 0.016), CPD-

613587 (0.029, -0.016), HD 76534(-0.040,-0.121), HD 53367(-0.050,-0.092), HD

141569(0.004,0.020), V599 Car(0.035,0.083), HD 141569(-0.004,0.020), are found

to be in the CBe location while LkHα 208(0.589,0.249) and TY CrA(0.241,0.379)are

found to be in the transition region in between the two zones. Out of the cata-

logued CBe stars (Jaschek and Egret, 1982) only BD +56573(0.573,0.274) is found

to be in the transition zone between HAeBe stars and CBe stars. The presence of

HAeBe stars in CBe location may be due to the evolutionary scenario in which a
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HAeBe star can lose disk and de-redden to a CBe location. This type of HAeBe

stars may be spun up candidates since CBe stars are high rotators. We have found

a few cluster candidates in this transition phase. The rotation velocity of these

stars could progressively increase as we come down along the reddening vector,

from HAeBe location to CBe location. We are doing extensive analysis of the

rotation velocity information from spectral line analysis of our candidate stars as

well as field stars.

3.2.7 Location of clusters with e-stars in the Galaxy

We have plotted the surveyed clusters in the Galactic plane (Galactic longitude

- latitude, l−b plane), as shown in figure 3.7(a). The total surveyed clusters are

shown as open triangles while the clusters which harbour e-stars are shown as filled

triangles. It can be seen that most of the e-stars lie within a longitude range of

120o − −130o, which correspond to Perseus arm of the galaxy. Most of the rich

clusters like NGC 7419 (l = 109o), NGC 663 (l = 129o) and h & χ Persei (NGC 869

and NGC 884; l = 135o) are found to lie in this region, which point to vigorous star

formation activities. The rich cluster NGC 2345(l = 226o) is found in Monoceros

region of the Galaxy along with the clusters like Bochum 2, Bochum 6, Collinder

96 and NGC 2421.

We were not able to survey clusters in the Carina, Crux and Norma spiral arm

of the Galaxy since they are southern objects which are not accessible using our

observation facility. Most of the surveyed clusters lie along the galactic plane,

as expected, while some like IC 348(b = −17o.8), NGC 1758(b = −10o.5), NGC

2355(b = 11o.8), NGC 2539(b = 11o.1) lie away from the plane. The location

of clusters in the Galactic plane is shown in figure 3.7(b). This also suggests a

preferential occurrence of clusters with CBe stars in the second Galactic quadrant.
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Figure 3.7: (a) Distribution of clusters with e-stars (filled triangles) and clusters without
e-stars (open triangles) is shown in the figure. (b) The figure shows the distribution of
clusters with e-stars (filled triangles) and without e-stars (open triangles). The axes are
given in units of kilo parsecs.

Only a few clusters are found to have Be stars in the third quadrant. These plots

indicate that regions with vigorous star formation are coincident with clusters con-

taining CBe stars.

3.3 Conclusion

• We have searched for e-stars in 207 clusters out of which 42 has been found

to have at least one. This can be a lower limit, considering the variability of

e-stars and detection limit of the instrument.

• A total of 157 e-stars were identified in 42 clusters. We have found 54 new

e-stars in 24 open clusters, out of which 19 clusters are found to house e-stars

for the first time.

• The fraction of clusters housing e-stars is maximum in both the 0−10 and

20−30 Myr age bin (∼ 40% each) and in the other age bins; this fraction
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ranges between 10 and 25%, up to 80 Myr.

• Most of the e-stars in our survey belong to CBe class (∼ 92%) while a few

are HBe stars (∼ 6%) and HAe stars (∼ 2%).

• The youngest clusters to have CBe stars are IC 1590, NGC 637 and 1624 (all

4 Myr old) while NGC 6756 (125 − 150 Myr) is the oldest cluster to have

CBe stars.

• The CBe stars are located all along the MS in the optical CMDs of clusters

of all ages, which indicates that the Be phenomenon is unlikely only due to

core contraction near the turn-off.

• The distribution of CBe stars as a function of spectral type shows peaks at

B1−B2 and B6−B7. Rich clusters like NGC 7419, 2345, 663 and h & χ

Persei are found to favour the formation of early-type Be stars.

• Among 37 surveyed clusters, 29 are found to have Be star fraction to be less

than 10% while rich clusters like NGC 2345 (26%) and NGC 6649 (17.9%)

have more than 15%.

• Be phenomenon is very common in clusters younger than 10 Myr, but there

is an indication that these clusters lack CBe stars of spectral type earlier

than B1. The fraction of clusters with CBe stars shows an enhancement in

the 20−30 Myr age bin, which indicates that this could be due to evolution of

some B stars to CBe stars. The above two findings suggest that there could

be two mechanisms responsible for Be phenomenon. The first mechanism is

where some stars are born CBe stars. Our results mildly suggest that this

happens mainly for spectral types later than B1. The second mechanism is

where the B stars evolve to CBe stars, likely due to evolution on the MS,

enhancement of rotation or structural changes. This is likely to happen in

early B spectral types.
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• We have made an effort to classify e-stars on the basis of IR excess using

near-IR CCDm. Using the catalogued field CBe and HBe stars, we have

found that CBe stars are strictly confined to the location prescribed to them

in terms of IR excess, while HBe stars are seen to migrate from HBe location

to CBe location. Some of the cluster stars are also found to belong to this

category. Detailed spectral analysis is done to understand these stars.

• Most of the clusters which contain e-stars are found in Cygnus, Perseus &

Monoceros region of the Galaxy, which are locations of active star formation.
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Table 3.1: Details of e-stars in surveyed clusters. Clusters with ‘*’ in the last column
are those with Be stars identified for the first time from this survey.

Cluster

Name

No.of

e-

stars

Age in

Myr

CBe/HBe Reference WEBDA

Berkeley 62 1 10 1 CBe 17 *

Berkeley 63 1 1 CBe *

Berkeley 86 2 10 2 CBe 6 3

Berkeley 87 4 8 4 CBe 26 5

Berkeley 90 1 1 HBe *

Bochum 2 1 4.6 1 CBe *

Bochum 6 1 10 1 HBe 27 *

Collinder 96 2 63 2 CBe 14 *

IC 1590 3 4 1 CBe,1 HAe, 1HBe 8 4

IC 4996 1 8 1 CBe 4 2

King 10 4 50 4 CBe 17 6

King 21 3 30 3 CBe 22 *

NGC 146 2 10−16 1 CBe,1 HBe 20 *

NGC 436 5 40 5 CBe 17 *

NGC 457 2 20 2 CBe 17 7

NGC 581 4 12.5 4 CBe 17 4

NGC 637 1 4 1 CBe 17 *

NGC 654 1 10 1 CBe 16 6

NGC 659 3 20 3 CBe 17 5

NGC 663 22 25 22 CBe 16 34

NGC 869 6 12.5 6 CBe 19 28

NGC 884 6 12.5 6 CBe 19 25

NGC 957 2 10 2 CBe 10 5

NGC 1220 1 60 1 CBe 15 *
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Cluster

Name

No.of

e-

stars

Age in

Myr

CBe/HBe Reference WEBDA

NGC 1624 1 4 1 CBe 23 *

NGC 1893 1 4 1 HBe 12 4

NGC 2345 12 60−100 12 CBe 13 *

NGC 2414 2 10 2 CBe *

NGC 2421 4 80 4 CBe 1, 14, 28 *

NGC 6649 7 25 7 CBe 11, 24, 25, 29 *

NGC 6756 2 125−150 2 CBe 22 *

NGC 6823 1 6.3 1 HBe 7 5

NGC 6834 4 40 4 CBe 22 3

NGC 6910 2 6.3 1 CBe 10 *

NGC 7039 1 1000 1 CBe 9 *

NGC 7128 3 10 3 CBe 2 2

NGC 7235 1 12.5 1 CBe 18 1

NGC 7261 3 46 3 CBe 2

NGC 7380 4 10−12 1CBe, 2HBe, 1HAe 12 3

NGC 7419 25 25 25 CBe 21 37

NGC 7510 3 10 2CBe, 1HBe/CBe 3 2

Roslund 4 2 16 1CBe, 1HAe 5 3

Reference: 1.Babu(1983) 2.Balog et al.(2001) 3.Barbon et al.(1996) 4.Del-

gado et al.(1998) 5.Delgado et al.(2004) 6.Forbes et al.(1992) 7.Guetter(1992)

8.Guetter et al.(1997) 9.Hassan(1973) 10.Hoag et al.(1961) 11.Madore(1975)

12.Massey et al.(1995) 13.Moffat(1974) 14.Moffat et al.(1975) 15.Ortolani et

al.(2002) 16.Pandey et al.(2005) 17.Phelps & Janes(1994) 18.Pigulski et al.(1997)

19.Slesnick et al.(2002) 20.Subramaniam et al.(2005) 21.Subramaniam et al.(2006)

22.Subramaniam et al.(in prep.) 23.Sujatha et al.(2006) 24.Talbert(1975)

25.The et al.(1963) 26.Turner(1982) 27.Yadav et al.(2003) 28.Yadav et al.(2004)

29.Walker et al.(1987) 142
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Table 3.2: The list of clusters with and without e-stars in various age bins. For com-
parison, values obtained by McSwain & Gies (2005) are given in parenthesis.

Age Bin Non-Emission Emission star Total clusters Fraction of

in Myr star clusters clusters surveyed e-star clusters

0−10 30(6) 18(11) 48(17) 0.375(0.647)

10−20 21(4) 8(10) 29(14) 0.275(0.714)

20−30 6(4) 4(4) 10(8) 0.4(0.5)

30−40 9(3) 2(1) 11(4) 0.181(0.25)

40−50 5 2 7 0.285

50−60 8 1 9 0.111

60−70 3 1 4 0.25

70−80 6 2 8 0.25

80−90 5 0 5 0

90−100 9 0 9 0

>100 37 2 39 0.051
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Spectroscopic characteristics of

Classical Be stars in open

clusters: Evidence for bimodal

origin

4.1 Introduction

Following the survey (Mathew et al., 2008), the spectra of the identified e-stars

were obtained to study their spectral properties. The survey identified a large

number of stars covering a wide spectral and age range, thus making the sample

ideal for statistical analysis of various spectral characteristics. In order to compare

these cluster e-stars with those in the field, spectra of field CBe as well as HAeBe

stars were also obtained. Thus this study aims to understand spectral charac-

teristics of CBe stars in clusters and compare their properties with those in the

field. In particular, the sample presented here is used to understand the angular

momentum distribution of the star-disk system as a function of spectral type. We

also attempt to detect any evolution of the angular momentum of the disk and

star over an age range.
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Mathew et al. (2008) suggested that certain B stars evolve to become CBe while

others are born as CBe stars. Martayan et al. (2009a) confirmed the above finding

from the Hα spectroscopic survey of Be stars in the SMC clusters. McSwain et al.

(2008) found that Be stars are not associated with a particular stage of MS evolu-

tion, from the investigation of long-term variability of Be stars in the cluster NGC

3766. From the measurement of changing disk sizes they confirmed the idea of

NRP contributing to the formation of variable disks. McSwain et al. (2009) found

12 new transient Be stars and confirmed 17 additional Be stars with relatively

stable disks from Hα spectroscopy of 296 stars in eight open clusters. Martayan

et al. (2007a) studied 131 Be stars in the SMC cluster NGC 330. They found that

early type Be stars with large Hα EW is higher in the SMC than in the LMC and

the Milky way. They identified short-term variability in 13 Be stars of which 9 are

multiperiodic. From the spectroscopic study of e-stars in NGC 330, Hummel et al.

(1999) suggested that the rotation axis of Be stars are not aligned. Using Balmer

line spectroscopy of 58 stars in 8 open clusters and associations, Torrejon et al.

(1997) identified the spectroscopic behaviour to be similar in both field and cluster

Be stars. Using high and medium resolution spectroscopy of Be stars and binary

stellar systems in young open clusters, Malchenko and Tarasov (2008) found that

CBe stars mostly appear at an age of 10 Myr and their concentration reaches the

maximum at 12−20 Myr.

The chapter is arranged as follows. Section 4.2 explains the major results from

the spectral line analysis. In this section, a comparative analysis of the spectral

lines of 152 surveyed CBe stars is presented with the studies known in literature.

The distribution of Balmer decrement (D34), correlation between Oi and Balmer

line profiles, distribution of Hα EW, its variation with age and spectral type are

presented. The line profiles are not corrected for stellar absorption while measur-

ing the EW and FWHM. We plan to estimate accurate stellar parameters using a

grid of synthetic spectra, in the future.
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The Be phenomenon is closely linked with the stellar rotation velocity. We

estimated the stellar rotation velocity from Hei 4471 Å absorption line profile and

disk velocity from Hα emission-line profile. The rotation velocity measurements

are used to understand the stellar and disk velocity distribution and its evolution

in surveyed stars. We discuss the results in section 4.3 followed by conclusions in

section 4.4.

4.2 Results: Spectral line analysis

A comparative analysis of the spectral lines of 152 surveyed stars is presented with

the studies found in literature.

Among the Balmer lines, Hα is present in emission in all the stars, while Hβ

shows emission or filled-in profile. The higher order lines like Hγ , Hδ are either

filled-in or in absorption. All the major helium (Hei) lines like 4026 Å, 4471 Å,

5016 Å, 5876 Å, 6678 Å and 7065 Å are present in the spectra with varying inten-

sity depending on the spectral type.

Using photometric and spectroscopic analysis we confirmed that 5 out of the

total sample of 157 e-stars belong to HAeBe category. These are excluded from

present study. The following analysis uses a sample of 152 CBe stars.

4.2.1 Distribution of Hα equivalent width

We estimated the distribution of Hα EW among the observed stars (figure 4.1(a)).

The Hα EW distribution is found to show an initial rise, which peaks in −10 Å –

−20 Å bin and steadily decreases beyond.
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[a] [b]

Figure 4.1: (a) Hα EW distribution of surveyed stars. (b) The correlation between Hα

and Hβ EWs.

In order to study the correlation between emission in prominent Balmer lines,

a plot between Hα and Hβ EWs is shown in figure 4.1(b). We obtained a relation

between the EWs from a linear fit as

EW (Hβ) = 0.10 ∗ EW (Hα) + 0.42 (4.1)

with a correlation coefficient of 0.93. The slope of the fit is 0.103 ± 0.005. This

gives an Hα to Hβ EW ratio of 9.7.

4.2.2 Correlation between Oi lines

Jaschek et al. (1993) found Oi 7772 Å line (unresolved triplet line at 7772, 7774,

7775 Å) in emission for all CBe stars, with stars of spectral type earlier than B5

showing clear emission and that of later spectral type showing filled-in emission.

Jaschek et al. (1993) estimated the emission region of 7772 Å line as 1.78 stellar

radius, which is the smallest radius found for any element. Here the emission ra-

dius was calculated by assuming angular momentum conservation of rotating disk,

which is a non-Keplerian hypothesis. The emission radius is 3.6 stellar radius for

OI 8446 Å line and 2.21 for Feii 7712 Å line. There is no match between the
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emission regions of Oi 8446 Å and 7772 Å lines. The emission region of Oi 8446

Å matches with the average emission region of hydrogen lines, which is around

4 stellar radius. This correlation is reflected through the well known Lyman β

fluorescence. They found good correlation between the emission strengths of Oi

8446 Å and 7772 Å lines with the former being four times stronger. In one third of

the stars earlier than B6, Feii 7712 Å line is seen in emission whereas in late-type

stars the line is either absent or appear in shell stars in absorption. They found

that the emission line of Feii 7712 Å line is always associated with Oi 7772 Å line.

The emission intensities of Oi 8446 Å and lower order Balmer lines are found to

be well correlated (Briot, 1981).

The spectra of all but three stars in our sample show 8446 Å line. Only 116

stars have both 7772 Å and 8446 Å oxygen lines in their spectra, where 71 stars

(47%) have both lines in emission. Collisional excitation is the likely mechanism

for the production of Oi 8446 Å line if 7772 Å line is also present. On the other

hand, 36 stars (24%) show only 8446 Å oxygen line in their spectra. Here Oi 8446

Å line is likely to be produced by Bowen fluorescence mechanism in Lyman β ra-

diation (Lyman β fluorescence). To verify the findings of Jaschek et al. (1993) we

checked whether Feii 7712 Å line is always associated with Oi 7772 Å line in our

candidate stars. We found 45 stars to show both lines in emission while 9 stars

have Oi 7772 Å line in absorption with Feii 7712 Å line in emission. Also there are

4 candidates where Oi line is absent while Feii is seen in emission. The star NGC

436(3) is found to have both lines in absorption. We have found 14 candidates

among the surveyed candidates not agreeing with the predictions of Jaschek et al.

(1993). To summarise, 30% of the surveyed candidates show Oi 7772 Å and Feii

7712 Å lines in emission. About 9% of stars have either of these lines in emission.

The remaining stars do not have both lines in spectrum. Even if filled-in profiles

are included in emission category, these results suggests only a mild correlation

between the nature of Feii 7712 Å and Oi 7772 Å line profiles. Larger fraction
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of stars show evidence for collisional excitation mechanism than the fluorescence

mechanism for line formation in the disk.

4.2.3 Iron and metallic lines

A list of the metallic lines Feii, Siii, Mgii, Caii, Oi and Nii observed in the spectra

of surveyed stars is shown in table 4.1. 131 (86%) CBe stars are found to show

Feii lines in their spectra. Among these, 92 have Feii only in emission, while 5

have Feii absorption lines. We identified 49 different Feii spectral lines including

4 forbidden lines. Bochum 2(1) and NGC 146(S2) have only 1 Feii absorption line

while NGC 7128(2) has 2 and NGC 663(P151) has 3 lines. These stars have the

least number of Feii lines among the surveyed candidates. On the other hand,

NGC 884(2) have 25 Feii emission lines and NGC 869(1) show 19 lines.

Either of the Siii lines 6347 Å and 6371 Å is seen in 25% of the spectra in

absorption or emission. For 27 stars these Siii lines are seen together either in

emission or absorption. The Siii line 4131 Å is seen in absorption in the star NGC

7419(I). The prominent Mgii lines in the spectra are of wavelengths 7877 Å and

7896 Å which are present in 4 stars. The Mgii line 4481 Å appears in the wing

of Hei 4471 Å and hence difficult to isolate due to low resolution. The Nii 5005

Å line is present in emission in NGC 7419(C), 5463 Å in NGC 6834(1), 5530 Å in

NGC 7419(L), 5684 Å in NGC 7419(P) and 5942 Å in NGC 7380(3). The star

NGC 7380(3) (PS Cep) has been quoted as an eclipsing binary in the literature.

4.2.4 Caii and P14 lines

The Caii triplet (8498 Å, 8542 Å, 8662 Å) is found to be blended with Paschen

lines (P16, P15 and P13 respectively) in the spectra of surveyed stars. We have not
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removed their contribution from the spectra of our candidate stars. Caii triplet is

seen together either in absorption or emission for 130 stars. 92 (60%) stars show

Caii triplet in emission in their spectra. We found 100 stars to show Paschen 14

line (P14, 8598 Å) in emission while 144 have this line either in emission or absorp-

tion. Stars which have P14 line do not exhibit full Paschen series in their spectra.

117 candidates are found to show more than 5 Paschen series lines in their spectra.

The Caii K absorption line (3933 Å) is found in almost all the spectra.

Figure 4.2: Distribution of emission stars with respect to Spectral type.

4.2.5 Spectral type estimation

We tried to estimate the spectral type of candidate stars by comparing Balmer

lines in the blue region (3970 Å, 4100 Å, 4340 Å) and the helium lines (4026 Å,

4471 Å) with the standard spectral library (Jacoby et al., 1984). The resulting

plot in each spectral bin is shown in figure 4.2. Most of the e-stars are crowded in
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B0−B1 spectral bin. About 17 stars are found in B4−B5 spectral bin while 10 are

in B7−B8 bin. Using photometric data we found the spectral type distribution of

e-stars peaked in B1−B2 and B6−B7 spectral bins (figure 3.4). Hence estimation

of spectral type from spectroscopy show bias to early type in comparison with

photometry. This is expected since Be stars are found to show filled-in emission

in higher order Balmer lines. Hence we have used the photometric spectral types

estimated in chapter 2 for the rest of the analysis.

4.2.6 The distribution of Balmer decrement (D34)

The Balmer decrement (I( Hα)/I(Hβ), D34) of Be stars have been studied exten-

sively by several authors (Slettebak et al., 1992; Burbidge and Burbidge, 1953;

Dachs et al., 1990) and they all agree with the theoretical value of nebular region,

even though the Be star envelopes have different density and temperature struc-

ture than nebulae. For nebular region, the peak emission strength ratio of Hα to

Hβ is given as 2.7 for a typical electron density of 106 cm−3 and a temperature of

20,000 K, which is mentioned as Case B transition in nebulae (Brocklehurst, 1971;

Hummer and Storey, 1987). Briot (1971) found the mean value of D34 to increase

from flat decrement at spectral type B0 (∼1.5) to steep decrement for Be stars

later than B5 (∼5). Dachs et al. (1990) found the D34 value in the range 1.2 to 3.2

from an analysis of 26 equatorial and southern Be stars. They found that weak Be

stars are often characterized by relatively flat D34 while shell Be stars show very

steep decrements. They commented that the main parameter governing the value

of D34 appears to be the mean electron density in the circumstellar envelope. They

found D34 values of majority of Be stars agree with the standard nebular value for

Be stars with Hα EW in excess of −25 Å. Ashok and Banerjee (2000) identifed

deviation from Case B values for Brackett lines which has been interpreted as due

to the effect of optical depth.
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Figure 4.3: (1) The Balmer decrement distribution of surveyed stars. (2) The Hα and
Hβ line profiles of Berkeley 87(4) are given in (a) and (b) while those of NGC 663(P25)
are given in (c) and (d).

The Balmer decrement was calculated for 88 CBe stars, which show emission

in both Hα and Hβ line profiles. The D34 values of 67 candidates (76%) were

found to be more than the standard nebular value of 2.7. We have plotted the

histogram of D34 (with bin size of 0.5) in figure 4.3(a). The values of D34 were

calculated from the normalised, continuum fitted spectra. The estimated inten-

sities are not corrected for the fill up of the respective absorption profiles. We

do not expect a significant change in the result even after the correction. We

plan to include this and re-estimate the values in the future. Also we do not use

the D34 values to estimate any quantitative parameter. Our candidate stars were

found to have values ranging from 1.5 to 6.5 with a mean around 3.5 as shown

in figure 4.3(1). We fitted Gaussians for the 2 peaks seen in the distribution and

they are found to peak at 2.5 and 3.9 respectively. The population in the first

peak are found to have an emission in absorption (or filled-in) profile for Hβ line,

while Hα profile showed emission above the continuum. The population in the sec-

ond peak are found to have emission above the continuum in Hα and Hβ with no
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filled-in features. Moreover, the peak emission strength of Hα is found to be lower

for the candidates having filled-in Hβ profiles so that the lower value of Balmer

decrement is related to the reduction in intensities of both profiles. The Hα and

Hβ line profiles of a representative candidate belonging to each group is given in

figure 4.3(2). The star Berkeley 87(4) is found to have a high D34 value of 3.84

while NGC 663(P25) is found to have a low value of 2.18. The maximum value

of Hα peak emission strength measured among our candidate stars is 7.52 and

the corresponding Hβ value is 1.55, for the star NGC 884(2). The minimum peak

emission strength values measured for Hα and Hβ are 1.82 and 0.97 respectively,

for the star NGC 6910(B). Since we address the relative intensities with respect

to the origin of intensity axis, the deblending of stellar absorption component is

unlikely to change the values of D34. Hence the bimodal distribution of Balmer

decrement and its deviation from the nebular value needs to be addressed in detail.
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Figure 4.4: (a) The variation of Balmer Decrement with respect to the near-IR colour
(H−K)0. (b) The variation of Hα EW with respect to spectral type.

Another interesting finding is that the stars belonging to the first group (with

a peak of 2.5) have less number of spectral lines (especially Feii lines) compared

to the candidates in the second group. Moreover Caii triplet and Paschen lines
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are found to be structured, absent or in absorption in the first group while they

appear as single peak emission profiles in the other group. These suggest that the

stars belonging to first bin, with low Balmer decrement, may have an optically

and geometrically thin disk while those with higher Balmer decrement might have

a thick disk.

To check the correlation between the extent of disk and opacity, we plotted

D34 with near-IR colour excess (H−K)0, as shown in figure 4.4(a). It can be seen

that D34 is directly proportional/linearly correlated with (H−K)0. The Balmer

decrement (correlated to line optical thickness) is high for a geometrically thick

and extended circumstellar disk (higher value of (H−K)0). The fact that a large

fraction of stars seem to possess thick/extended disks, as contrary to what is seen

in the field CBe stars might suggest a difference in disk properties for CBe stars

in cluster environment.
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Figure 4.5: (a) The variation of D34 with respect to spectral type is shown in left panel
while the variation of D34 with age is shown in right panel. (b) A plot of D34 with respect
to Hα EW of CBe stars.

It has been observed by some authors (Briot, 1971; Briot and Zorec, 1981) that
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along the spectral sequence (B0−B8) the Hα emission EW decreases while the

Balmer decrement D34 increases. Our studies show that Hα emission EW do not

show any trend with respect to spectral type (figure 4.4(b)). The Balmer decre-

ment is found to show a rising trend with respect to spectral type as shown in

figure 4.5(a). The variation of D34 with respect to the age of the stars is shown in

figure 4.5(a). It can be seen that late type stars show a higher value of D34. The

same trend can be seen in D34 versus age plot keeping in mind that only late type

stars are present in older clusters. The early type stars are found to have a range of

D34 values. This suggests that the formation and evolution of circumstellar disks

in late type stars may be different from those of early type stars.

We found a correlation between the Balmer decrement D34 and Hα EW as

shown in figure 4.5(b). The correlation is linear and is tight at low values of Hα

EW. We have checked for the correlation between higher value of D34 and the

presence of Oi lines 7772 and 8446 Å, since both requires high electron density

environment. From a sample of 88 surveyed stars, which have clean Hα and Hβ

measurements (removing filled-in profiles), 67 have D34 above 2.7. Among these

48 (72%) stars have both OI lines while 16 have only 8446 Å line present in the

spectra. Among the remaining 21 stars having D34 less than 2.7, 12 (57%) have

both OI lines while 8 have only 8446 Å line. To summarise, a good fraction of the

surveyed stars (76%) may have optically thick disks, identified by the presence of

large D34, high Hα EW, metallic lines and high (H−K)0 values.

4.2.7 Relationship between Oi(8446) and Balmer line pro-

files

The Oi 8446 Å line is produced by Lyman β fluorescence since it is a cascade

product of 1025.76 Å Oi line. Since Hα is a cascade product of Lyman β line, a
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correlation is expected between the line intensities of Oi 8446 Å and Hα. Kitchin

and Meadows (1970) found a strong correlation between the emission strength of

Oi and Hα spectral lines.

[a] [b]

[c]

Figure 4.6: (a) The OI(8446) emission strength is plotted with respect to Hα emission
strength. (b) A plot of EW of OI(8446) against Hα EW. (c) A plot of EW of OI(8446)
against Hβ EW.

We found a correlation between peak emission strengths of Oi 8446 Å and Hα

spectral lines for our candidate stars, as shown in figure 4.6(a). The ratio of peak

emission strengths (I(Oi)/I(Hα)) is found to have a range of values between 0.1
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and 1, with a mean value of 0.4. The relation obtained from a linear fit is given as

I(8446) = 0.25 ∗ I(Hα) + 8.5 ∗ 10−15 (4.2)

The correlation coefficient obtained is 0.96. Slettebak (1951) found the equiva-

lent widths of Oi 8446 Å and Hβ to be better correlated when compared to Oi and

Hα, as predicted by Bowen (1947). Briot (1981) supported the prediction of Bowen

(1947) from a study of the line profiles of 15 Be stars. Andrillat et al. (1988) found

a linear correlation between the EWs of Oi 8446 Å and Hα for a sample of 23 CBe

stars. But the correlation was not convincing since the measurements of both lines

were not simultaneous. Jaschek et al. (1993) also quoted a relation between Oi

7772 Å and 8446 Å lines along with the relation between Oi 7772 Å and Hα line

EWs. From this we derived a relation between the line EWs of Oi 8446 Å line and

Hα which is found to be

EW (8446) = 0.067 ∗ EW (Hα) + 0.61 (4.3)

We plotted the EW values of OI 8446Å line with Hα in figures 4.6(b). From

the linear fit we have the relation

EW (8446) = 0.157 ∗ EW (Hα) + 1.05 (4.4)

with a correlation coefficient of 0.92.

The plot between Oi 8446 Å line and Hβ is given in figure 4.6(c). A linear fit

to the data points gives the relation

EW (8446) = 1.37 ∗ EW (Hβ) − 0.01 (4.5)

with a correlation coefficient of 0.90. The error in slope estimated for the

former correlation is 0.007 while it is 0.005 for the latter. From the above rela-

tions it can be seen that Oi 8446 Å line correlates fairly well with Hα, as well as Hβ.
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4.2.8 The variation of Hα EW as a function of age

The Hα EW of surveyed stars are plotted as a function of their age in figure 4.7(a).

Clusters younger than 30 Myr are found to have e-stars with a range of Hα EW.

For older clusters there is an absence of stars with EWs greater than −40 Å except

two stars. The measure of EW is correlated with the number of emitting atoms

which again corresponds to the extend of the circumstellar disk (as explained in

the subsection on Balmer decrement). The plot also suggests that the Hα EW

peaks at about 10 Myr. This is supportive of the reported enhancement of the Be

phenomenon at ∼ 10 Myr (Mathew et al., 2008) for early type stars.
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Figure 4.7: (a) The Hα EW of the surveyed e-stars are plotted with respect to the age
of the cluster to which they are associated. (b) The Hα EW of e-stars is shown with
respect to age for various spectral bins.

We looked for the evolution of Hα EW with age for each spectral type as shown

in figure 4.7(b). For the spectral bin B0−B2, the Hα EW is found to peak at

12.5 Myr with rich cluster candidates NGC 869(1) and NGC 884(2) topping the

plot with values −63 Å and −66 Å respectively. A similar rising and decaying

trend in EW is found in B2−B4 spectral bin with a peak at 25 Myr. The peak is

dominated by e-stars in rich clusters like NGC 7419(5)(−58Å), NGC 7419(N)(−52
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Å) and NGC 663(9)(−52 Å). The star NGC 2421(1) stands out from the decaying

trend in EW with a value of −45 Å. An age shift of 12.5 Myr to 25 Myr for a

spectral type shift of B0−B2 to B2−B4 is worth noticing. This also supports the

contribution of evolutionary effect to Be phenomenon. Stars in the spectral bins

B4−B6, B6−B8 and B8−A0 do not show any clear trend. The Hα EW shows a

marginal enhancement for younger stars and then remains at a lower value without

any change with respect to age. The stars of the cluster NGC 2345 in the spectral

bin B8−A0 have quite a number of high EW candidates which do not correlate

with their old age. We are in the process of re-estimating the parameters of this

cluster. To summarise, massive Be stars of spectral type B0−B4 show enhanced

Hα emission at the end of their MS lifetime, as inferred from the enhancements

observed at 12.5 and 25 Myr. No such trend is observed in later spectral types

(B4−A0).

4.2.9 Estimation of Hα emission radius

Emission lines of Be stars are typically double peaked, with the peak separation

correlated to the observed line width (Struve, 1931; Hanuschik, 1996). Slettebak

et al. (1992) assumed a Keplerian geometry for the circumstellar disk and used

Hα profile to find the radius of the emitting region, which is found to be in the

range 7−15 stellar radius (Rs). Using strong lines of Hα, Hβ and Hγ , the outer

radii of emitting envelopes, in terms of Re/Rs, were found to be 18.9, 12.2 and 10.7

respectively. Using weak lines (EW ≤ 20 Å) they were found to be 7.3, 4.6 and 5.3.

We used Hα emission line profile to estimate the disk rotation velocity vsini(d)

while the stellar rotation velocity vsini was estimated using Hei 4471 Å line. We

measured FWHM and EW using routines in IRAF with an error of 3% and 4%

respectively about the mean values. The FWHM of Hα is corrected for instrument
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line width using FeAr and FeNe arc spectra, taken along with the objects. The

rotation velocity was calculated using the formula

vsini = c ∗ FWHM/[2λ0 ∗ (ln2)1/2] (4.6)

where c is the velocity of light, λ0 is the central wavelength of the spectral line.

The Hα emission region is calculated, in terms of stellar radius, using the formula,

Re/Rs = (2vsini/δVp)
2 (4.7)

assuming the region to be in Keplerian orbit around the star (Huang, 1972).

Here, δVp is the velocity difference between the peaks of a double-peaked emission

profile. For a non-Keplerian orbit, the equation changes to

Re/Rs = (2vsini/δVp) (4.8)

Figure 4.8: Presently estimated vsini values of field CBe stars is shown against those
estimated by Slettebak. The linear fit which gives the best correlation is also shown.

For calibrating the vsini values, we correlated our observed vsini values with

those estimated by Slettebak (1982) for some field CBe stars. We observed the field
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CBe stars using the same setup which we used for our candidate stars. The CBe

stars which were used for calibration are 10 Cas, γ Cas, omi Cas, HD 18552, HD

23552, HD 6811 and HD 83953. The plot between the vsini values estimated by

us using the above procedure and those given in Slettebak(1982) is shown in figure

4.8. We used a linear fit which gives 90% correlation between the data points. The

resulting relation is

vsini(measured) = 59 + 1.16 ∗ vsini(Slettebak) (4.9)

where the vsini values are in km/s. The error in the estimation of slope is

0.266. We have calibrated our vsini values using this relation.

Stars with double-peaked Hα emission profiles are used to find emission radius.

The calculated parameters, vsini and Re are given in table 4.2. The emission re-

gion for Hα profile is found to be around 15 stellar radii, with a range of 7−30

stellar radii excluding the extreme values. The mean Hα emission radius will be

around 4 stellar radii, if we consider a non-Keplerian disk.

4.2.10 Rotation velocity estimation

The stellar rotation velocity of the surveyed stars were estimated from Hei 4471

Å absorption line. The measurements were corrected for instrumental broaden-

ing and were converted to the Slettebak system using the relation derived in the

previous section. Only 120 stars were found to have a clean profile since Hei gets

faded out for late spectral types. We plotted the histogram of the stellar rotation

velocities of these stars in velocity bins of width 50 km/s, over a range of 550 km/s

(figure 4.9(a)).

The distribution is found to peak in the velocity bin 250−300 km/s with 28

candidates belonging to that group while 22 are found in 200−250 km/s bin. We
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Figure 4.9: (a) The histograms show the vsini distribution of our candidates (oblique
shaded histograms) and field CBe stars (open histograms), estimated from Hei 4471
Å line profile. (b) The vsini(d) distribution estimated from Hα line profile is shown
with candidate stars as oblique shaded histograms, field CBe stars as unshaded ones and
HAeBe stars as horizontally shaded histograms.

found 24 stars in 150−200 km/s bin while 14 are in 100−150 km/s velocity bin.

73% are found to have stellar rotation velocities in the range 100−300 km/s. For

comparison, we also included the velocity distribution of field CBe stars in the

same figure. We only have 21 field CBe stars with valid Hei measurements. Most

of the field CBe stars (10 out of 21) are found to have rotation velocity in the

range 200−250 km/s while 3 are in 150−200 and 4 in 250−300 velocity bin. Even

though it is difficult to draw any conclusion from small number statistics, it can

be seen that about 81% of field CBe stars have stellar rotation velocities in the

range 150−300 km/s. Hence the range of stellar rotation velocities derived for our

candidate stars matches with those derived for field CBe stars. Our result suggests

that the CBe stars in clusters have a similar distribution of vsini, when compared

to the field CBe stars.

The disk rotation velocity, vsini(d) is estimated from Hα emission-line profile.

The velocities are calibrated using the same method as for Hei 4471 Å spectral
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line. For calibration purpose we also plotted the field HAeBe stars and CBe stars

which were observed using the same setup. It can be found from figure 4.9(b) that

47 stars among our candidates fall in 100−150 km/s velocity bin while 41 are in

150−200 velocity bin. There are only 3 candidates with velocity greater than 300

km/s with 2 in 300−350 velocity bin and 1 in 450−500 velocity bin. About 92%

of the candidates are found to have disk velocity distributed in the range 50−250

km/s and 58% fall in the 100−200 km/s bin. From a sample of 27 HAeBe stars,

taken from the catalog by The et al. (1994), 8 stars are found in 50−100 and 8 in

100−150 velocity bin. None of the stars are found to have velocity greater than

250 km/s. We have taken a sample of 61 field CBe stars from Be star catalogue of

Jaschek and Egret (1982). Out of these 17 are found in 100−150 km/s velocity bin,

closely followed by 16 in 150−200 velocity bin. We have 4 candidates with velocity

greater than 300 km/s with 2 in 300−350 velocity bin and 1 each in 400−450 and

450−500 velocity bin. The field CBe stars show a surprisingly large number in

1−50 km/s age bin with 6 stars, while there are only 2 HBe and 3 candidate stars

in this bin. About 54% of the field CBe stars are distributed in 100−200 km/s

velocity bin which agrees well with the statistics of our surveyed stars.

Comparing the stellar and disk velocity distributions of our candidate stars,

we find that, former peaks in 150−300 km/s velocity bin, while the latter peaks in

100−200 km/s bin. Hence the stellar velocity is found to be higher than the disk

velocity. This means that the disk is not in synchronised rotation with the star,

but lags behind by 50−100 km/s.
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4.2.11 The evolution of rotation velocity as a function of

age

We studied the variation of rotation velocity of disk with respect to age for various

spectral bins, as shown in figure 4.10. We binned the stars belonging to two adja-

cent spectral classes together. For the spectral bin B0−B2 the rotation velocity is

found to peak in the age range 10−20 Myr after an initial rise. The upper limit of

the velocity reduces progressively for older stars in the age range 50−60 Myr. In

this spectral bin, the velocity of B0 is found to peak at 12.5(250 km/s), 16(210)

and 25 Myr(220), for B0.5 it is 12.5(158), 25(165) and 30 Myr (230), for B1 it is

12.5(224) and 25 Myr(179) while for B1.5 it is 8(269), 10(219) and 25 Myr(226).

The values in brackets correspond to the peak velocity values of the stars in that

spectral bin.

If we estimate the average of the velocity values of all stars corresponding to

same age and spectral type, we can see that B0 spectral type stars have the distri-

bution like 130 km/s (10 Myr), 180(12.5 Myr), 210(16 Myr), 150(25 Myr) while B1

shows the distribution like 132(8 Myr), 190(12.5 Myr), 120(25 Myr). Hence high

rotation velocity disks around stars in the spectral range B0−B2 are found to be

absent in the ∼ 10 Myr age bin. The rotation velocity of the disk seems to increase

and peak at about 10−20 Myr and then decrease again. Thus, our results suggest

that disks of stars in the B0−B2 spectral bin are found be spun up towards the

end of their MS life time, which is 10−20 Myr. This support the results presented

in section 4.2.8 and Mathew et al. (2008).

A large amount of scatter can be seen in the disk velocity distribution in B2−B4

age bin (figure 4.10). The general trend is that the disk rotation decreases from

an initial high value with an increase in the age of the star. A similar trend is seen

in the distribution for stars in B4−B6 spectral bin. The stars in the spectral bins
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Figure 4.10: The disk rotation velocity is shown with respect to age for different spectral
bins.

B6−B8 and B8−A0 show a flat distribution in disk rotation velocities. We can

see crowding of stars in the 25 Myr age range for all the spectral bins, especially

B0−B2 and B2−B4. This corresponds to the age of rich clusters NGC 663, NGC

6649 and NGC 7419 which contribute a total of 54 stars to the total sample. But

the interesting fact is the change in vsini value of a CBe star of same spectral

type from cluster to cluster. Even though this trend is prominent in early spectral

bins, it can be observed in other bins also. A similar trend can be found for the

double cluster (NGC 869, NGC 884) and NGC 581 which fall in 12.5 Myr age

bin and contribute a total of 16 stars to the total sample. The cluster NGC 2345

shows a spread in the velocity distribution in B8−A0 spectral bin. To summarise,
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disk rotation as a function of spectral type suggest lack of fast rotating disks for

B0−B2 spectral types younger than 10 Myr. Some fast rotating disks are found

in the spectral bin B4−B6. From B4 onwards we find that the disk rotation is

not dependent on the age of the stars. Thus, our results suggest spin up of the

disk of early type stars, but no spin up or spin down is found for stars later than B4.

B0-B2 B2-B4

B4-B6 B6-B8

0 50 100
Age in Myr

B8-A0

Figure 4.11: The stellar rotation velocity is shown with respect to age for different
spectral bins.

In order to study the angular momentum evolution in stars, a plot between the

stellar rotation velocity of Be stars with respect to age in various spectral bins is

shown in figure 4.11. The stellar velocity is estimated from Hei 4471 Å absorption

line profiles. The Hei line fades towards late B spectral type and hence we have
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not taken A0 stars while averaging in B8−A0 bin. The distribution looks more or

less the same like disk velocity distribution, with increased scatter. The spectral

bins B0−B2 and B2−B4 show a decrement in the stellar rotation with age. An

initial spin up at 10 Myr is only suggestive, due to less number of stars in the 0−10

Myr age bin. The later bins B4−B6, B6−B8 and B8−A0 show that the stellar

rotation does not vary with age. To summarise, the spectral rotation velocity

analysis seems to confirm the bimodal origin of Be stars. The early type CBe stars

(B0−B4) behave differently from the (B4−A0) stars. The rich clusters are found

to have a range in the distribution of stellar rotation velocity which has to be dealt

closely with the star formation in rich environment scenario. The range in rotation

velocity observed in these clusters is to some extent due to variation in inclination

resulting in a range in vsini.

4.2.12 Variability of Hα profile

Be stars are known to show spectroscopic variability over a period of months to

years, which gives an idea about the activity of the circumstellar disk. We observed

Hα lpv for a number of candidate stars, whose variability is due to the activity in

the disk environment (figure 4.12). Baade (1982) proposed that the short term lpv,

on timescales between 0.5 and 2 days, can be due to NRP phenomenon. However,

Balona (1990, 1995) argued on statistical grounds that the periods were better

explained by stellar rotation and attributed the lpv to stellar spots, and later to

corotating clouds.

We obtained repeated observations for most of the candidate stars and those

which show considerable changes in Hα profile are listed below. Also quoted are

the vsini and Re values estimated for stars which have double-peak profile. The

candidates which are used for estimating vsini and Re are tabulated in table 4.2

with the estimated values.
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1 2   3        

4  5  6  
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Figure 4.12: The variation in Hα profile for e-stars (1) Berkeley 87(3), (2) NGC 659(2),
(3) NGC 663(3), (4) NGC 663(13), (5) NGC 869(4), (6) NGC 884(1), (7) NGC 7419(H),
(8) NGC 7419(K), (9) NGC 7419(P) are shown. Initial observation is shown as solid line
followed by repeated observations in dashed and dotted lines respectively.

Berkeley 87(3): The observations of this star were made in 08-10-2005 and 25-

10-2005. The profile changed from absorption to emission during this period. The

disk rotation velocity (Vsini(d)) has been estimated to be 259 km/s and the Hα

emission radius is found to be 12 stellar radii.

NGC 659(2): The Hα profile changed from normal state when observed on

21-11-2005 to core-emission on 30-09-2006 with a significant reduction in emission

strength.

168



Chapter 4 Spectroscopy of CBe stars in open clusters

NGC 663(3): The Hα profile had normal emission when observed on 07-10-2005

which changed to asymmetric emission on 09-10-2006. When observed on 24-10-

2007 the profile was found to show double-peak feature.

NGC 663(13): The Hα emission profile of the star changed from P-Cygni (the

emission part is weak), when observed in 22-11-2005 to double-peaked profile on

09-10-2006. The estimated rotation velocity (vsini(d)) is 552 km/s. This also can

be a shell star due to the extended emission wings. The profile variability suggests

that the star might have strong wind/outflow (inferred from P-Cygni profile) with

a geometrically thin disk which subsided down over a period of 1 year.

NGC 869(4): The Hα changed from a symmetric emission profile when ob-

served on 22-01-2006 to an asymmetric profile on 24-10-2007 and 16-12-2007 with

reduction in emission strength.

NGC 884(1): The emission strength of Hα profile was enhanced when observed

on 15-12-2007 compared to that on 22-01-2006.

NGC 7419(H): The Hα profile is of inverse P-Cygni nature when observed on

15-07-2005, which changed to single-peak profile on 08-08-2005. The profile again

changed to core-emission on 09-10-2006.

NGC 7419(K): The profile resembled that of a typical Be shell star, since the

absorption component over the emission dips below the continuum level. The Hα

profile was double-peaked when observed on 21-01-2006 and the absorption compo-

nent on emission deepened and fell below the continuum in the normalised spectra

of 09-10-2006. The rotation velocity values changed from 833 km/s to 504 km/s

while the Hα emission radius changed from 23 to 12 stellar radius.
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NGC 7419(P): The profile was double-peaked when observed on 08-10-2005

with the violet part of the double profile fading in intensity to a single profile on

10-10-2006. Both the vsini and (Re/Rs) values reduced from 476 km/s and 25 to

260 km/s and 9 respectively.

The variation in Hα emission line profile will give an idea about the circumstel-

lar environment. In the case of Berkeley 87(3), circumstellar disk is formed during

a short period of time (17 days), which suggest the wind compressed disk model

as a favourable scenario for disk formation. This can be considered as an example

of short-term variability. The star NGC 663(13) is another interesting candidate

which was in disk formation process by stellar wind (inferred from P-Cygni profile)

during initial observation. This star exhibited double-peaked profile on repeated

observation after a period of 1 year. The V/R ratio of NGC 663(P151) and NGC

869(6) were found to change over a period of time, suggesting a turbulent nature

of the circumstellar disk. The star NGC 7419(H) showed inverse P-Cygni in Hα

line which is an indication of accreting disk. But the activity stops over a span

of 3 weeks. We have found NGC 7419(K) as a typical Be shell star from Hα line

profile analysis. The shell episodes can appear over a period of time when ob-

served regularly. The fast rotating candidates among our program stars (as shown

in table 4.2) may be shell stars which can be confirmed through continuous profile

monitoring.

4.3 Discussion

This survey of CBe stars in young open clusters was effectively used to address

a number of issues connected with Be phenomenon. Unlike the field CBe stars,

the age and distance to these stars can be accurately estimated. Thus, properties
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of Be phenomenon as a function of age and stellar mass are addressed using this

sample. The present sample consists of 157 stars, of which only 5 stars were found

to be probable HAeBe candidates using various proxys. Thus this study uses the

statistically significant sample of 152 CBe stars to address the properties of the Be

phenomenon. The stars studied here belong to clusters and hence there could be

effects in the observed phenomenon due to the denser environment in clusters. In

order to compare the observed properties with the field CBe stars, a good number

of field CBe stars were observed with the same set up and the line profiles were also

analysed similarly. We do not find any significant difference between the cluster

and field CBe stars, in terms of stellar or disk property, as observed in the Hα

EW, disk and stellar rotation velocities. In rich clusters like NGC 7419, NGC 663,

NGC 869 and NGC 884, Be stars of the same spectral type are found to have a

range of rotation velocities. This has to be addressed with star formation in dense

environment and the presence of binaries. In order to explore this issue in detail,

we plan to study the rotation statistics of B and Be stars in clusters with and

without e-stars.

As suggested above, the surveyed sample can be used to trace the evolution

of angular momentum in the star as well as in the disk. Since this could also be

a function of stellar mass, the large number sample allowed us to bin in spectral

type as well. The results from the study on stellar and disk angular momentum

evolution and the evolution of Hα EW suggest that there could be two types of

Be phenomenon. The early type stars (B0−B2/B3) tend to rotate faster with an

increase in Hα EW, in the 10−30 Myr range, suggesting that these stars evolve to

become Be stars. It also suggests that the activity is probably at its peak near

the end of its MS evolution. This result confirms such a suggestion by Mathew

et al. (2008) using photometric analysis. Fabregat and Torrejón (2000) suggested

that the Be phenomenon will start to develop only in the second half of a B

star’s MS lifetime, because of structural changes in the star. The early type stars
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(B0−B2/B3) seem to follow the above trend. Such a trend is not seen in the

later type stars (B4−B9/A0). These stars do not show any evolutionary effect on

the above mentioned parameters. Thus, the suggestion by Fabregat and Torrejón

(2000) is not satisfied by the late type stars.

The role of binarity to understand Be phenomenon is one of the often discussed

topics. Among the surveyed stars only NGC 7380(3) (PS Cep) has been reported

as part of a binary in literature. Another interesting candidate is NGC 1624(1),

whose detailed analysis of time series spectra and orbital parameters is underway.

Apart from these candidates, others are found to be single. This might be very low

number taking into account of the fact that about 30% of Be stars exists as binaries

(Porter and Rivinius, 2003). So a final say about the presence of the companion

can be done from a detailed time series spectral analysis of our surveyed candidates.

4.4 Conclusion

From the spectroscopic survey of 152 CBe stars, various spectral and evolutionary

properties of Be stars and their disk are studied. The results are summarised

below:

• Apart from the Balmer lines in emission, spectra of most of the stars show

Feii, Paschen and Oi lines in emission while Hei is seen in absorption. About

86% of the surveyed emission stars show Feii lines in their spectra. We have

found Lyman β fluorescence as the mechanism for the production of 8446

Å line in 24% of the surveyed stars and 47% show line formation (Oi 8446

Å & 7772 Å lines) due to collisional excitation. Of the total stars, 14 do not

show correlation in Feii 7712 Å and OI 7772 Å line profiles. We found 60%

of stars having Caii triplet in emission.
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• The Balmer decrement (D34) of Be stars is found to range between 1.5 and 6.5

with a mean value of 3.5 unlike the typical nebular value of 2.7. Gaussians

were fitted to the 2 observed peaks seen in the distribution and the peak

values were estimated to be 2.5 and 3.9 respectively. The Be star population

in first peak were found to have a filled-in profile for Hβ line, while stars in

the second peak showed Hβ with no filled-in features and more number of Feii

lines. The Balmer decrement D34 was found to increase with Hα EW for the

surveyed stars. The higher value of Balmer decrement probably corresponds

to (correlated to line optical thickness) a geometrically thick and extended

circumstellar disk (higher value of (H−K)0).

• The estimated Hα EW distribution of the surveyed stars peak in the range

−10 Å to −20 Å. The Hα and Hβ EWs are correlated giving an Hα to Hβ

EW ratio around 10.

• The Hα emission line profile is found to show short (few days) and long term

variability (∼ years). We found the profile of Berkeley 87(3) to change from

absorption to emission in 17 days while V/R ratio changes over a period of

1 year for a few stars. The Hα emission profile of the star NGC 663(13)

changed from P-Cygni to double-peaked profile during a span of ∼ 1 year.

We found NGC 663(13) and NGC 7419(K) belong to shell star category from

the analysis of Hα line profiles.

• The clusters younger than 30 Myr are found to have stars with a range of

Hα EWs. For clusters older than 30 Myr, there is an absence of stars with

EWs greater than −40 Å.

• We calibrated our stellar velocity (vsini) values with the Slettebak system

using Hei 4471 Å profile of 7 field CBe stars. The same calibration relation is

used to standardise the disk rotation velocity which was obtained using Hα

profiles. The average emission region for Hα profile is found to be around 15
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stellar radii, with a range of 7−30 stellar radii, assuming the circumstellar

disk to be Keplerian.

• The rotation velocity of candidate stars is found to be in the range 150−300

km/s, which matches with the values of field CBe stars. The rotation velocity

of the disks were found to range between 50−250 km/s, thus the circumstellar

disk is found to lag behind the star by 50−100 km/s.

• The angular momentum evolution of stars and disk as a function of age and

spectral type also suggest a bimodal origin of Be stars. Our results suggest

that stars in the B0−B2 spectral bin are found to spin up towards the end

of their MS life time, which is 10−20 Myr. Stars in the B0−B4 bin show

enhanced Hα emission at the end of their MS lifetime, as inferred from the

enhancements observed at 12.5 and 25 Myr. All the above results indicate

that the activity in early type Be stars gets accelerated towards the end of

the MS evolution. Thus early type stars evolve to become Be stars. Similar

variation in properties were not found for stars in the later spectral types

(B4−A0), suggesting that the Be phenomenon differs in early and late type

stars.
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Table 4.1: Spectral lines identified in the surveyed e-stars, with the number of emission
and absorption profiles in brackets.

Feii

4173(17e,7a) 4233(8e,4a) 4287([FeII],1e) 4303(2e,2a) 4352(3a)

4358([FeII],1e) 4385(2e) 4413([FeII],1e) 4417(2e,1a) 4515(6e,1a)

4520(8e,2a) 4523(3e,3a) 4549(7e,1a) 4556(5e,3a)) 4584(30e,6a)

4629(23e,1a) 4924(4e) 5018(51e,1a) 5159([FeII],1e) 5169(65e,19a)

5197(23e,1a) 5235(34e,10a) 5276(28e,7a) 5316(79e,7a) 5363(11e,1a)

5425(8e,1a) 5480(4e) 5496(1a) 5535(7e,1a) 5814(1a)

5957(1e) 5991(4e) 6084(1e) 6103(1a) 6148(12e,1a)

6248(9e) 6317(60e,4a) 6384(79e,3a) 6417(2e) 6432(1e)

6456(32e,7a) 6483(2e) 6516(35e) 7222(3e) 7308(1e)

7321(1e) 7462(8e) 7513(68e,2a) 7712(56e,1a)

Oi

5577([Oi],1e) 7772(71e,45a) 8446(145e,3a)

Ca ii

8498(103e,33a) 8542(104e,39a) 8662(98e,48a)

Si ii

4131(1a) 6347(11e,28a) 6371(6e,33a)

Mg ii

7877(3e,1a) 7896(8e,7a)

N ii

5005(1e) 5463(1e) 5530(2e) 5535(2e) 5684(1e)

5711(1e) 5942(1e)

e - emission, a - absorption
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Table 4.2: The estimated Hα emission region, in terms of stellar radius, for e-stars
which showed double-peak profile.

Star Observed on vsini(km/s) Re/Rs

Berkeley 86(9) 27-06-2005 309 16

Berkeley 87(2) 09-10-2005 268 130

Berkeley 87(3) 25-10-2005 259 12

NGC 663(13) 09-10-06 552 19

NGC 663(24) 09-10-05 381 15

10-10-06 415 70

NGC 663(P151) 25-10-05 439 19

10-10-06 435 12

NGC 869(6) 22-01-2006 256 29

NGC 6834(4) 07-10-2005 178 14

NGC 6910(A) 29-07-2005 232 7

NGC 7128(2) 14-10-2005 164 2

NGC 7419(K) 21-01-06 833 23

09-10-06 504 12

NGC 7419(P) 08-10-05 476 25

10-10-06 260 9
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Chapter 5

Spectroscopic study of a few

Herbig Ae/Be stars in Young

Open Clusters

5.1 Introduction

The survey to search for Be stars in young open clusters using slitless spectroscopy

was explained in chapter 3. Even though the aim was to study ‘Be phenomenon’

in CBe stars, a few HAeBe candidates were also found among the surveyed stars.

Most of the e-stars in the survey belonged to CBe class (∼ 92%), while ∼ 6% are

HBe stars and ∼ 2% belong to HAe category. In chapter 3, we identified Berkeley

90(1), Bochum 6(1), IC 1590(1), NGC 146(S2), NGC 1893(1), NGC 6823(1), NGC

7380(1), NGC 7380(2), NGC 7510(1C) as possible HBe stars and IC 1590(2), NGC

7380(4), Roslund 4(1) as possible HAe stars from optical CMD, near-IR CCDm

and nebulosity. In this chapter we have compiled the spectroscopic information of

these candidate stars, along with their photometric details, to identify the most

likely HAeBe candidates.

Marco and Negueruela (2002) identified four PMS stars in the field of cluster

NGC 1893 from low-resolution spectroscopy and photometry. The early-type PMS

stars are found in the rim of the molecular cloud and in the vicinity of nebulae
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Sim 129 and Sim 130. They found possible cohabitation of HBe and CBe stars

in the cluster, whose age is around 3 Myr. Testi et al. (1999) found clustering

of low mass stars around early HBe stars while HAe stars are never associated

in groups. They proposed that the formation of high-mass stars is influenced by

dynamical interaction in a young cluster environment. Subramaniam et al. (2006)

found 42% of the stars in the rich cluster NGC 7419 to have near-IR excess, which

were confirmed to be PMS candidates. From a fit of PMS isochrones the turn-on

age of the cluster is found to be 0.3−3 Myr, which indicates a recent episode of

star formation. Bhavya et al. (2007) studied recent star formation history in the

Cygnus region using the clusters Berkeley 86, Berkeley 87, Biurakan 2, IC 4996

and NGC 6910. They proposed that Cygnus region has been actively forming

stars for the last 7 Myr. Similarly, in this study we have identified PMS stars in

clusters with HAeBe stars and estimated the duration of star formation. The ages

of the identified HAeBe stars were also estimated. The locations of PMS stars and

HAeBe stars were compared to identify the presence of any clustered star forma-

tion around the HAeBe stars.

In the following sections we have described the techniques used to classify

HAeBe candidates from the observed list of e-stars. The candidates are identified

through the correlation between Hα, Oi EW with near-IR excess, followed by the

identification of PMS stars, duration of star formation and discussion.

5.2 Observations

The near-IR photometric magnitudes in J, H, Ks bands for all the candidate stars

are taken from 2MASS (http://vizier.u-strasbg.fr/cgi-bin/VizieR?-source=II/246)

database. The 2MASS colors (J−H) and (H−Ks) are de-reddened using the rela-

tion from Bessell and Brett (1988) and near-IR CCDm is plotted for the identified
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stars in the cluster. The main sequence track and giant star location are taken

from Bessell and Brett (1988) which is transformed to 2MASS photometric system

using the relations from Carpenter (2001). The HAeBe star location is taken from

Hernández et al. (2005) while CBe star location is taken from Dougherty et al.

(1994). The reddening bands are shown which limits the reddening due to normal

interstellar dust. The stars which have near-IR excess are located to the right of

reddening vector and are considered to be candidate PMS stars. The PMS stars

shows near-IR excess due to the presence of a dusty circumstellar disk. The near-

IR CCDm also helps to identify CBe and HAeBe stars separately, in which both

of them occupy distinct regions (Lada and Adams, 1992). HAeBe stars are found

to show dust excess in addition to free electron excess in near-IR colours due to

the presence of a thick circumstellar disk.

For determining the age of candidate PMS stars, optical CMD is plotted after

correcting for cluster excess. The cluster mean reddening value (E(B−V)) is used

to de-redden near-IR CCDm and optical CMD. The ZAMS (Schmidt-Kaler (1982))

is fitted and DM is estimated. PMS isochrones of various ages (Siess et al., 2000)

are plotted and the ages of candidate PMS stars are estimated. Their relative

spatial distribution of PMS and Be stars is used to look for clustering.

For the construction of spectral energy distribution (SED), we have taken the

photometric magnitudes from following database. U magnitudes from Homoge-

neous Means in the UBV System (Mermilliod, 1994), B, V, R magnitudes from

NOMAD Catalog (Zacharias et al., 2005), I from DENIS database (DENIS Con-

sortium, 2005) and J, H, Ks magnitudes from 2MASS database. We have taken

the V magnitudes from NOMAD instead of using the values quoted in chapter 2

to keep all B, V, R magnitudes on the same system. We have verified the val-

ues in both cases and found to match well. The extinction corrected magnitudes

have been converted to fluxes and the resulting plot between log(λfλ) and log(λ)
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is shown separately for e-stars in each clusters. The SED has been normalised in

V magnitude to look for the excess in near-IR bands. The excess flux in Ks band

due to dust emission have been used to separate HAeBe stars from CBe stars.

5.3 Results and Discussion

In the following subsections, correlation between Hα, Paschen, Caii and Oi lines

with near-IR excess are presented. We used these correlations to confirm HAeBe

candidates among the surveyed stars.

5.3.1 Correlation of Hα EW with Near-IR Colour excess

Feinstein (1982) found a correlation between Hα EW and (K−L) colour suggesting

that stars with high Hα EW also show large IR excess. Neto and de Freitas-Pacheco

(1982) found a linear correlation between Hα flux and the infrared flux at 3.8µm.

These results suggest that the same region of Be star envelope produces IR excess

and Balmer line emission.

A plot between the colour excess E(V−Ks) and Hα EW of e-stars is shown in

figure 5.1(a). The identified CBe stars among the surveyed candidates are shown

as open circles while the suspected HAeBe stars (Mathew et al., 2008) are shown

as filled circles. We have not included Berkeley 90(1) and Bochum 6(1) in the plot

since former do not have optical photometry while the latter has high Hα EW.

The photometric V magnitudes are taken from the references given in chapter 2,

while Ks magnitude is taken from the 2MASS database. Usually (V−Ks) has been

used to find excess from circumstellar medium over the photospheric continuum

since the emission from circumstellar medium starts dominating from V magnitude
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Figure 5.1: (a) Correlation between Hα EW and E(V−Ks) for all e-stars. The candidate
CBe stars are shown as open circles while the suspected HAeBe stars are shown as filled
circles. (b) Correlation between Hα EW and (H−Ks)0 for all e-stars. Our candidate
e-stars are shown as open triangles while the Herbig Be stars from The et al. (1994) is
shown as filled circles and CBe stars from Jaschek and Egret (1982) as filled squares.

onwards. To quantify the contribution from the circumstellar medium, we have

deducted the colour excess of cluster from (V−Ks) using the E(B−V) value of the

cluster. We have estimated the colour excess E(V−Ks) using the relation

E(V − Ks) = (V − Ks)0 − (V − Ks)S (5.1)

where (V−Ks)0 is the corrected (for cluster excess) (V−Ks) colour and (V−Ks)S

is the standard colour corresponding to the spectral type of candidate stars, taken

from Koornneef (1983). Hence E(V−Ks) indicates the colour excess due to cir-

cumstellar material since we have removed the contribution from the interstellar

medium. As seen from figure 5.1(a), the disk excess E(V−Ks) is found to be

correlated with Hα EW. Eventhough 6 stars are separated from the remaining

candidates, this plot do not clearly distingish HAeBe stars from surveyed CBe

stars. This might be due to the fact that HAeBe stars do not show optical excess

along with near-IR excess for all candidates.
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We propose that the plot between Hα EW and (H−Ks)0 colour as a tool to

differentiate HAeBe stars from CBe stars. The near-IR colour (H−Ks) has been

corrected for cluster reddening using the relations by Rieke and Lebofsky (1985).

We have plotted our surveyed stars with the catalogued field HAeBe stars (The

et al., 1994) and CBe stars (Jaschek and Egret, 1982) in figure 5.1(b). A clear

offset can be found between the distribution of field HAeBe and CBe stars. This is

expected since HAeBe stars are found to have an extended circumstellar disk with

more dust content than CBe stars. The near-IR excess in CBe stars is due to free

electrons while this adds up with dust excess in HAeBe stars. The stars Bochum

6(1), IC 1590(1), IC 1590(2), NGC 6823(1), NGC 7380(4) have been found along

with catalogued HAeBe stars and hence they agree with their previous identifica-

tion as HAeBe stars (Mathew et al., 2008). We have not included Bochum 6(1) in

this plot due to the high value of EW. The stars Bochum 6(1), IC 1590(1), NGC

6823(1) belong to HBe class while IC 1590(2) and NGC 7380(4) belong to HAe

category. Berkeley 90(1) is not included in this analysis since E(B−V) is not avail-

able. The e-stars NGC 146(S2), NGC 1893(1), NGC 7380(1), NGC 7380(2), NGC

7510(1C) and Roslund 4(1) were identified as HAeBe by Mathew et al. (2008), but

are found to be along with catalogued CBe stars in this plot.

The stars which have missed detection in this plot (7 stars) might be the ones

which are losing disk and hence showing less Hα EW and near-IR excess. They

might belong to Group III category, which is a classification of HAeBe stars done by

Hillenbrand et al. (1992) based on SED. Hence from the photometric and spectro-

scopic estimates we conclude that out of 157 surveyed e-stars 3 are HBe candidates

while 2 are sure HAe candidates. The Hα EW shows a striking correlation with

(H−Ks)0 colour, which implies that the presence of dusty regions favours the pro-

duction of Hα by creating an environment to produce recombination radiation.
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5.3.2 Correlation of Oi, P14 and Caii triplet EW with

(H−Ks)0 colour

It has been pointed out by Briot (1977, 1981) that Be stars with Caii and Paschen

lines are found to show high near-IR excess compared to other Be stars. We have

searched for this trend in our surveyed 157 candidate e-stars. The presence of ion-

ized calcium in emission for some Be stars was found by Hiltner (1947). Andrillat

et al. (1988) observed that if Caii lines are in emission, Paschen lines are also in

emission with a similar dependence for absorption profiles also. Polidan and Peters

(1976) connected the presence of Caii triplet in emission to the binary nature of

the star. They found no correlation between the line properties and the star-disk

parameters.

Out of 157 candidate stars, 100 show P14 line in emission and 92 show Caii

triplet, while 146 show Oi 8446 Å lines in emission. We have looked for the corre-

lation of the EW of these line profiles with (H−Ks)0, which is indicative of near-IR

excess. The e-stars which were found to belong to HAeBe category are shown as

solid circles while all the other e-stars are shown in open circles. We have used

line profiles which have good signal and unblended for this correlation studies.

The EW of Caii 8498 Å profile is found to be correlated with (H−Ks)0 for the

surveyed e-stars (figure 5.2(a)). The e-stars NGC 6823(1) and NGC 7380(4) seem

to move away from the total candidate stars, with former showing a low EW of

−0.64 Å while latter having a strong emission of −32 Å. We have not deblended

the contribution of Paschen line from Caii line while measuring the EW. The EW

of P14 line seems to show a sparse correlation with (H−Ks)0 (figure 5.2(b)).

Of the 5 classified HAeBe candidate stars, 4 stars seem to be away from the

general trend. Bochum 6(1) is found to have P14 EW of −5.7 Å, which is the

highest among the group of surveyed stars. Since the correlation of Paschen lines
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Figure 5.2: A plot of (H−Ks)0 vs EW of Caii (a), P14 (b) and Oi (c) are shown. The
e-stars which were found to belong to HAeBe category are shown as solid circles while
all the other e-stars are shown as open circles.

with (H−Ks)0 is sparse, correlation observed here can be assumed to be mainly

due to Caii line. The Be stars which have Paschen emission lines do not have near-

IR excess when compared to other Be stars, which does not support the results

by Briot (1981). Our results seems to be statistically sound compared to 15 stars

used in their analysis.

All the 5 classified HAeBe stars are found to be well separated from the group

of surveyed e-stars in the plot between Oi 8446 Å and near-IR colour (H−Ks)0

(figure 5.2(c)). The star Bochum 6(1) is found to have the highest value of Oi
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Table 5.1: Photometric parameters of identified HAeBe stars

HAeBe star U B V J H Ks Sp. Age

mag mag mag mag mag mag type Myr

Bochum 6(1) 13.880 13.890 13.300 11.330 10.832 10.223 B6 0.5

IC 1590(1) 13.620 13.820 13.430 12.214 11.638 10.807 B8.5 2

IC 1590(2) 14.200 14.250 13.950 12.493 11.620 10.752 A0 3

NGC 6823(1) * 14.390 13.730 11.556 10.530 9.546 B6.5 0.5−1

NGC 7380(4) 16.780 16.270 14.720 10.797 9.763 8.847 A1 ≤0.25

EW (−28.6 Å) among the surveyed stars. This plot correlates well with Hα EW

versus (H−Ks)0 colour distribution of e-stars. Hence this plot can also be used as

a criteria to differentiate CBe stars from HAeBe stars.

5.4 HAeBe stars as members of parent clusters

In this section we put up all the evidences (optical CMD with PMS isochrones

fitted, near-IR CCDm and optical spectra) along with SED to test the above clas-

sification.

Previous studies about the cluster have been included to understand the cluster

environment and the cluster parameters used for deducing the stellar parameters.

Hence in the following subsections we also describe the star formation scenario

in the parent clusters with which these e-stars are associated. For the clusters

Bochum 6, IC 1590, NGC 6823 & NGC 7380 optical and near-IR data are com-

bined to detect the PMS candidates. This also helps to check whether the star

formation process in the cluster is continuous or due to a single burst. The coordi-

nates, photometric magnitudes (U, B, V, J, H, Ks), age and distance estimated for

the e-stars treating them as members of corresponding clusters are given in table
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Figure 5.3: The Spectral Energy Distribution for e-stars IC 1590(3) (bold-line + trian-
gle), IC 1590(1) (dot line + triangle), IC 1590(2) (short-dash + triangle), Bochum 6(1)
(long-dash + triangle), NGC 6823(1) (dot-line + circle) and NGC 7380(4) (short-dash
+ circle) are shown. The CBe star IC 1590(3) is shown as reference.

5.1. Of the 4 clusters described here as hosting e-stars, Bochum 6, NGC 6823 and

NGC 7380 are found to have single e-star. The open cluster IC 1590 is found to

have a CBe, HAe and HBe candidate each. The combined SED of all the e-stars

is shown in figure 5.3. A detailed list of the spectral lines is tabulated in table 5.2.

5.4.1 Bochum 6

The open cluster Bochum 6 (RA = 07h32m00s, Dec = −19o25′, l = 234o.745, b =

−0o.218) was observed by Moffat and Vogt (1975) for the first time and concluded

that this is a group of 5 OB stars. They estimated a reddening value of 0.70 mag

and distance of 4 kpc from photoelectric observations. They suggested that the

cluster appears to coincide with the HII region S309, whose photometric distance
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and kinematic distances are 6.30 kpc and 2.24 ± 0.36 kpc respectively.

Table 5.2: Spectral lines identified in HAeBe stars

HAeBe star Hα Hβ OI Caii Special

EW in

Å

EW in

Å

8446

EW

8498

EW

lines

Bochum 6(1) −206 −16.28 −28.6 -4.16 [Feii] (4287, 4358, 4413 and

5159 Å) in emission,

Siii 6347 Å & 6371 Å in ab-

sorption

IC 1590(1) −44.12 −1.38 −2.09 −6.24 Feii lines (4549, 4584, 4924,

5018, 5169, 5235, 5276,

5316, 5363 Å) in emission

IC 1590(2) −31.70 −1.31 −1.46 −10.4 Hα & Feii(5018) P-Cygni

profile

NGC 6823(1) −35.38 −2.66 −1.47 −0.64 Hei in emission

NGC 7380(4) −85.29 −14.10 −7.48 −32 Nai, Ki, Nii(5530, 5535 Å)

in emission

From deep UBVRI CCD photometry, Yadav and Sagar (2003) determined an

E(B−V) of 0.71 ± 0.13 and distance of 2.5 ± 0.4 kpc. They estimated an age of

10 ± 5 Myr by fitting Schaller et al. (1992) isochrones of Solar metallicity. We

have identified a peculiar e-star, Bochum 6(1), in this cluster from our survey. The

e-star corresponds to star 2143 in Yadav and Sagar (2003) and is found to be of

B6 spectral type.

We have taken UBV CCD photometric data of 1459 stars from Yadav and

Sagar (2003) which were cross correlated with 2MASS photometric data. Thus 146
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stars were found to have UBV CCD and JHKs magnitudes. After de-reddening

the (J−H) and (H−Ks) colors using E(B−V) = 0.71 (Yadav and Sagar, 2003),

near-IR CCDm is plotted as shown in figure 5.4(a). There are 20 stars (including

e-star) located below the reddening vector, of which 2 stars occupy same location

in near-IR CCDm. The e-star is highly reddened in near-IR CCDm and found

to be located inside the HAeBe location. There is also nebulosity associated with

this e-star. The SED (figure 5.3) shows a sharp rise is J, H, Ks magnitudes due to

near-IR excess. This is due to the circumstellar dust around this candidate HBe

star.
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Figure 5.4: (a) Near-IR CCDm of Bochum 6. The normal stars in cluster are shown as
small circles. Encircled ones are candidate PMS stars and filled circle represents e-star.
(b) Optical CMD of Bochum 6. PMS isochrones of ages 0.5−10 Myr are plotted. The
e-star is found to occupy 0.5 Myr isochrone.

For the identified stars, optical CMD is plotted (figure 5.4(b)) after reddening

correction. ZAMS is fitted for a DM of 12.5 (corresponding to a distance of 3.16

kpc). Yadav and Sagar (2003) estimated the distance as 2.5 ± 0.5 kpc. The PMS

stars are found to be located in all the 1 to 10 Myr isochrones giving the cluster

an age range of more than 10 Myr. The e-star is located near the MS. Yadav and

Sagar (2003) found an age of 10 ± 5 Myr for Bochum 6, in which case both high
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mass and low mass stars have formed together. Their studies did not consider stars

fainter than V = 14.5 as cluster members. They assumed that the probability of

forming the faint stars are negligible in OB associations. In our study we include

stars up to a limit of 19 magnitude and low mass stars are also taken into account.

The candidate PMS stars are located along the boundary of the cluster (figure

5.5(a)). The PMS stars are located in a ring like structure and none are located

near the cluster center. The HBe star is also located in the ring-like structure. We

do not find any evidence of any significant clustering around this star.
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Figure 5.5: (a) Location of PMS stars and e-stars are shown in the field of Bochum 6.
(b) The spectra of the e-star Bochum 6(1) in the wavelength range 3800 – 9000 Å.

This HBe star, Bochum 6(1) is peculiar due to the presence of intense Balmer

lines with Hα EW of −206 Å and Hβ EW of −16.28 Å along with Oi 8446 Å line

having a line width of −28.6 Å (figure 5.5(b)). The unusually high value of Hα EW

(which is quite high compared to the mean Hα EW of −40 Å for surveyed stars)

might be having contribution from the HII region S 309. The spectra of Bochum

6(1) shows 5 Feii lines in emission while Siii lines 6347 Å and 6371 Å are seen in

absorption. It also shows 4 forbidden Feii ([Feii]) lines (4287, 4358, 4413 and 5159

Å) in emission, which corresponds to B[e] star. Hence from photometric and spec-
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troscopic analysis it is deduced that Bochum 6(1) could be a HBe star in B[e] phase.

5.4.2 IC 1590

The young cluster IC 1590 (l = 123o.1, b = −6o.2) contains a group of stars clus-

tered about the O-type trapezium system HD 5005 (Sharpless, 1954; Abt, 1986).

The cluster is embedded in the nebulosity of NGC 281, which is also an Hii re-

gion, Sharpless 184, of diameter 20 arc minutes. The HII region is surrounded by

an extensive HI cloud which contains several dark Bok globules. The HII region

seems to be associated with two CO molecular clouds NGC 281A and NGC 281B

which were mapped in CO12 and CO13 by Elmegreen and Lada (1978). Guetter

and Turner (1997) used photoelectric and CCD photometry for 279 stars in the

cluster region and estimated a distance of 2.94 ± 0.15 kpc. They estimated an

age of 3.5 Myr using 63 identified probable members of the cluster with not much

evidence for age spread. The cluster appears to have a high Rv value of 3.44. A

value of −1.00 ± 0.21 is estimated for the initial mass function from the luminosity

function of the cluster members. The e-stars are numbered as 215, 151 and 214 in

Guetter and Turner (1997) while it is given in order 1, 2, 3 in this work. The star

214 is of B2 spectral type while the stars 215 and 151 are found to be of B8.5 and

A0 respectively. We found nebulosity associated with stars 1 and 2.

The UBV values and coordinates (B1950 coordinates) of 246 stars were taken

from Guetter and Turner (1997). These were matched with 2MASS database and

for 56 stars both JHKs and UBV magnitudes were found. After de-reddening the

(J−H) and (H−Ks) colors using mean cluster reddening value, E(B−V)= 0.37

(Guetter and Turner, 1997), near-IR CCDm is plotted. In the near-IR CCDm, 12

stars were found to be located below the reddening vector of which 2 occupy the

same position. They are considered to be candidate PMS stars, as shown in figure
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5.6(a). Out of 3 e-stars, stars numbered 1 and 2 are located inside the HAeBe

location and and the star 3 is located inside the CBe star location.
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Figure 5.6: (a) The near-IR CCDm of the cluster IC 1590 is shown with PMS candidates
as encircled symbols and e-stars as filled circles. (b) Optical CMD of IC 1590. PMS
isochrones of ages 2−10 Myr are plotted. IC 1590-1 and IC 1590-2 occupy 2 Myr and 3
Myr PMS isochrones respectively.

In the optical CMD (figure 5.6(b)), ZAMS is fitted for a DM of 12.34. PMS

isochrones of ages 2−10 Myr are plotted. It can be seen that all the candidate

PMS stars are located in the 2−10 Myr isochrones, suggesting that star formation

is a continuous process in the cluster. There are low mass members in the cluster

which are older than the estimated age 3.5± 0.2 Myr (Guetter and Turner, 1997).

The e-stars 1 and 2 are located along 2 and 3 Myr isochrones respectively, while

e-star 3 is located along the main sequence track. By looking into the position

of these e-stars, we can assume that stars 1 and 2 are of HAeBe nature and star

3 is a CBe star. In the cluster field all the e-stars are found be located close to

the center, as shown in figure 5.7(a). No significant clustering is found near the

HAeBe stars. The cluster seems to have formed stars for a duration of at least 8

Myr.
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All the Balmer lines except Hα and Hβ are found in absorption/filled-in for

the e-stars IC 1590(1), IC 1590(2) and IC 1590(3) (figure 5.7(b)). The emission

profile of Hα shows P-Cygni nature for star 2 and double-peak for star 3 while

it is normal single peak profile for star 1. The P-Cygni profile indicates that the

Hα line might be formed in wind/outflow, which is characteristic of HAeBe stars.

The double-peak Hα profile is usually indicative of the CBe star. Hβ is found to

have an asymmetric emission in absorption profile for stars 1 and 2 while it is in

absorption for 3.
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Figure 5.7: (a) Location of PMS stars and e-stars are shown in the field of IC 1590. (b)
The spectra of e-stars IC 1590(1), IC 1590(2) and IC 1590(3), in the wavelength range
3800 – 9000 Å, is given from bottom to top.

As seen in figure 5.7(b), quite a number of Feii lines (4549, 4584, 4924, 5018,

5169, 5235, 5276, 5316, 5363 Å) are found in emission for the stars 1 and 2 while

no such feature is seen for star 3. The 5018 Å Feii profile is found to show P-Cygni

feature for stars 1 and 2, which is a signature of wind/outflow associated with the

star. In the red region of the spectrum, Caii triplet is found in emission along with

the Paschen lines (8467 (P17), 8598 (P14), 8750 (P12), 8862 (P11)) for stars 1 and

2 while they are found to be in absorption for star 3. The helium lines (4026, 4471,
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5876, 6678, 7065 Å) are found to be visibly present in star 3 which matches with

early spectral type estimated for the star from photometry. Oi 8446 Å line shows

intense emission for stars 1 and 2 while it is absent in 3. Hence the spectral line

features confirms our prediction from optical and near-IR photometry that stars 1

and 2 are PMS HAeBe stars. To support our argument we have shown the SED

for the e-stars in figure 5.3. It can be seen that the distribution shows a rising

trend in H and Ks bands for stars 1 and 2, when compared to star 3.

5.4.3 NGC 6823

The cluster NGC 6823 is of Trumpler class IV3p, RA = 19h43m09s, Dec = +23o18′,

l = 59o.402, b = −0o.144, surrounded by the reflection nebula NGC 6820. This

cluster is associated with Vul OB1 association and this complex is similar to the

star formation complex in Orion. The cluster contains O and early B-type stars

and is situated in an Hii region with several Bok globules. Stone (1988) divided

the cluster into a central trapezium system, a nucleus of radius in between 0.6 to

3.5 arcmin and a corona of radius greater than 3.5 arcmin using Kholopov’s crite-

ria (Kholopov, 1969). From UBV photometric study Stone (1988) found that the

luminosity function for the stars in the inner region is similar to initial luminosity

function while the outer region appears to have an excess of bright cluster stars.

Many of the stars in the outer region are found to be PMS objects. Guetter (1992)

used CCD UBV photometry to observe the nuclear region and photoelectric pho-

tometry to study the coronal region of the cluster. He estimated a distance of 2.1

± 0.1 kpc and age in the range 2−11 Myr. The trapezium stars are found to be

younger compared to coronal stars with nuclear objects falling in between.

UBV CCD values of 440 stars were taken from Massey et al. (1995). After

cross correlation with 2MASS values, only 253 stars were identified to have UBV
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and JHKs magnitudes. (J−H) and (H−Ks) colors were de-reddened using mean

cluster reddening value 0.89 (Massey et al., 1995) and the resulting near-IR CCDm

is plotted (figure 5.8(a)). 27 stars are taken as candidate PMS stars since they are

located below the reddening vector. The e-star is considerably reddened (around

1 magnitude) as shown in the near-IR CCDm and hence can be considered as a

candidate HBe star.
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Figure 5.8: (a) The near-IR CCDm of the cluster NGC 6823 is shown in figure with
e-stars shown as filled triangles. (b) Optical CMD of NGC 6823. PMS isochrones of ages
0.25−7.5 Myr are plotted. The e-star if found to lie between 0.5 and 1 Myr isochrone.

In the CMD (shown in figure 5.8(b)), ZAMS is fitted for a DM of 11.81 (Massey

et al., 1995). Most of the candidate PMS stars are located in the isochrones of ages

0.25 to 7.5 Myr. Massey et al. (1995) sugggested that there is age spread of 5 Myr

in this cluster. The number of PMS stars are more in the center of the cluster,

suggesting an ongoing star formation (figure 5.9(a)). The UBV CCD photometric

data for e-star, NGC 6823(1), is taken from Guetter (1992) and it is found to be

of B6.5 spectral type. The cluster sequence is not clearly defined even though we

have used the best available CCD data. Eventhough the e-star looks like on the

main sequence, a redefined sequence through the bluer stars shows the star to be
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in PMS phase. From PMS isochrone fitting the age of the star is found to be in

between 0.5 and 1 Myr. Even though no clear nebulosity is found around e-star,

the cluster is associated with Hii regions and star forming regions. The e-star is

located close to the cluster center, as can be seen from figure 5.9(a). Again, the

duration of star formation in this cluster is at least 10 Myr.
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Figure 5.9: (a) Location of PMS stars and e-stars are shown in the field of NGC 6823.
(b) The spectra of the e-star NGC 6823(1) in the wavelength range 3800 – 9000 Å.

The spectrum of NGC 6823(1) is interesting due to the presence of neutral

helium (Hei) lines in emission. The Hei lines 4026, 4388 and 4471 Å show emission

in absorption profiles while 5876 Å shows emission above the continuum, which is

indicative of HBe stars. The higher order Balmer lines are seen in absorption, Hβ

has emission in absorption profile while Hα shows emission (figure 5.9(b)). Both

the Oi lines 7772 Å and 8446 Å are in emission along with Caii triplet lines. All

the major Pachen lines like P11, P12, P14, P17, P19 are in emission. The SED

(figure 5.3) shows a rising trend in J, H, Ks magnitudes which is indicative of cir-

cumstellar dust in HBe stars. Hence the e-star is likely to belong to HBe category.
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5.4.4 NGC 7380

Moffat (1971) studied the cluster NGC 7380 (RA = 22h47m21s, Dec = 58o07′54′′,

l = 107o.141, b = −0o.884) using photographic UBV photometry down to V ∼ 16

mag, and found a distance of 3.6 ± 0.7 kpc and an age of 2 Myr. He found a deficit

of faint stars in the central region (r≤3’) and two dust shells at central radius r =

6.5’ and r = 10.4’. Massey et al. (1995) have estimated a distance of 3732 pc and

an average E(B−V) of 0.64 ± 0.03 from spectroscopy.
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Figure 5.10: (a) The near-IR CCDm of the cluster NGC 7380 is shown with e-stars
as filled circles and PMS as encircled symbols. (b) Optical CMD of NGC 7380. PMS
isochrones of ages 0.25−7.5 Myr are plotted. The star NGC 7380(4) seems to be young
than 0.25 Myr since it is found to lie beyond 0.25 Myr isochrone.

From our survey we found the stars numbered 1130, 55, 4 and 2249, as given

in Massey et al. (1995), are found to show emission. The spectral types of the 4

e-stars has been estimated to be B9, B9, B0.5V and A1 respectively. The photo-

metric UBV CCD values of 893 stars, taken from Massey et al. (1995), were cross

correlated with 2MASS values and 277 stars were identified as having both UBV

and JHKs magnitudes. The near-IR colours are de-reddened using the mean clus-

ter reddening value of 0.64 (Massey et al., 1995) and near-IR CCDm is plotted as
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shown in figure 5.10(a). We identified 34 stars in PMS category from their location

in the near-IR CCDm. The e-stars 1 and 2 are located inside the CBe location

while 3 is below and star 4 is in HAeBe location (reddened by about 1 mag). The

stars 1, 3 and 4 are found to be associated with nebulosity.

In the optical CMD, ZAMS is fitted for a DM of 12.86 (Massey et al., 1995).

Massey et al. (1995) determined the age of the cluster as 2 Myr taking massive

stars (above 25 M�) only. Our study shows that there are low mass stars having

the age range 0.25 to 10 Myr (figure 5.10(b)). The e-stars 1 and 2 are located on

the 0.5 Myr isochrone and star 3 is located at the top of MS. The star 4 is fitted

with ≤0.25 Myr PMS isochrone and it is found to be located away from other

e-stars (figure 5.10(b)). In the cluster field, the e-stars 1, 2 and 3 are located close

to the center (figure 5.11(a)).
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Figure 5.11: (a) Location of PMS stars and e-stars are shown in the field of NGC
7380. (b) The spectra of the e-stars NGC 7380(1), NGC 7380(2), NGC 7380(3) and
NGC 7380(4), in the wavelength range 3800 – 9000 Å, is given from bottom to top.

Most of the PMS candidates are found to be crowded around the e-stars sug-

gesting it to be an active star forming region. The PMS stars are located in a
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crescent like structure on the western side of the cluster. Also, the PMS stars

are beyond a radius of about 6 arcmin, which coincides with the location of the

inner dust shell. Thus, recent star formation has taken place in the western region,

which coincides with the location of the dust shells. The duration of star formation

estimated for this cluster is also 10 Myr.

The spectra of e-stars are shown in figure 5.11(b) in the wavelength range 3800

– 9000 Å. The spectrum of star 4 is special among the list of surveyed stars due

to the presence of Nai (5890, 5896 Å), Ki (7699 Å) and Nii (5530, 5535 Å) lines

in emission. The Oi lines 7772 Å and 8446 Å are seen in emission along with Caii

triplet and Paschen lines P11, P12, P14, P17 and P19. The Caii triplet lines are

strongest among the surveyed e-stars with 8498 Å line showing an EW of −32 Å.

About 21 Feii lines are seen in emission. From SED (figure 5.3) we can see that

the flux of the e-star NGC 7380(4) is rising in the near-IR region which seems to

confirm that it belongs to HAe category.

5.5 Conclusion

• From the photometric and spectroscopic estimates we conclude that out of

157 surveyed e-stars 3 are probably HBe candidates while 2 are HAe can-

didates. The correlation between Hα EW and (H−Ks)0 colour was used to

classify HAeBe stars from CBe stars. The e-stars are found to show a linear

correlation in Hα EW and (H−Ks)0 colour with a clear offset between both

classes. This striking correlation emphasises the role of dusty regions in the

production of Hα radiation by recombination process. The correlation be-

tween Oi 8446 Å line and near-IR colour (H−Ks)0 is also found to distinguish

CBe from HAeBe stars. Even though the colour excess E(V−Ks) is found

to correlate well with Hα EW, it cannot be effectively used as a criterion to
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classify CBe stars from HAeBe stars.

• Bochum 6(1) is quite unusual among our surveyed stars due to the presence of

intense spectral lines. The presence of Hii region S309 might be contributing

to the high value of Hα EW, which is −206 Å. The e-star is found to be in

HBe location in near-IR CCDm, which along with SED proves the presence

of dusty circumstellar disk. Hence Bochum 6(1) is found to be a HBe star

in a shell phase, which is inferred from the presence of forbidden Feii lines.

Eventhough the turn-off age of the cluster is found to be 10 Myr, we found

20 PMS stars in age range 1 to 10 Myr in the cluster. The candidate PMS

stars are located along the boundary of the cluster.

• We found that IC 1590(1) and IC 1590(2) belong to HBe and HAe respec-

tively from optical & near-IR photometry, spectroscopy and SED. This is

one of the rare young clusters (∼ 4 Myr) in which HAeBe stars coexist with

CBe candidate. The age of star 1 is found to be 2 Myr while that of star 2 is

3 Myr from PMS isochrone fitting. We identified 12 PMS candidates in the

cluster, which are found to have an ages in the range 2−10 Myr. The e-stars

are located close to the cluster center with few PMS candidates, suggesting

active star formation. The active star formation is reflected by the presence

of Hii region, molecular clouds and the presence of trapezium system like the

Orion.

• NGC 6823(1) is found to be a 6.3 Myr HBe star, reddened by 1 magnitude

in near-IR CCDm and the spectra with helium lines either in emission or as

shell feature. We have found 27 PMS stars in NGC 6823, in the age range

0.25−10 Myr, of which most are close to the cluster center, suggesting an

ongoing star formation.

• NGC 7380(4) is a stand-alone candidate among the surveyed stars with Nai

(5890, 5896 Å), Ki (7699 Å) and Nii (5530, 5535 Å) lines in emission apart
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from Oi, Caii triplet, Balmer and Paschen lines. The star is found to be a

HAe candidate with a near-IR excess of around 1 magnitude and excess flux

in Ks band in SED. The star is associated with nebulosity and the location of

the star in optical CMD indicates a very young age (≤ 0.25 Myr). We have

identified 34 PMS stars, in NGC 7380, in the age range 0.25 – 10 Myr, which

are distributed around 3 e-stars. This is indicative of the star formation

occuring in the cluster, in a crescent like region located to the west of the

cluster center.

• The duration of star formation was found to be about 10 Myr in all the 4

clusters, which host the identified HAeBe stars.
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Chapter 6

Summary & Future Plans

6.1 Summary

In Chapter 1, we have given an introduction to the properties of CBe stars and

briefly describe the studies done so far in optical, infra-red, ultraviolet, X-ray and

γ-ray wavelength bands. A sneak preview of the mechanism of Be phenomenon is

given and the developments in theoretical and observational fronts to tackle the

problem is also addressed. The competing model in the theoretical front is magnet-

ically torqued wind disk. Observers have detected magnetic field of considerable

magnitude (∼ 40−150 G) in a few Be stars, which supports the formation of disk

through the above mentioned model. Non-radial pulsations have been observed in

a few stars like µ Cen, ω CMa etc. which can explain the short-term variability in

CBe stars. But the open question is the reason for periodic outburst and whether

polar wind can assist the production of circumstellar disk in CBe stars.

To address Be phenomenon we performed a survey to search for Be stars in

young open clusters. Open clusters are ideal place to look for Be stars since they

constitute a dynamically associated system of stars which are coeval, located at the

same distance and have the same chemical composition. The e-stars are identified

through slitless spectroscopy, which is a technique devised by us, using HFOSC at

HCT. Using this method, the Hα emission above the continuum is identified from

the dispersed image, which is cross-matched with the R band image to identify the
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e-star. The details of the survey with the clusters which were found to harbour

e-stars are given in Chapter 2. We have addressed each cluster individually to

understand Be star parameters like age, distance and the role of MS evolution in

the formation of Be stars. We have constructed optical CMD from the references

mentioned, with the data taken from WEBDA. This has been combined with near-

IR CCDm to understand the evolutionary nature of Be stars. The slit spectra of

the identified candidate Be stars are obtained in the wavelength range 3700−9000

Å, which are presented for each cluster.

A comprehensive analysis of the surveyed stars is presented in Chapter 3.

Emission-line stars in young open clusters are identified to study their proper-

ties, as a function of age, spectral type and evolutionary state. 207 open star

clusters were observed using slitless spectroscopy and 157 e-stars were identified

in 42 clusters. We have found 54 new e-stars in 24 open clusters, out of which 19

clusters are found to house e-stars for the first time. About 22% clusters harbour

e-stars. The fraction of clusters housing e-stars is maximum in both the 0–10 and

20–30 Myr age bin (∼ 40% each). Most of the e-stars in our survey belong to

CBe class (∼ 92%) while a few are HBe (∼ 6%) and HAe (∼ 2%). The youngest

clusters to have CBe stars are IC 1590, NGC 637 and NGC 1624 (all 4 Myr old)

while NGC 6756 (125–150 Myr) is the oldest cluster to have CBe stars. The CBe

stars are located all along the MS in the optical CMD of clusters of all ages, which

indicates that the Be phenomenon is unlikely only due to core contraction near the

turn-off. The distribution of CBe stars as a function of spectral type shows peaks

at B1–B2 and B6–B7 spectral types. The Be star fraction (N(Be)/N(B+Be)) is

found to be less than 10% for most of the clusters and NGC 2345 is found to have

the largest fraction (∼ 26%). Our results indicate there could be two mechanisms

responsible for the Be phenomenon. Some are born CBe stars (fast rotators), as

indicated by their presence in clusters younger than 10 Myr. Some stars evolve to

CBe stars, within the MS lifetime, as indicated by the enhancement in the fraction
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of clusters with CBe stars in the 20–30 Myr age bin.

The spectroscopic study of 157 candidate Be stars in 42 young open clusters

was performed using medium resolution spectra in 3700−9000 Å range, which was

described in Chapter 4. Apart from the Balmer lines in emission, spectra of most

of the stars show Feii, Paschen and Oi lines in emission while Hei is seen in absorp-

tion. About 86% of the surveyed emission stars show Feii lines in their spectra.

We found Lyman β fluorescence as the mechanism for the production of Oi 8446

Å line in 24% of the surveyed stars, while collisional excitation is the likely ex-

citation mechanism for Oi 8446 Å and 7772 Å lines found in 47% of the stars,

suggesting a denser disk. The Balmer decrement is found to have a bimodal distri-

bution which is correlated with the nature of Hβ profile. Candidates with higher

D34 (76%) were found to have more number of spectral lines, higher Hα equiv-

alent width and (H−K)0 values, suggesting an optically and geometrically thick

disk. Massive Be stars of spectral type B0−B4 are found to have enhanced Hα

emission at the end of their main sequence lifetime, as inferred from the enhance-

ments observed at 12.5 and 25 Myr. The average emission region for Hα profile is

found to be around 15 stellar radii, with a range of 7−30 stellar radii, assuming

the circumstellar disk to be Keplerian. The rotation velocity of candidate stars

is found to be in the range 150−300 km/s, which matches with that of field CBe

stars. The rotation velocity of the disks were found to be in the range of 50−250

km/s. Thus the circumstellar disk is found to lag behind the star by 50−100 km/s.

The angular momentum evolution of stars and their disk as a function of age and

spectral type suggest a bimodal origin of Be stars. Stars in the B0−B2 spectral

bin are found be spun up towards the end of their MS life time, suggesting that

early type stars evolve to become Be stars. Similar variation in properties were

not found for stars in the later spectral types (B4−A0), suggesting that the Be

phenomenon differs in early type and late type stars.
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We have described the techniques used to identify most probable HAeBe can-

didates, among the surveyed Be stars, in Chapter 5. We found 5 HAeBe stars

from a sample of 157 stars in 42 clusters. From optical/near-IR photometry and

spectroscopy it is likely that Bochum 6(1), IC 1590(1) and NGC 6823(1) are HBe

while IC 1590(2) and NGC 7380(4) are HAe candidates. Bochum 6(1) is an inter-

esting HB[e] star with intense spectral lines and a high Hα EW of −206 Å, which

is the highest among surveyed stars. The HAeBe stars are found to show a linear

correlation in Hα EW versus (H−Ks)0 colour plot, with a clear offset from the

distribution of CBe stars. The candidates are found to show near-IR excess which

was revealed through near-IR CCDm and SED. An effort has been done to under-

stand the star formation in the clusters which harbour HAeBe stars (Bochum 6,

IC 1590, NGC 6823 and NGC 7380). We found ongoing star formation in all these

clusters, with an appreciable number of PMS stars. The age of these candidates

were estimated by PMS isochrone fitting in the optical CMD. Among the surveyed

clusters, IC 1590 is a young cluster (∼ 4 Myr) with 3 e-stars, each belonging to

HAe, HBe and CBe types respectively.

6.2 Impact of this work

The survey and analysis presented here is first of its kind to understand Be phe-

nomenon in CBe stars in open clusters. Our sample of 152 CBe stars was combined

with the dataset of CBe stars in southern clusters (McSwain and Gies, 2005b) to

get a complete picture of the formation and evolution of CBe stars in Galaxy (Mar-

tayan et al., 2009b). The method of slitless spectra to identify CBe stars was used

by Martayan et al. (2009a), to study CBe stars in the SMC clusters.
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6.3 Future Plans

• We plan to estimate accurate stellar parameters of Be stars by generating a

grid of synthetic spectra and comparing them with the observed spectra.

• To address the role of companion in the formation of Be stars, we have

launched a program to identify binary companions of some bright field Be

stars using high spectral resolution facility in Vainu Bappu Telescope (VBT),

Kavalur. The time-series analysis of the spectra provides an estimate about

the period which in-turn can be phased to obtain the nature of the com-

panion. Our cluster candidates are not bright enough to be included in this

program. Hence we have used selected candidates from the catalogue of

Jaschek and Egret (1982).

• To understand the role of cluster environment in Be phenomenon we have

taken the spectra of 118 field CBe stars from the catalogue of Jaschek and

Egret (1982). The spectra were taken using the similar setup used for clus-

ter CBe star studies. This in-turn will be combined with high resolution

spectra to understand rotation velocity distribution and angular momentum

evolution in the system.

• To confirm the higher D34 values using near-IR spectra of field CBe stars.
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C. Martayan, Y. Frémat, A.-M. Hubert, M. Floquet, J. Zorec, and C. Neiner.

Effects of metallicity, star-formation conditions, and evolution in B and Be stars.

I. Large Magellanic Cloud, field of NGC 2004. A&A, 452:273–284, June 2006.
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