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ABSTRACT

We present the first detailed imaging polarization observations of six SMC and six LMC clusters, known to have
large populations of B-type stars that exhibit excess H� emission from 2-CD photometric studies, to constrain the evo-
lutionary status of these stars and hence better establish links between the onset of disk formation in classical Be stars
and cluster age and/or metallicity. We parameterize and remove the interstellar polarization (ISP) associated with each
line of sight, thereby isolating the presence of any intrinsic polarization. We use the wavelength dependence of this in-
trinsic polarization to discriminate pure gas disk systems, i.e., classical Be stars, from composite gas-plus-dust disk sys-
tems, i.e., Herbig Ae/Be or B[e] stars. Our intrinsic polarization results, along with available near-IR color information,
support the suggestion of Wisniewski et al. that classical Be stars are present in clusters of age 5Y8 Myr and contradict
assertions that the Be phenomenon only develops in the second half of a B star’s main-sequence lifetime, i.e., no earlier
than 10Myr. The prevalence of polarimetric Balmer jump signatures decreases withmetallicity; we speculate that either
it is more difficult to form large disk systems in low-metallicity environments or that average disk temperatures are
higher in low-metallicity environments. The polarimetric signatures of �25% of our sample appear unlikely to arise
from true classical Be star disk systems, suggesting one should proceed with caution when attempting to determine the
role of evolutionary age and/or metallicity in the Be phenomenon purely via 2-CD results.

Subject headinggs: circumstellar matter — galaxies: clusters: individual (Bruck 60, NGC 330, NGC 346, NGC 371,
NGC 456, NGC 458, LH 72, NGC 1818, NGC 1858, NGC 1948, NGC 2004, NGC 2100) —
Magellanic Clouds — stars: emission-line, Be — techniques: polarimetric —
stars: individual (� Aquarii, BD +61 154, MWC 349A)

Online material: machine-readable tables

1. INTRODUCTION

While the rapid rotation (veq/vcrit� 70%Y80% of their critical
velocity; Porter 1996; Porter & Rivinius 2003) of classical Be stars
has long been speculated to be the fundamental source driving the
production of their geometrically thin circumstellar disks (Struve
1931; Porter & Rivinius 2003), recent photometric surveys (Feast
1972; Grebel et al. 1992; Grebel 1997; Dieball & Grebel 1998;
Keller et al. 1999, 2000; Grebel & Chu 2000; Olsen et al. 2001;
McSwain&Gies 2005;Wisniewski &Bjorkman 2006) have sug-
gested that secondary mechanisms might contribute to the ob-
served phenomenon. Specifically, Mermilliod (1982), Grebel
(1997), Fabregat & Torrejon (2000), and Keller (2004) found
that the frequency of the Be phenomenon seems to peak in clus-
ters with a main-sequence turnoff of B1YB2, leading to the sug-
gestion that the Be phenomenon is enhanced with evolutionary
age. Several recent observational studies (Grebel et al. 1992;
Mazzali et al. 1996;Grebel 1997;Maeder et al. 1999;Keller 2004)

have also suggested that the Be phenomenon may be more prev-
alent in low-metallicity environments, based on comparisons
of the fractional Be populations of Galactic, LMC, and SMC
clusters.
InWisniewski & Bjorkman (2006, hereafterWB06), we used a

simple two-color diagram (2-CD) technique to identify the frac-
tional candidate Be population of numerous Large Magellanic
Cloud (LMC), Small Magellanic Cloud (SMC), and Galactic
clusters in an effort to improve the statistical database that has
been used to link classical Be disk formation with evolutionary
age and/or metallicity. WB06 found evidence that the Be phe-
nomenon develops much earlier than previously predicted by
theory (Fabregat & Torrejon 2000), i.e., before the midpoint
main-sequence lifetime; furthermore, they found evidence of
an additional enhancement in the fractional Be content of clus-
ters with evolutionary age. The increased statistics offered by
this work, while confirming the previously suggested trend of
an enhancement in the Be phenomenon in low-metallicity envi-
ronments, lowered the average fractionalBe content of SMCclus-
ters from 39% (Maeder et al. 1999) to 32%.
While the 2-CD has been widely used to link evolutionary age

and/or metallicity with Be disk formation, it is inherently unclear
whether all B-type objects identified as excess H� emitters, i.e.,
‘‘Be stars,’’ are truly classical Be stars. It has been noted that other
B-type objects, such as Herbig Ae/Be stars, post-main-sequence
B[e] stars, and supergiants, may also exhibit H� emission and
hence ‘‘contaminate’’ these claimed detections (WB06).
Polarimetry is a tool that has long been used to investigate the

circumstellar environments of Be stars (Coyne & Kruszewski
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1969; Poeckert & Marlborough 1976; Coyne & McLean 1982;
Bjorkman 1994; McDavid 1994; Quirrenbach et al. 1997; Wood
et al. 1997; Clarke & Bjorkman 1998). Electron scattering (ES)
in the innermost region of classical Be circumstellar disks will
polarize a small fraction of stellar photons; furthermore, pre- and
postscattering attenuation by hydrogen atoms within the inner
disk region will imprint a characteristic wavelength dependence
onto this polarization signature if the inner disk is sufficiently dense
(Wood & Bjorkman 1995). The wavelength dependence of intrin-
sic polarization originating from classical Be stars, characterized by
geometrically thin, gaseous circumstellar disks (Quirrenbach et al.
1997; Wood et al. 1997; Clarke & Bjorkman 1998), is significantly
different than that expected from the dustier circumstellar environ-
ments of Herbig Ae/Be stars, post-main-sequence B[e] stars, and
supergiants (Vrba et al. 1979; Meyer et al. 2002). Thus, for nonY
pole-on disk geometries, polarimetry can be employed to investi-
gate circumstellar environments and discriminate the evolutionary
nature of sources.

In this paper we use imaging polarimetry to investigate the true
nature of candidate Be stars in six LMC and six SMC clusters that
were initially identified via photometric 2-CDs. In x 2 we outline
our observations and data reduction techniques. In x 3 we detail
howwe identified and removed the interstellar polarization com-
ponent associated with each of our lines of sight. We develop a
classification system to characterize the intrinsic polarization ob-
served in our candidate Be star sample in x 4 and also discuss the
results of individual clusters. We discuss the implications of these
results in x 5 and summarize our work in x 6.

2. OBSERVATIONS AND DATA REDUCTION

The imaging polarimetry data presented in this study were ob-
tainedwith theCerro Tololo Inter-AmericanObservatory (CTIO)7

1.5 m telescope. The f/7.5 secondary configuration was used dur-
ing our 2001 observing run,which yielded a 150 ; 150 field of view
and a 0:4400 pixel�1 scale, while the f/13.5 secondary configura-
tion, which provided a 80 ; 80 field of view with a 0:2400 pixel�1

scale, was used during our 2002 observing run. Data were re-
corded with CTIO’s standard Cassegrain focus CCD (CFCCD),
a 2048 ; 2048 multiamplifier CCD. The standard CFCCD con-
figuration was modified by the addition of a rotatable half-wave
plate followed by a fixed analyzer, the latter of which was placed
in the upper of the 1.5 m’s two filter wheels. The polymer achro-
matic wave plate was manufactured by Meadowlark Optics and
provided polarization modulation for each 90� rotation of the
wave plate. Unless otherwise noted, each of our fields of view
was observed with the wave plate rotated through eight positions
22:5� apart. The fixed analyzer was a double calcite block whose
optical axes had been crossed to minimize astigmatism and
color effects. Further details about this polarimeter can be found in
Magalhães et al. (1996), Pereyra (2000), Melgarejo et al. (2001),
and Pereyra&Magalhães (2002).We placedCTIO’s TekU ,B,V ,
R, and I filters in the second filter wheel. A summary of the sci-
ence clusters we observed is presented in Table 1.

Nightly observations of polarization standard stars were ob-
tained to calibrate the polarimetric efficiency of each filter and
determine the zero point of the polarization position angle in each
filter, while nightly observations of unpolarized standard stars
were obtained to characterize any instrumental polarization pres-
ent. Our unpolarized standard data indicate that the polarimeter
had an instrumental polarization consistent with zero for our 2001

7 The Cerro Tololo Inter-American Observatory is operated by the Associa-
tion of Universities for Research in Astronomy (AURA), Inc., under contract with
the National Science Foundation (NSF).

TABLE 1

Summary of Our Observations

Cluster

(1)

Location

(2)

Filter

(3)

Age

(4)

Date

(5)

Exposure Time

(6)

Bruck 60 ............ SMC U o 2002 Oct 19 1200

B 2002 Oct 21 720

V 2002 Oct 19 300

R 2002 Oct 19 300

I 2002 Oct 21 300

NGC 330............ SMC U y 2001 Nov 22 1200

B 2001 Nov 23 420

V 2001 Nov 25 300

R 2001 Nov 25 240

I 2001 Nov 24 240

NGC346 ............. SMC U vy 2001 Nov 21 720

B 2001 Nov 22 240

V 2001 Nov 21 180

R 2001 Nov 24 180

I 2001 Nov 23 180

NGC 371............ SMC U vy 2002 Oct 18 1200

B 2002 Oct 18 600

V 2002 Oct 17 420

R 2002 Oct 17 300

I 2002 Oct 18 420

NGC 456............ SMC U y 2002 Oct 24 1200

B 2002 Oct 26 720

V 2002 Oct 24 420

R 2002 Oct 26 300

I 2002 Oct 25 300

NGC 458............ SMC U o 2002 Oct 27 1200

B 2002 Oct 27 720

V 2002 Oct 26 300

I 2002 Oct 27 300

LH 72................. LMC U vy 2002 Oct 26 1200

B 2002 Oct 25 720

V 2002 Oct 25 420

R 2002 Oct 27 360

I 2002 Oct 26 300

NGC 1818.......... LMC U y 2001 Nov 21 900

B 2001 Nov 22 240

V 2001 Nov 21 240

R 2001 Nov 22 180

I 2001 Nov 22 300

NGC 1858.......... LMC U vy 2002 Oct 19 1200

B 2002 Oct 24 720

V 2002 Oct 18 420

R 2002 Oct 21 300

I 2002 Oct 24 300

NGC 1948.......... LMC U y 2001 Nov 27 1200

B 2001 Nov 26 360

V 2001 Nov 25 180

R 2001 Nov 26 240

I 2001 Nov 26 300

NGC 2004.......... LMC U y 2001 Nov 25 900

B 2001 Nov 22 180

V 2001 Nov 27 180

I 2001 Nov 22 420

NGC 2100.......... LMC U y 2001 Nov 24 1200

B 2001 Nov 23 240

V 2001 Nov 23 180

R 2001 Nov 24 180

I 2001 Nov 23 180

Notes.—We summarize some of the properties of the data presented in this
paper. The exposure times listed are the integration time used at each of eight
wave-plate positions. The age labels in col. (4), originally defined and discussed in
detail in Wisniewski & Bjorkman (2006) correspond to very young (vy) 5Y8Myr;
young (y) 10Y25 Myr; and old (o) 32Y158 Myr.
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data. The B, V , R, and I filters of our 2002 data also had an instru-
mental polarization consistent with zero (Wisniewski et al. 2003),
while theU -filter data had an instrumental polarization of �0.1%,
which was removed from the data.

The reduction of these data began with standard image pro-
cessing, including bias and flat-field corrections, using standard
IRAF8 techniques. Following this initial processing, aperture pho-
tometry was performed for all point sources in each of the eight im-
ages of an observation set, using 10 apertures of size 3Y12 pixels for
the f/7.5 data and 5Y14 pixels for the f/13.5 data. The linear polar-
ization of each source was extracted from a least-squares solution
of the difference amplitudes in the eight wave plate positions ( i),
using the PCCDPACK software suite (Pereyra 2000; Pereyra &
Magalhães 2002). Both the expected photon noise errors and the
actual measured errors, defined as the residuals at each wave plate
position with respect to the expected cos 4 i curve, were also cal-
culated. With few exceptions, these two errors were consistent
with one another.

3. INTERSTELLAR POLARIZATION

The polarization observed in our raw data is comprised of the
superposition of an interstellar component, attributable to the di-
chroic absorption of starlight by partially aligned dust grains along
each line of sight, and possibly an intrinsic component, attrib-
utable to the asymmetric illumination of circumstellar material
and/or the illumination of an asymmetrical distribution of circum-
stellar material. Characterizing and isolating each of these compo-
nents, although often technically challenging, yields two unique

diagnostics. Isolating the interstellar polarization component can
facilitate detailed studies of the local interstellar medium (ISM)
and provide constraints on fundamental properties such as grain
size distributions and shapes, as well as diagnosing the magni-
tude and direction of local magnetic fields. Isolating the intrinsic
polarization component enables investigations of the distribution
and chemistry of scatterers that comprise unresolved circumstellar
environments. We stress that characterizing the polarizing agent
(i.e., gas or dust) responsible for producing an intrinsic polariza-
tion signal is not possible simply via inspection of the wavelength
dependence of the vector sum of interstellar plus intrinsic (i.e., the
total) polarization data.
Fortunately, our efforts to identify and separate the interstellar

and intrinsic polarization components of our data are simplified
by the fact that we have observed rich stellar associations. Most
of the stars in these clusters should be normalmain-sequence stars
lacking any type of asymmetrical circumstellar envelope; hence,
they should not exhibit an intrinsic polarization component. Fur-
thermore, we can assume that all of our stars are located at the same
general distance, since they are members of a cluster population,
and that the properties of the interstellar medium do not signif-
icantly vary over the angular extent of our clusters. Hence, each
cluster in our sample provides us with a multitude of suitable
‘‘field stars’’ whose polarization we can simply average to esti-
mate the interstellar polarization ( ISP) along each line of sight,
via the commonly used field-star technique (McLean & Brown
1978).

In Figure 1we show the totalV -band polarization of all sources
in the LMC cluster NGC1818 having polarimetric signal-to-noise
ratios ( p/�p) greater than 5.0. The distinctive grouping of most
objects in the Stokes Q-U diagram of this figure (Fig. 1a) and
the narrow polarization (Fig. 1d) and position angle (Fig. 1c)

Fig. 1.—Output of the PCCDPACK routine select for the V -band observation of NGC 1818. Cluster members having a polarimetric signal-to-noise level, p/�p,
greater than 5 are plotted on a StokesQ-U diagram (a), as a polarization map as a function of pixel location (b), and in position angle (c) and polarization (d) histograms.
As many cluster stars in (a), (c), and (d ) exhibit the same general polarimetric properties, we suggest that most of these objects lack significant intrinsic polarization com-
ponents and instead only exhibit evidence of interstellar polarization.

8 IRAF is distributed by theNational Optical AstronomyObservatory, which is
operated by AURA, Inc., under contract with the NSF.

WISNIEWSKI ET AL.2042 Vol. 671



histograms demonstrates that most of these objects do lack sig-
nificant intrinsic polarization components and only have an ISP
component. After excluding objects outside of the dominant trends
found in these histograms with an iterative method, we calcu-
lated the weighted average and standard deviation of these data
to determine a preliminary estimate of this cluster’s V -band ISP,
as shown in Figure 2. The wavelength dependence of these esti-
mates clearly follows the empirical Serkowski law (Serkowski
et al. 1975) commonly used to parameterize an ISP. Overplotted in
Figure 2 is a modified Serkowski law (Serkowski et al. 1975;
Wilking et al. 1982) that we deemed best represented the obser-
vational data. The polarization at the midpoint wavelength lo-
cation of theU , B, V , R, and I filters was then extracted from this
curve and served as the final estimate of the ISP. The modified
Serkowski parameters determined for all of our lines of sight,
along with the extracted filter ISP values, are summarized in
Table 2.

The ISP values compiled in Table 2 are relevant to our efforts
to isolate the intrinsic polarization components associated with
our target stars; however, they do not yet yield any direct infor-
mation regarding the properties of the interstellar dust grains that
reside in their parent LMC and SMC clusters, as these ISP values
are comprised of both foreground Galactic ISP and Magellanic
Cloud ISP contributions. Following the techniques used byClayton
et al. (1983) and Rodrigues et al. (1997), we used the interstellar
polarization maps of Schmidt (1976) to identify and remove this
foreground Galactic ISP contribution (see Table 3) and hence de-
termine estimates of the ISP intrinsic to our LMC and SMC clus-
ters (see Table 4).We used amodified Serkowski law (Serkowski
et al. 1975; Wilking et al. 1982) to extrapolate these maps over
the wavelength range of our data set and assumed a nominal Ga-
lactic kmax value of 5500 8 to characterize the parameter K. The
errors cited in theGalactic polarizationmaps (Schmidt 1976) and
those present in our total ISP estimates (Table 2) were propagated
to produce the error estimates cited in Table 4.

Most of the field stars used to derive our total ISP estimates
were not highly reddened objects; hence, the intrinsic LMC and
SMC ISP values listed in Table 4 all are characterized by modest
polarization amplitudes, which are often on the order of the errors
of our data. In spite of this fact, trends in these data are clearly
present. As expected, themagnitude ofUBVRI polarization toward
each cluster follows a Serkowski-like wavelength dependence at a
wavelength-independent position angle. This lack of position angle
rotation indicates that our Galactic interstellar polarization correc-
tion was reasonable and that we are looking at a single magnetic
field orientation toward each of our clusters. All LMC clusters
exhibit similar ISP properties, with polarization magnitudes rang-
ing from�0.2%Y0.5% at a position angle of�25

�Y45�; similarly,
all SMC clusters also exhibit clear evidence of sharing common
ISP properties,with polarizationmagnitudes ranging from�0.3%Y
0.6% at a position angle of �120�Y150�. The shallow curvature
of the Serkowski-law dependence of these data, in combination
with the moderate level of uncertainty present, make identifying
systematic differences in the interstellar dust grain properties of
these clusters difficult. The total ISP (Table 2) and SMC ISP
(Table 4) of the cluster NGC 330 does, however, show suggestive
evidence of being characterized by a short wavelength kmax value
of �45008 (Fig. 3). Such an effect is commonly attributed to the
presence of small dust grains and has been previously observed in
other SMC sight lines (Rodrigues et al. 1997). In a future paper
we will examine the wavelength dependence of moderately and

Fig. 2.—Observationally derived total ISP estimates for each filter of NGC
1818 plotted as a function ofwavelength. The data closely followa classic Serkowski-
law shape (Serkowski et al. 1975), suggesting that ourmethod for determining the
ISP in each cluster was reasonable. Overplotted on these estimates is a modified
Serkowski law (Serkowski et al. 1975;Wilking et al. 1982), whichwe deemed best
fit the estimates. We extracted the U , B, V , R, and I filter polarization associated
with this fit and hereafter use these values to describe the ISP of NGC 1818.

TABLE 2

Average Interstellar Polarization

Cluster

Pu

(%)

Pb

(%)

Pv

(%)

Pr

(%)

Pi

(%)

P.A.

(deg)

Pmax

(%)

kmax

(8)
�P.A.

(deg) K

Bruck 60 ...................... 0.46 � 0.18 0.51 � 0.30 0.55 � 0.23 0.54 � 0.19 0.48 � 0.19 130 0.55 5500 0 0.923

LH 72........................... 0.34 � 0.14 0.37 � 0.12 0.40 � 0.14 0.39 � 0.12 0.35 � 0.14 28 0.40 5500 0 0.923

NGC 330...................... 0.51 � 0.17 0.53 � 0.16 0.52 � 0.14 0.48 � 0.17 0.41 � 0.17 126 0.53 4500 0 0.737

NGC 346...................... 0.31 � 0.17 0.35 � 0.18 0.37 � 0.17 0.36 � 0.15 0.32 � 0.19 125 0.37 5500 0 0.923

NGC 371...................... 0.38 � 0.15 0.42 � 0.16 0.45 � 0.15 0.44 � 0.15 0.39 � 0.15 118 0.45 5500 0 0.923

NGC 456...................... 0.57 � 0.21 0.63 � 0.24 0.67 � 0.25 0.66 � 0.29 0.58 147 0.67 5500 �8 0.923

NGC 458...................... 0.33 � 0.34 0.36 � 0.23 0.39 � 0.22 . . . 0.34 � 0.15 120 0.39 5500 0 0.923

NGC 1818.................... 0.52 � 0.17 0.58 � 0.16 0.62 � 0.15 0.61 � 0.17 0.54 � 0.14 39 0.62 5500 0 0.923

NGC 1858.................... 0.32 � 0.21 0.36 � 0.15 0.38 � 0.16 0.37 � 0.22 0.33 � 0.17 45 0.38 5500 0 0.923

NGC 1948.................... 0.57 � 0.19 0.64 � 0.15 0.68 � 0.18 0.67 � 0.17 0.59 � 0.17 35 0.68 5500 0 0.923

NGC 2004.................... 0.32 � 0.12 0.36 � 0.13 0.38 � 0.15 . . . 0.33 � 0.16 26 0.38 5500 0 0.923

Notes.—The Serkowski parameters P:A:, Pmax, kmax, �P:A:, andK that best described each of our clusters are tabulated, along with the final ISP values in theU , B, V , R,
and I filters. The horizontal line separates SMC clusters (above) from LMC clusters (below).

AGE AND METALLICITY IN Be DISKS. II. 2043No. 2, 2007



highly reddened objects in our data set to perform a more detailed
investigation of the interstellar medium properties of these LMC
and SMC clusters, and complement earlier studies that parameter-
ized the ISM properties of other SMC ( Rodrigues et al. 1997) and
LMC (Clayton et al. 1983) sight lines.

3.1. NGC 2100

The total polarization vectors of our observations of the LMC
cluster NGC 2100 clearly exhibit evidence of a collective, com-
plexmorphology (see Fig. 4).While Figure 4 only presents I-band
data, all of our other filters exhibit similar alignment patterns. Re-
call that we expect that most cluster objects should not exhibit
an intrinsic polarization component; thus, we suggest that these
systematic morphological changes are related to changes in the
magnetic field properties within our field of view. A substantial
discussion of the magnetic field properties of NGC 2100 is pre-
sented inWisniewski et al. (2007a). For the purposes of the pres-
ent study, we only discuss our efforts to parameterize and remove
the ISP along the line of sight to this cluster.

We identified three spatial regions in our field of view, corre-
sponding to the region around the cluster core, the region to the
south of the cluster core, and the region to the north of the core,
which displayed unique ISP characteristics. In Figures 5, 6, and 7,
we show theB-band polarization vectormaps ofwhatwe have de-
fined as regions 1, 2, and 3, respectively, in the total ISP along the
line of sight to NGC 2100, overlaid on DSS-2 blue images. Hav-
ing identified these distinct regions, we then extracted total ISP

estimates following the technique previously described.We calcu-
lated a ��2 weighted average of all objects in each filter served as
an initial ISP estimate, determined the modified Serkowski-law
parameters that best represented the data, as seen in Figure 8 for
region 1, and extracted final ISP values (Table 5) for each region
from these Serkowski curves. The locations of the candidate
Be stars in NGC 2100 were then correlated to these three ISP re-
gions to determine the ISP correction each should receive. We
found NGC 2100:KWBBe 102, 630, and 712 resided in area 2,
NGC 2100:KWBBe 535, 797, and 1033 resided in area 3, and the
rest of the candidate Be stars resided in area 1.

4. INTRINSIC POLARIZATION

We subtracted the ISP from the observed polarization to iso-
late any intrinsic polarization components present. The location
of candidate Be stars in our fields of viewwere identified by care-
ful correlation with literature coordinates and finder charts. Using
several PCCDPACK routines, we meticulously examined the ex-
tracted polarization for each of the candidate Be stars in our sam-
ple to search for undesired contamination by (1) the ordinary or

TABLE 3

Foreground ISP Corrections

Schmidt Region

(1)

Polarization

(%)

(2)

Position Angle

(deg)

(3)

Clusters

(4)

I .............................. 0.37 � 0.15 111 Bruck 60

II ............................. 0.27 � 0.15 123 NGC 330, 346, 371

III............................ 0.19 � 0.21 110 NGC 456, 458

VI ........................... 0.64 � 0.19 30 LH 72

VII .......................... 0.32 � 0.13 29 NGC 1818, 1858, 1948

IX ........................... 0.40 � 0.13 20 NGC 2004

Notes.—We used the Galactic polarization maps of Schmidt (1976) as tem-
plates to identify and remove the foreground Galactic interstellar polarization con-
tribution to each of our Magellanic Cloud lines of sight. Cols. (2) and (3) represent
the corrections applied to each of our lines of sight, listed in col. (4).

TABLE 4

ISP Intrinsic to the Magellanic Clouds

Cluster

Pu

(%)

P.A.u
(deg)

Pb

(%)

P.A.b
(deg)

Pv

(%)

P.A.v
(deg)

Pr

(%)

P.A.r
(deg)

Pi

(%)

P.A.i
(deg)

Bruck 60 .................... 0.43 � 0.23 132 � 15 0.45 � 0.34 133 � 22 0.34 � 0.27 151 � 23 0.41 � 0.24 138 � 17 0.33 � 0.24 144 � 21

LH 72......................... 0.27 � 0.24 28 � 26 0.24 � 0.22 27 � 26 0.24 � 0.24 123 � 29 0.07 � 0.22 18 � 90 0.07 � 0.24 130 � 98

NGC 330.................... 0.48 � 0.23 126 � 14 0.48 � 0.22 126 � 13 0.25 � 0.21 129 � 24 0.34 � 0.23 127 � 19 0.24 � 0.23 128 � 28

NGC 346.................... 0.28 � 0.23 125 � 24 0.30 � 0.23 125 � 22 0.10 � 0.23 130 � 66 0.22 � 0.21 126 � 27 0.15 � 0.24 127 � 46

NGC 371.................... 0.35 � 0.21 118 � 17 0.37 � 0.22 117 � 17 0.19 � 0.21 111 � 32 0.31 � 0.21 116 � 19 0.22 � 0.21 114 � 27

NGC 456.................... 0.56 � 0.30 148 � 15 0.62 � 0.32 149 � 15 0.64 � 0.33 155 � 15 0.64 � 0.36 151 � 16 0.56 153.2

NGC 458.................... 0.31 � 0.40 121 � 37 0.32 � 0.31 121 � 28 0.22 � 0.30 129 � 39 0.23 � 0.26 125 � 32 . . . . . .

NGC 1818.................. 0.49 � 0.21 40 � 12 0.52 � 0.21 40 � 12 0.34 � 0.20 49 � 17 0.46 � 0.21 43 � 13 0.35 � 0.19 45 � 16

NGC 1858.................. 0.29 � 0.25 47 � 25 0.31 � 0.20 48 � 19 0.20 � 0.21 74 � 30 0.25 � 0.26 55 � 30 0.19 � 0.21 63 � 32

NGC 1948.................. 0.54 � 0.23 35 � 12 0.58 � 0.20 36 � 10 0.37 � 0.22 40 � 17 0.51 � 0.21 37 � 12 0.39 � 0.21 38 � 15

NGC 2004.................. 0.28 � 0.18 27 � 18 0.28 � 0.18 28 � 18 0.08 � 0.20 75 � 72 0.09 � 0.21 44 � 67 . . . . . .

Notes.—We corrected the total measured ISP components of each of our clusters for the effects of foreground Galactic interstellar polarization, revealing the ISP
components which arose from the dichroic absorption of light by dust grains located within the Magellanic Clouds. The horizontal line separates SMC clusters (above)
from LMC clusters (below).

Fig. 3.—Same as Fig. 2, but for NGC 330. These data, as well as the SMC
ISP associated with NGC 330 (see Table 4), are characterized by a kmax value of
�4500 8, suggesting the presence of smaller than average dust grains.
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extraordinary images of nearby objects and (2) cosmic-ray hits
or uncorrected bad pixels. The total polarization of all candidate
Be stars that did not suffer from these contamination issues are
tabulated in Table 6, while the intrinsic polarization of these objects
are tabulated in Table 7.

As discussed in the introduction, electron scattering in the pure
gas disks of classical Be stars will polarize a small fraction of
stellar photons, producing a well-known wavelength-dependent
intrinsic polarization signature.We emphasize that as polarization
is a vector quantity, identifying these signatures (1) is only pos-

sible via inspection of intrinsic polarization data and (2) requires
either the simultaneous inspection of both the wavelength depen-
dence of the polarizationmagnitude and position angle or, alterna-
tively, inspection of the behavior of the intrinsic data on a Stokes
Q-U diagram. An observed wavelength-independent intrinsic po-
larization magnitude and position angle across the entire UBVRI
wavelength regime is the expected signature of pure ES, such as
that expected from a gaseous classical Be disk. Moreover, pre-
or postscattering absorption will superimpose the wavelength-
dependent signature of hydrogen opacity on this signal, creating
a ‘‘sawtooth’’ polarization signature (Bjorkman 2000) if enough
absorption events occur. Specifically, this sawtooth signature

Fig. 4.—I-band total polarization vectors of our observations of the LMC clus-
ter NGC 2100 overplotted on a DSS-2 red image. The general morphology of these
polarization vectors matches that seen in the other four filters observed, indicating
that this structure is real.

Fig. 5.—B-band polarization vector map of region 1 in NGC 2100 ISP space
overplotted on a DSS-2 blue image.

Fig. 6.—Same as Fig. 5, but for region 2.

Fig. 7.—Same as Fig. 5, but for region 3.
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includes the presence of abrupt jumps in the magnitude of in-
trinsic polarization at the Balmer and Paschen limits, as well as a
wavelength-independent intrinsic polarization position angle
across the entire UBVRI wavelength regime. Examples of these
two signatures of classical Be circumstellar disks are given in
Figure 9, which presents multiepoch observations of the known
classical Be star � Aquarii as observed by the University of
Wisconsin’s HPOL spectropolarimeter.

We have contemporaneously analyzed the StokesQ-U diagrams
of all candidate Be stars’ total and intrinsic polarization components
to search for evidence of these signatures. We have developed a
conservative four-point classification scale to rank the likelihood
that candidate Be stars are truly classical Be stars. Results of this
classification are summarized in Table 8 for individual objects and
in Table 9 for the net results of entire clusters. The design of our
classification system emphasized the identification of objects ex-
hibiting a sawtooth intrinsic polarization signature and a pure ES
signature across the entire UBVRI wavelength regime. Specifi-
cally, we defined our classification system by:

Type 1.—objects that are most likely classical Be stars;
Type 2—objects whose polarimetric properties are not in-

consistent with those expected from classical Be stars;
Type 3.—objects that are unlikely to be classical Be stars;

and
Type 4.—objects that are highly unlikely to be classical

Be stars.

Stars in our sample that displayed, to within 3 �, a sawtooth-
like polarization Balmer jump (BJ) along with a wavelength-

independent polarization position angle across the entire range
of available data (see Fig. 10) were assigned a designation of
type 1. We claim that all type 1 objects are most likely classical
Be stars. Note that in x 5.3.1 we offer a detailed discussion of other
objects that could exhibit somewhat similar behavior over part of
theUBVRI wavelength regime. However, aswe discuss in x 5.3.3,
analysis of ancillary data demonstrates that it is highly dubious
that stars classified as type 1 polarimetric sources are anything
other than classical Be stars.
We assigned a designation of type 2 to objects whose polar-

imetric properties were not inconsistent with that expected from
a classical Be star-disk system. As discussed above, classical Be
disks of sufficiently low density will not leave an imprint of hy-
drogen opacity in their intrinsic polarization signals; hence, stars
that exhibited, to within 3 �, a wavelength-independent ES polari-
zation signature (see Fig. 11) received a designation of type 2. A
small number of objects exhibited a nearlywavelength-independent
polarization magnitude along with a minor wavelength dependence
in their polarization position angles; we designated these objects
as type 2, as we believe such stars most likely are exhibiting ES
signatures modified by a slight under- or overcorrection of their
ISP components. We cannot rule out the possibility that this mi-
nor wavelength dependence might also be produced by the ad-
ditional presence of an optically thin dust disk, as is present in
post-main-sequence B[e] stars (Magalhães 1992; Melgarejo et al.
2001). However, as we show in x 5.3.3, analysis of ancillary data
demonstrate that most type 2 objects that we claim exhibit ES sig-
natures are likely to be classical Be stars and substantially less likely
to be systems characterized by composite gas-plus-dust disks (i.e.,
Herbig Ae/Be, B[e] stars). Finally, we assigned all objects that ap-
peared to be intrinsically unpolarized (<0.3% polarization), to
within 3 �, a type 2 designation, as this is the expected signature
of pole-on or nearly pole-on classical Be stars. We caution the
reader that we are not 100% certain that these unpolarized ob-
jects are classical Be stars, as (1) stars without gaseous disks, spu-
riously detected as excess H� emitters on 2-CDs, will also exhibit
zero net intrinsic polarization and (2) the noise present in the ob-
servations of fainter targets may preclude us from clearly identi-
fying these non-Be stars as ‘‘contaminants.’’
We assigned the designation of type 3 to type 4 to objects whose

polarization, to within 3 �, appeared to be inconsistent with the
aforementioned signatures expected from a classical Be star-disk
system (see e.g., Fig. 12). We briefly discuss some of the major
types of atypical polarimetric signatures we observed.
In Table 8 we assigned a designation of type 3 to 4 to several

objects whose intrinsic polarization exhibited signs of a 90� po-
sition angle reversal (Fig. 14), which is a signature of a dusty bi-
polar nebula geometry (see x 5.3.1; see also Schmidt et al. 1992;
Schulte-Ladbeck et al. 1992). From an inspection of the Stokes
Q-U diagram of such an object (Fig. 14), it is clear that even if
our initial ISP correction was grossly miscalculated, the wave-
length-dependent polarizationwould still be inconsistent with that
expected from classical Be stars. While it would be interesting to

Fig. 8.—Observationally derived initial estimates of the total interstellar po-
larization toward region 1 of NGC2100, alongwith themodified Serkowski lawwe
deemed best fit the data. The final ISP values for region 1 used in the remainder of
this paper were extracted from this Serkowski curve.

TABLE 5

Total Interstellar Polarization toward NGC 2100

Cluster

Pu

(%)

Pb

(%)

Pv

(%)

Pr

(%)

Pi

(%)

P.A.

(deg)

Pmax

(%)

kmax

(8)
�P.A.

(deg) K

NGC 2100 area 1........... 1.32 1.41 1.44 1.37 1.20 139 1.45 5000 0 0.83

NGC 2100 area 2........... 1.26 1.35 1.37 1.31 1.14 100 1.38 5000 0 0.83

NGC 2100 area 3........... 1.64 1.69 1.65 1.54 1.32 78 1.70 4500 0 0.737

Note.—A summary of the total interstellar polarization values toward NGC 2100 for the three distinct spatial regions identified within the field of
view of our NGC 2100 data set.
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further probe the circumstellar environments of such objects with
follow-up investigations, for the purposes of this paper wemerely
remark that they are unlikely to be classical Be stars.

Several of our candidate Be stars exhibited very large (1%Y
3.5%), complex intrinsic polarization signatures (see Fig. 13).
Given the steep drop in their polarization magnitude at short op-
tical wavelengths, along with subtle indications of a correspond-
ing position angle rotation, it is possible that these objects are
characterized by dusty bipolar nebulae whose polarization sig-
nature exhibits a position angle reversal at UVwavelengths, sim-
ilar to HD 45677 (Schulte-Ladbeck et al. 1992). Alternatively,
the polarization of these objects could be interpreted as follow-
ing a Serkowski-like wavelength dependence characterized by a
large kmax value. As our data have already been corrected for the
average ISP associated with each of our clusters, this latter inter-
pretation would require these objects to be situated in region of
patchy dust, likely populated by larger grains, given the longwave-
length values of kmax, i.e., >70008 in Figure 13 (Rodrigues et al.
1997; Whittet et al. 1992). Serkowski et al. (1975) described the
expected magnitude of interstellar polarization by the formula-
tion 3EB�V � Pmax � 9EB�V ; hence, an additional reddening of
0:3Y1:0E(B� V ) would be required to produce the measured
pmax of these objects,�3%. The observed colors of at least some
of these objects (NGC 1948:KWBBe 98, V � I ¼ 0:67; Keller
et al. 1999) is likely sufficient to produce the amount of purported
additional ISP, although other objects (NGC 1948:KWBBe 246,
V � I ¼ 0:05; Keller et al. 1999) clearly do not meet this criteria.
While follow-up optical or infrared spectroscopy of these anom-
alous candidates would help to determine whether they exhibit a
dusty bipolar nebula geometry or are located in a region of patchy
dust, for the purpose of this paper we merely stress that it is clear
that these objects are not likely to be classical Be stars.

We now offer discussion of the polarimetric properties of can-
didateBe stars in individual clusters. Recall that all candidates that
exhibited evidence of contamination, predominantly from nearby
neighbors, have been excluded from our analysis. We further note
that the effective limiting magnitude of our polarimetric data set
was lower (i.e., brighter) than that considered in WB06.

4.1. LMC Clusters

4.1.1. NGC 1818

Keller et al. (1999) identified 40 candidate Be stars associated
with the LMC cluster NGC 1818 and its surrounding field. The
cluster is densely populated, and because of image overlap issues
we were only able to retrieve polarimetric information for 18 of
these candidate Be stars. Four of these 18 (22%) showed intrinsic
polarization BJ signatures, NGC 1818:KWBBe 69, 82, 137, and
243.We classified 12 of the 18 candidates (67%) as type 2 objects,
and found that 5 of the type 2 objects (i.e., 5 of the 18 stars, 28%, in
the total population) exhibited clear evidence of an ES polarization
signature. Two of the 18 candidates (11%), NGC 1818:KWBBe 47
and 381,were deemed unlikely to be classical Be stars.While theB,
V , R, and I filter polarizations of NGC 1818:KWBBe 47 were
consistent with an ES signature, theU filter exhibited a significant
position angle rotation that was inconsistent with an ES origin.
Although noisy, the observation of NGC 1818:KWBBe 381 also
did not follow an ESwavelength dependence, prompting us to as-
sign it an ‘‘unlikely Be star’’ designation.

4.1.2. NGC 1948

Keller et al. (1999) identified 27 candidate Be stars associated
with the cluster NGC 1948 and its nearby field. We were able to
extract polarimetric information on 22 of these candidates from
our data set. Six of these 22 candidates (27%) exhibited a polar-
ization BJ, NGC 1948:KWBBe 71, 75, 102, 153, 172, and 240.

TABLE 6

Total Polarization of Candidate Be Stars

Candidate Be Star Filter

P

(%)

P.A.

(deg)

Q

(%)

U

(%)

Error

(%)

Bruck 60:WBBe 1 ......... u 1.75 107.3 �1.44 �0.99 0.61

b . . . . . . . . . . . . . . .
v 1.33 113.7 �0.90 �0.98 0.30

r 1.33 117.6 �0.76 �1.09 0.35

i . . . . . . . . . . . . . . .

Notes.—The total polarization (i.e., interstellar plus intrinsic components) of
one candidate Be star investigated in this study is tabulated. Table 6 is published
in its entirety in the electronic edition of the Astrophysical Journal. A portion is
shown here for guidance regarding its form and content.

TABLE 7

Intrinsic Polarization of Candidate Be Stars

Candidate Be Star Filter

P

(%)

P.A.

(deg)

Q

(%)

U

(%)

Error

(%)

Bruck 60:WBBe 1 .............. u 1.46 100.9 �1.36 �0.54 0.61

b . . . . . . . . . . . . . . .

v 0.91 104.4 �0.80 �0.44 0.30

r 0.88 110.0 �0.67 �0.56 0.35

i . . . . . . . . . . . . . . .

Notes.—The intrinsic polarization of one candidate Be star investigated in
this study is tabulated. Table 7 is published in its entirety in the electronic edition
of the Astrophysical Journal. A portion is shown here for guidance regarding its
form and content.

Fig. 9.—Time variability of the intrinsic polarization of the known Galactic
classical Be star � Aquarii shown in multiepoch data from the HPOL spectro-
polarimeter. During the 1989 and 1991 observations, the inner disk density was suf-
ficiently high such that the effects of pre- and postscattering absorption by hydrogen
in the disk are seen in the appearance of a polarization BJ and a sawtooth-likewave-
length dependence. The inner disk density was sufficiently low in the 1990 obser-
vation such that the wavelength independent ES signature was not noticeably
altered by a hydrogen opacity signature.We have examined our intrinsic imaging
polarization observations of candidate Be stars to search for the polarimetric sig-
natures found in this figure.
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We classified 12 of the 22 candidates (55%) as type 2 objects,
and found that 6 of the type 2 objects (i.e., 6 of the 22, 27%, in the
total population) exhibited a definite ES polarization signature,
NGC 1948:KWBBe 62, 92, 101, 157, 326, and 790.We note that
NGC 1948:KWBBe 92 does show a hint of a small polarization
BJ; however, we opted to describe its polarizationmore conserva-
tively, i.e., as having anES signature.We found that 4 of the 22 stars
(18%) had polarimetric properties which suggested that they were
unlikely to be classical Be stars. As previously discussed, 3 of these
stars, NGC 1948:KWBBe 98, 183, and 246 exhibited intrinsic po-
larization signals that seemed to follow a Serkowski-like wave-
length dependence. NGC 1948:KWBBe 91 was also deemed
unlikely to be a classical Be star due to the wavelength-dependent
nature of its polarization position angle.

4.1.3. NGC 2004

Keller et al. (1999) identified 67 candidate Be stars associated
with the LMC cluster NGC 2004 and its surrounding field. We
extracted polarimetric information for 43 of these candidates and
found that 9 of the 43 (21%), namely, NGC 2004:KWBBe 50,
87, 96, 103, 106, 152, 211, 347, and 377, showed an intrinsic

polarization BJ. Twenty-eight of the 43 candidates (65%) were
classified as type 2 objects, and note that 10 of these 28 type 2
objects (i.e., 10 of the 43, 23%, in the total population), NGC
2004:KWBBe 91, 203, 276, 323, 344, 441, 624, 717, 1175, and
1421, exhibited an ES polarization signature. We found 6 of the
43 (14%) candidates in NGC 2004 were unlikely to be classical
Be stars based on their intrinsic polarization. Of these objects,
we note that the three filters of polarization extracted for NGC
2004:KWBBe 1315 show suggestive evidence of a polarization
position angle flip, a feature that is not expected in classical Be star-
disk systems.

4.1.4. LH 72

WB06 identified 50 candidate Be stars in the LMC cluster
LH 72 and designated 11 of these detections as tentative. We
were able to obtain polarimetric information for 34 of these stars:
1 of the 34 (3%), LH 72:WBBe 5, showed a polarization BJ and
is most likely a bona fide classical Be star.We classified 22 of the
34 (65%) stars as type 2 objects, and found 5 of these 22 type 2 ob-
jects (i.e., 5 of the 34, 15%, of the total population), LH 72:WBBe
13, 15, 26, 27, and 33 exhibited an ES polarization signature. We
suggest that 11 of the 34 (32%) of candidates in LH72 are unlikely
to be classical Be stars based on their intrinsic polarization prop-
erties. Of these unlikely Be stars, we found that the intrinsic polar-
ization of LH 72:WBBe 9 followed a Serkowski-like wavelength
dependence, with a kmax value >60008. We extracted polarimet-
ric information for 7 of the 11 stars designated as possible candi-
date Be stars by WB06. Five of these 7 stars were classified as
type 2 objects, while 2 of the 7 appear unlikely to be classical
Be stars based on their intrinsic polarization signatures.

4.1.5. NGC 1858

WB06 identified 39 candidate Be stars in the LMCcluster NGC
1858, and we were able to extract polarimetric information for 27
of these 39 stars. Three of the 27 (11%), NGC 1858:WBBe 6, 9,
and 20, exhibited polarizationBJs.We classified 13 of the 27 (48%)
as type 2 objects, and found 2 of these 13 type 2 stars (i.e., 2 of
the 27, 7%, of the total population) exhibited an ES polarization
signature. Eleven of the 27 (41%) candidates in NGC 1858

TABLE 9

Intrinsic Polarization Summary

Cluster

(1)

Detection Rate

(2)

No. Polarization BJ

(Type 1)

(3)

No. ES

(Type 2)

(4)

Not Inconsistent

(Type 2)

(5)

Unlikely

(Types 3, 4)

(6)

Bruck 60 .......................... 18/26 (69%) 1/18 (6%) 8/18 (44%) 11/18 (61%) 6/18 (33%)

NGC 330.......................... 41/76 (54%) 0/41 (0%) 9/41 (22%) 24/41 (59%) 17/41 (41%)

NGC 346.......................... 33/48 (69%) 8/33 (24%) 7/33 (21%) 22/33 (67%) 3/33 (9%)

NGC 371.......................... 73/129 (57%) 10/73 (14%) 6/73 (8%) 49/73 (67%) 14/73 (19%)

NGC 456.......................... 14/23 (61%) 0/14 (0%) 1/14 (7%) 9/14 (64%) 5/14 (36%)

NGC 458.......................... 10/30 (33%) 0/10 (0%) 0/10 (0%) 6/10 (60%) 4/10 (40%)

LH 72............................... 34/50 (67%) 1/34 (3%) 5/34 (15%) 22/34 (65%) 11/34 (32%)

NGC 1818........................ 18/40 (45%) 4/18 (22%) 5/18 (28%) 12/18 (67%) 2/18 (11%)

NGC 1858........................ 27/39 (69%) 3/27 (11%) 2/27 (7%) 13/27 (48%) 11/27 (41%)

NGC 1948........................ 22/27 (81%) 6/22 (27%) 6/22 (27%) 12/22 (55%) 4/22 (18%)

NGC 2004........................ 43/67 (64%) 9/43 (21%) 10/43 (23%) 28/43 (65%) 6/43 (14%)

NGC 2100........................ 35/61 (57%) 8/35 (23%) 16/35 (46%) 20/35 (57%) 7/35 (20%)

Notes.—We summarize the statistics of our classification of the intrinsic polarization properties of our data set. The detection rate column
describes the number of candidates for which we were able to extract polarimetric information. Col. (3): the fraction of candidates that displays
polarimetric Balmer jumps: we consider these objects to be bona fide classical Be stars. Col. (4): the fraction of candidates that exhibits ES
signatures, i.e., moderate amounts of wavelength-independent polarization at a wavelength independent position angle. Col. (5): candidates that,
to within 3 �, cannot be ruled out as possible Be stars. Col. (6): candidate Be stars whose intrinsic polarization does not agree, to within 3 �, with
that expected from classical Be stars. The horizontal line separates SMC clusters (above) from LMC clusters (below).

TABLE 8

Classifying the Intrinsic Polarization of Individual Candidate Be Stars

Name

(1)

Polarization BJ?

(2)

P.A.

(deg)

(3)

Classification

(4)

Comments

(5)

Bruck 60:WBBe 1 ......... N F2 2 Moderate ES

Notes.—The classification of the intrinsic polarization signature of one of the
candidate Be stars investigated in this study is presented. Col. (2) indicates whether
a polarization Balmer jump was present in the data; the letters in col. (3) indicate
whether the polarization position angle was flat (F), linearly sloped (S), or randomly
variable (V),while the numbers indicate the� level of such characterizations; col. (4)
indicates the likelihood each object is a bona fide classical Be star based on the four-
point classification scheme described in the text; and any relevant comments are
listed in col. (5). Table 8 is published in its entirety in the electronic edition of the
Astrophysical Journal. A portion is shown here for guidance regarding its form
and content.
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appear unlikely to be classical Be stars based on their polari-
metric signatures. As previously discussed, 2 of these unlikely
Be stars, NGC 1858:WBBe 3 and 12 had an intrinsic polariza-
tion that follows a Serkowski-like wavelength dependence, char-
acterized by a long kmax value. Four of the 39 photometrically
identified candidate Be stars in NGC 1858 were judged to be pos-
sible detections in WB06: we were able to detect 3 of these 4 po-
larimetrically. We classified 2 of the 3 as type 2 objects, and the
remaining object, NGC 1858:WBBe 9, as a type 1 object.

4.1.6. NGC 2100

Keller et al. (1999) identified 61 candidate Be stars associated
with the LMC cluster NGC 2100. We were able to extract po-
larimetric information for 35 of the 61 candidates (57%). Eight
of the 35 stars (23%), NGC 2100:KWBBe 79, 97, 436, 619, 635,
705, 770, and 797, exhibited polarization BJs and hence aremost
likely to be classical Be stars. Twenty of the 35 stars (57%) were
classified as type 2 stars, and we found that 16 of these 20 type 2
stars (i.e., 16 of the 35, 46%, of the total population) exhibited
an ES intrinsic polarization signature. We suggest that 7 of the
35 (20%) candidates in NGC 2100 are unlikely to be classical
Be stars based on their observed intrinsic polarization signatures.
Note that the intrinsic polarization of NGC 2100:KWBBe 321

seems to follow a Serkowski-like wavelength dependence, while
the unique intrinsic polarization signatures of NGC 2100:KWBBe
111 and 219 (Fig. 14) suggest that these objects might be dust-
disk systems.

4.2. SMC Clusters

4.2.1. NGC 346

Keller et al. (1999) identified 48 candidate Be stars in the vi-
cinity of the SMC cluster NGC 346; we have obtained polarimet-
ric information for 33 of these objects. Eight of the 33 objects
(24%), NGC 346:WBBe 85, 93, 191, 236, 374, 445, 468, and
529, exhibited polarization BJs and hence are most likely clas-
sical Be stars. We classified 22 of the 33 stars (67%) as type 2
stars and found that 7 of these 22 type 2 objects (i.e., 7 of the 33,
21%, of the total population) exhibited a clear ES intrinsic po-
larization signature. We suggest that 3 of the 33 candidates in
NGC 346 (9%) are unlikely to be classical Be stars based on
their polarimetric signatures. Although not detected via our po-
larimetric survey, we note that NGC 346:KWBBe 13 and NGC
346:KWBBe 200 should not be considered to be classical Be
stars; the former (NGC 346:KWBBe 13) is the well-knownWolf-
Rayet/LBVHD 5980 and the latter (NGC 346:KWBBe 200) has

Fig. 10.—Intrinsic polarization of NGC 371:WBBe18 exhibiting the sawtooth-like polarization signature characteristic of classical Be stars. Such objects were as-
signed a designation of type 1 to indicate that they are definitely classical Be stars.

Fig. 11.—Intrinsic polarization of NGC 371:WBBe21 clearly exhibiting a wavelength-independent ES polarization signature. Such objects were assigned a designa-
tion of type 2 to indicate that they are not inconsistent with being classical Be stars.
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recently been shown to be the fifth known B[e] in the SMC
(Wisniewski et al. 2007b).

4.2.2. NGC 371

WB06 identified 129 candidate Be stars in NGC 371.We have
obtained polarimetric information for 73 of these targets and
found that 10 of these 73 stars (14%), NGC 371:WBBe 2, 3, 4, 5,
6, 10, 13, 18, 24, and 31, exhibited polarization BJs, indicating
that they aremost likely classical Be stars.We classified 49 of the
73 stars (67%) as type 2 objects and remark that 6 of these 49
type 2 stars (i.e., 6 of the 73, 8%, of the total population) exhib-
ited a clear ES polarization signature. Note thatmany of the fainter
candidate Be stars included in our 74 detectionswere not observed
at high signal-to-noise levels; thus, for most of these objects we
can only say that to within 3 � their polarimetric properties are not
inconsistent with those of classical Be stars.We suggest that 14 of
the 73 (19%) candidates in NGC 371 are unlikely to be classical
Be stars based on their polarimetric properties. WB06 suggested
that 11 of the 130 photometrically identified candidates should be

viewed as ‘‘possible detections’’; however, we were only able
to extract polarimetric information for 2 of these 11 objects, NGC
371:WBBe 64 and 87. We classified both as type 2 stars.

4.2.3. Bruck 60

We were able to extract polarimetric information for 18 of the
60 candidate Be stars identified photometrically by WB06. We
found 1 of the 18 (6%), Bruck 60:WBBe 6, showed a polariza-
tion BJ, while we classified 11 of the 18 stars (61%) as type 2 ob-
jects. Eight of these 11 type 2 stars (i.e., 8 of the 18, 44%, of the
total population) exhibited an ES intrinsic polarization signa-
ture. We suggest that 6 of the 18 (33%) candidates in Bruck 60
are unlikely to be classical Be stars based on their polarimetric
signatures. WB06 noted that 5 of the 26 photometrically iden-
tified candidate Be stars in Bruck 60 should be considered
‘‘possible detections.’’ We were only able to detect 1 of these 5
stars polarimetrically, Bruck 60:WBBe 21, and classified it as
a type 2 object that exhibited clear evidence of an ES polarization
signature.

Fig. 13.—The intrinsic polarization of NGC 1948:KWBBe 246 follows a complex wavelength dependence. The optical polarization appears to decrease and position
angle increase at short wavelengths. Objects that have dusty plus gaseous disks, such as HD 45677 (Schulte-Ladbeck et al. 1992), exhibit similar optical polarimetric
behavior, suggesting that NGC 1948:KWBBe 246 and similar objects in our sample might also be characterized by such disks. Alternatively, the wavelength dependence
of these data also resembles a Serkowski-like behavior (Serkowski et al. 1975), which, as discussed in x 4, might indicate that some these types of objects are characterized
by abnormal interstellar dust conditions.

Fig. 12.—The intrinsic polarization of NGC 371:WBBe47 is not consistent, to within 3 �, with that expected from a classical Be star. Such objects would receive a
designation of type 3 or type 4, depending on the severity of their deviation from any of the expected polarimetric signatures. These objects (especially those which receive
a type 4 designation) provide strong evidence that the 2-CD technique can misidentify classical Be star-disk systems.
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4.2.4. NGC 456

Twenty-three candidate Be stars in NGC 456 were identified
in the photometric survey of WB06, and we were able to extract
polarimetric information for 14 of these 23 candidates. Although
we did not observe any objects with polarimetric BJs, we did
classify 9 of the 14 stars (64%) as type 2 objects. One of these
9 type 2 stars (i.e., 1 of the 14, 7%, of the total population), NGC
456:WBBe 1, exhibited an ES polarization signature. We sug-
gest that 5 of the 14 (36%) candidates in NGC 456 are unlikely to
be classical Be stars based on their observed intrinsic polariza-
tion components. WB06 suggested that 1 of NGC 456’s 23 pho-
tometrically identified candidate Be stars should be viewed as a
‘‘possible detection’’: we marginally detected this object, NGC
456:WBBe 21, and suggest that it is unlikely to be a classical
Be star.

4.2.5. NGC 458

Thirty candidate Be stars were photometrically identified in
NGC 458 byWB06, and we were able to extract polarimetric in-
formation for 10 of these 30 candidates. None of the 10 detected
objects exhibited polarimetric BJs or clear evidence of having an
ES signature.We classified 6 of the 10 stars (60%) and suggest that
4 of the 10 (40%) are unlikely to be classical Be stars.Wewere able
to extract polarimetric information for 1 of the 2 initially identified
as ‘‘possible detections’’ by WB06, NGC 458:WBBe19. We clas-
sified this star as a type 2 object; furthermore, we found that it ex-
hibited suggestive evidence of a small polarimetric BJ, although
the data were very noisy.

4.2.6. NGC 330

Keller et al. (1999) identified 76 candidate Be stars in the vi-
cinity of NGC 330, and we were able to extract polarimetric in-
formation for 41 of these objects. While we did not observe any
of the detected candidates to have a polarimetric BJ, we did clas-
sify 24 of the 41 (59%) candidates as type 2 stars, and we note
that 9 of these 24 type 2 objects (i.e., 9 of the 41, 22%, of the total
population) exhibited ES polarimetric signatures. We suggest that
17 of the 41 (41%) candidates are unlikely to be classical Be stars
based on their intrinsic polarimetric signatures.

5. DISCUSSION

5.1. Analysis of Intrinsic Polarization Statistics

It is clear from Table 9 that the percentage of SMC and LMC
candidate Be stars that exhibit polarization BJs or ES signatures
or were deemed unlikely to be classical Be stars varies signifi-
cantly from one cluster to the next. To better assess the global
trends of our data set, we extracted simple statistical mean and
median values from Table 9, as summarized in Table 10. From
Table 10, we see that at least 25% of our data set is populated by
objects that appear unlikely to be classical Be stars. The presence
of such a large number of likely contaminants is interesting, as
it confirms one of the initial hypotheses of this project: it is
dangerous to assume a priori that all objects identified as excess
H� emitters via 2-CD surveys are classical Be stars. We thus
suggest that caution should be exercised when attempting to
ascertain the role evolutionary age and/or metallicity play in

TABLE 10

Average Intrinsic Polarization Properties

Cluster

Mean BJ

(%)

Median BJ

(%)

Mean ES

(%)

Median ES

(%)

Mean Unlikely

(%)

Median Unlikely

(%)

Very young....................... 13 13 13 12 25 26

Young ............................... 13 21 22 23 26 20

SMC ................................. 7 3 17 15 30 35

LMC................................. 18 22 24 25 23 19

ALL SMC+LMC ............. 13 13 21 22 26 26

Notes.—Statistical averages of data listed in Table 9 are presented. Clusters were grouped according to age (very young and young) as well as
metallicity (SMC and LMC). The final entry labeled ‘‘ALL’’ denotes a global average of all SMC and LMC cluster data regardless of age or metallicity.

Fig. 14.—The wavelength-dependent intrinsic polarization of NGC 2100:KWBBe 111 clearly is not consistent with that expected from a classical Be star. We suggest
that this object might be a dust-disk system.
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the development of the Be phenomenon purely via the analysis
of 2-CD data.

Assuming that these objects are truly contaminants, we re-
calculated the statistics of our intrinsic polarization data set after
removing these objects from consideration. The results of this
exercise are listed in Table 11. The median prevalence of polari-
zation BJs in our SMC/LMC data set is typically between 20%
and 25% (Table 11). Polarization BJs appear to be significantly
less prevalent in our SMC clusters (4%) than in our LMC clus-
ters (25%); however, this statistic is strongly influenced by the
null detection of such signatures in three SMC clusters.

Since 1989, the HPOL spectropolarimeter (Wolff et al. 1996)
mounted on the University of Wisconsin’s Pine Bluff Observa-
tory (PBO) has been monitoring the optical spectropolarimetric
properties of a sample of 73 known Galactic Be stars, and it pro-
vides a statistically significant polarimetric data set, which we
use to aid the interpretation of our results. As yet, most of the
�800 HPOL observations of classical Be stars have not had their
ISP components identified and removed; hence, we cannot readily
compare their intrinsic polarization characteristics to our data.
However, we can determine the prevalence of polarization BJs
in the HPOL database. Data obtained prior to 1995 have been
compiled in catalog form by Bjorkman et al. (2000) and obser-
vations characterized by a polarization BJ have already been
flagged in the catalog. We have similarly analyzed all obser-
vations obtained from 1995 to 2004 to identify the presence of
polarimetric BJs in these data. We then compiled all HPOL ob-
servations of individual classical Be stars into two categories:
(1) classical Be stars that had never exhibited a polarimetric BJ
in any PBO observation and (2) classical Be stars that had ex-
hibited a polarimetric BJ in at least one observation. The results
of this classification procedure are given in Table 11.

We found that 31 of the 73 (42%) observed Galactic Be stars
exhibited a polarimetric BJ for at least part of the time frame of
the HPOL survey. Among early-type Be stars (O9YB5) in the
HPOL database, 22 of 45 (49%) exhibited polarimetric BJs. Note
that further restricting the sample to include only O9YB3 type Be
stars does not appreciably affect the observed prevalence of polari-
zation BJs, as 17 of 40 (43%) exhibited such a signature. In con-
trast, the prevalence of polarization BJs does seem to be noticeably
lower for later type (B6YA0) Be stars, as we found that only 8 of
26 (31%) exhibited evidence of a polarimetric BJ.

The frequency of polarization BJs appears to decrease with
metallicity: �45% of Galactic Be stars in the HPOL database,
�25% of LMCBe stars from the present study, and�4%of SMC

Be stars from the present study exhibit polarization BJs. We sug-
gest several possible explanations for these results.

1. It is possible that the average disk properties of classical Be
stars are fundamentally different in the low-metallicity environ-
ments of the SMCand LMCas compared to our Galaxy. The pres-
ence of intrinsic polarization in classical Be stars, as well as its
wavelength dependence, is a function of disk inclination angle,
disk density, and the effective temperature of diskmaterial. Thus,
the observed lower frequency of polarization BJs in our data
suggest either that it might be harder to formmassive disk systems
in low-metallicity environments or that the average disk temper-
ature is higher in these lower metallicity environments, hence
decreasing the amount of pre and postscattering absorption by
neutral H i.
2. Our polarimetric observations provided a one-time sam-

pling of LMCandSMCcandidateBe stars,while theHPOL survey
obtained a larger number of observations, albeit at quasi-random
intervals, of a population of knownBe stars. Owing to the variable
nature of the Be phenomenon, we do not a priori know how often
any individual Be star will exhibit any of the possible polarization
signatures; hence, the different sampling errors associated with
these two databases might explain at least some of the observed
differences in the polarization BJ frequencies.
3. The statistics presented in Table 11 were based on remov-

ing a significant number of objects deemed unlikely to be clas-
sical Be stars from consideration, i.e., type 3 and type 4 objects.
Recall, however, that our definition of type 2 objects only re-
quired their polarimetric properties to be not inconsistent with
those expected from classical Be stars. It is possible that a pop-
ulation of contaminants, either (1) unpolarized objects that are
not pole-on or near pole-on classical Be stars or (2) nonclassical
Be stars that were not identified as such due to low data quality,
still reside in our collection of type 2 objects, and hence cause us
to underestimate our polarization BJ fraction frequency. If such a
scenario is true, it would further suggest that extreme caution
should be exercised when assessing the nature of stellar popula-
tions purely via the use of photometric 2-CDs.

5.2. Identification of Contaminants in 2-CD
Detected Candidate Be Stars

WB06 identified a large number of B-type objects having ex-
cess H� emission via photometric 2-CDs and suggested that these
stars be classified as candidate Be stars. D. Gies (2006, personal
communication) noted that several candidate Be stars in theWB06
data set had colors redder than that expected from classical Be stars
and suggested that the frequency of observed blue (or red) excess
H� emitters in the two-color diagrams presented in WB06 in-
creased with the total number of stars of a given color range.
Furthermore, he postulated that if these red excess emitters were
(1) amanifestation of extremely young stars with their birth disks
still intact, (2) red-type giants or supergiants, or (3) false detec-
tions owing from the effects of bright background H ii emission,
measuring the prevalence of these excess emitters could serve
as an estimate of the number of contaminants that affect the blue
population of excess H� emitters, i.e., the candidate Be star
population.
We examined the 2-CD photometry of six clusters, common

to both this survey and that of WB06 and spanning a wide range
of ages (very young, young, old;WB06) andmetallicities (SMC,
LMC), and determined the frequency of excess red-type H� emit-
ters relative to the total number of red-type stars.We restricted our
analysis such that the magnitude of B� V colors used to identify

TABLE 11

Average Intrinsic Polarization Properties with Contaminants Removed

Cluster

Mean BJ

(%)

Median BJ

(%)

Mean ES

(%)

Median ES

(%)

Very young...................... 17 18 17 18

Young .............................. 16 24 28 31

SMC ................................ 7 4 25 17

LMC................................ 22 25 31 29

ALL LMC+SMC ............ 16 18 28 25

Milky Way Galaxy ......... 42Y49 . . . . . . . . .

Notes.—Objects deemed unlikely to be classical Be stars in Table 10 were re-
moved from consideration, and the statistical averages of data listed in Table 9
were recalculated. The ‘‘ALL SMC+LMC’’ entry denotes a global average of all
SMC and LMC cluster data regardless of age or metallicity. The Milky Way data
averageswere derived from analysis of theHPOLpolarization catalog, as discussed
in x 5.1.
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candidate Be stars in each cluster (i.e.,��0:3 < B� V < 0:2 in
NGC 458; WB06) matched the range of B� V colors used to
study the frequency of red-type excess emitters (i.e., 0:2 < B�
V < 0:7 for NGC 458). Furthermore, we adopted the same
(R-H�) cutoffs delineating excess emitters from normal stars
for each cluster as used by WB06. The results of this exercise
are tabulated in column (2) of Table 12. Interestingly, with few
exceptions, the frequency of potential contaminants implied by
this technique is generally consistent with the minimum rate of
contamination derived from our polarization results (see col. [3]
of Table 12, col. [6] of Table 9), i.e., the candidates we assigned a
type 4 classification. Clearly this photometric contamination check
cannot provide a diagnostic on the Be classification of individual
objects, unlike our polarimetry; however, we suggest that this tech-
niquemight provide a rough estimate of the role of contaminants in
cases inwhich detailed follow-up observations have not beenmade
or are unfeasible.

5.3. The Evolutionary Status of Excess H� Emitters in Very
Young (5Y8 Myr) Clusters: Early-Type Classical Be Stars

or Early-Type Herbig Be Stars?

One of the interesting results presented inWB06was the iden-
tification of candidate Be star in clusters of age 5Y8 Myr, in an
abundance similar to the general frequency of the Be phenom-
enon in our Galaxy, �17%. However, it was uncertain based on
those results whether the detected excess H� emitters (1) were
true classical Be star-disk systems; (2) were B-type objects that
still possessed remnant star formation disks, i.e., Herbig Be stars;
or (3) merely had diffuse H� nebulosity coincidentally associated
with them. Our intrinsic polarimetric data set affords us the oppor-
tunity to further constrain the evolutionary status of candidate
Be stars in four clusters of age 5Y8Myr, LH 72, NGC 1858, NGC
346, and NGC 371.

5.3.1. Intrinsic Polarization Signatures of Dust versus Gas Disks

As discussed in the introduction, x 4, and references therein, it
is well accepted that classical Be stars are characterized by geom-
etrically thin gas disks and that the mechanism responsible for
producing their intrinsic polarization is ES. Herbig Be stars are
more complex systems in that their circumstellar environments
contain both gas and dust. The dominant polarigenic mechanism
in Herbig Be stars is well established to be scattering by dust, as
outlined in the review papers of Bastien (1988), Grinin (1994),
andWaters &Waelkens (1998), and numerous references therein.

WhileHerbigBe and classical Be stars exhibit some similar obser-
vational traits, such as the presence of an intrinsic, often variable,
polarization component (Vrba et al. 1979; Quirrenbach et al.
1997; Vink et al. 2002; Bjorkman & Meade 2005; Bjorkman
2006), the different scattering mechanisms that characterize
Herbig Be versus classical Be stars manifest themselves in several
observational manners. The magnitude of linear polarization of
classical Be stars is typically of order 1% or less (Bjorkman et al.
2000), whereas the average (�3%) and maximum (14.5%) po-
larization observed in Herbig Ae/Be stars is clearly much larger
(Tamura& Fukagawa 2005).More importantly, the different scat-
tering mechanisms that dominate in each of these star-disk sys-
tems will produce a different wavelength dependence in these
stars’ intrinsic polarization.

The characteristic wavelength-dependent intrinsic polariza-
tion signature of classical Be stars has already been documented
in x 4. Herbig Be stars are not known to exhibit any singular
‘‘characteristic’’ intrinsic polarization behavior (see, e.g., Vrba
et al. 1979; Bastien 1988; Meyer et al. 2002); the grain chem-
istry, grain size distribution, and relative size and extent of the
gas and dust disks/envelopes of individual Herbig Be systems
likely contributes to the heterogeneous mix of observed intrinsic
polarization. Some typical intrinsic polarization trends are ob-
served in Herbig Ae/Be stars, however, most notably rotations
(and dramatic 90

�
reversals) in the intrinsic polarization position

angle (Schmidt et al. 1992; Bjorkman et al. 1995, 1998; Meyer
et al. 2002). We remark that several works in the literature that
describe and interpret the wavelength dependence of intrinsic po-
larization fromHerbig Be stars, and at times attempt to draws par-
allels with the intrinsic polarization behavior of classical Be stars,
should be viewed with caution. For example, as noted by Bastien
(1988) both Vrba (1975) and Garrison & Anderson (1978) em-
ploy dubious assumptions in their efforts to constrain the inter-
stellar polarization along the line of sight to their Herbig Be stars,
and as such the wavelength dependence of the ‘‘intrinsic’’ polar-
ization they report is likely inaccurate. Similarly, the discussion of
the wavelength dependence of intrinsic polarization of the Herbig
Be star BD +61 154 in Vrba et al. (1979; see their Fig. 2) ignores
the wavelength dependence of the intrinsic polarization position
angle. The �40� intrinsic polarization position angle rotation
from the B to I filter in these data is inconsistent with the expected
signature of a pure gas disk system; thewavelength dependence of
intrinsic polarization from this Herbig Be star is not similar to that
observed for classical Be stars.

Although dust scattering is the dominant polarigenic agent for
Herbig Be stars, it is still possible to detect evidence of the gas-
eous inner disk component of some of these systems via polar-
imetry (Vink et al. 2002; Meyer et al. 2002; Oudmaijer et al.
2005). For example, Meyer et al. (2002) present intrinsic spec-
tropolarimetry of the Herbig Be star MWC 349A, covering the
wavelength range �5000Y10500 8 (V , R, and I filters), which
exhibits both line depolarization effects and a Paschen polariza-
tion jump (see their Fig. 7), similar to that observed in the classical
Be star � Tau (Wood et al. 1997). Meyer et al. (2002) suggest ES
as the mechanism responsible for producing these specific fea-
tures. Evidence of the dusty component of MWC 349A’s com-
posite disk is also evident in these data. Specifically, the 30�Y40�

rotation in the intrinsic continuum polarization position angle,
beginning at�62008 and extending to the blue edge of the avail-
able data, �5000 8 indicates the presence of an additional
scattering mechanism that becomes more pronounced at shorter
wavelengths, i.e., dust scattering.

Based on the available literature, we are aware of no com-
pelling examples of Herbig Be stars whose intrinsic polarization

TABLE 12

Frequency of Contaminants in Be Populations Identified via 2-CDs

Cluster

(1)

Analysis of 2-CD Data

(%)

(2)

Analysis of Polarimetry

(%)

(3)

Bruck 60 ................ 14 33

NGC 371................ 11 19

NGC 456................ 10 36

NGC 458................ 38 40

LH 72..................... 25 32

NGC 1858.............. 42 41

Notes.—The possible rate of contamination of classical Be star detections
extracted from photometric two-color diagrams. As discussed in x 5.2, col. (2)
represents the frequency of red-type excess H� emitters, which we suggest might
be an appropriate proxy of the frequency of B-type excess H� emitters which are
not classical Be stars. Col. (3): reproduction of col. (6) in Table 9 and illustrates
the frequency of 2-CD contaminants as derived from polarimetric observations of
candidate Be stars.
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magnitude and position angle fully follow the known UBVRI
behavior of classical Be stars.While it is neither typical nor likely,
we cannot rule out the possibility that one could in principle ob-
serve a BJ signature in the polarization magnitude of someHerbig
Be stars, as these systems do have composite gas-plus-dust disks.
However, as dust scattering is the dominant polarigenic scattering
agent in Herbig Be stars, it is dubious that the entire UBVRI in-
trinsic polarization magnitude and position angle of such systems
would exhibit no evidence of a non-ES component. Moreover, as
astutely pointed out by our referee, it would be evenmore unlikely
to observe one of our ‘‘type 2 ES signatures’’ in anyHerbig Be star,
unless the dust grain chemistry and size distribution conspired to
produce gray scattering.

Hence, the UBVRI spectral range of the intrinsic polarization
data presented in this paper enables us to discriminate deviations
from a pure ES signature over a broad spectral range. This allows
us to differentiate Herbig Be stars analogous to MWC 349A,
whose gaseous disk dominates a portion of the optical polarimet-
ric regime, and Herbig Be stars, whose dust disks dominate the
optical polarimetric regime, from classical Be stars.

5.3.2. Nebular Origin?

As noted in WB06, many of the candidate Be stars identified
in clusters of age 5Y8 Myr reside nearby or even within regions
characterized by diffuse nebular emission. We consider whether
the observed characteristic polarimetric signatures of classical
Be stars, both ES and BJ polarization features, could merely be
artifacts of this background emission. Such polarization signa-
tures are only produced when the ES optical depth is �1.0, i.e.,
that present in the innermost disk region of classical Be stars. The
density of any coincident diffuse H� nebulosity present around
candidate Be stars is vastly insufficient to create such a polariza-
tion signature. Thus, while some of the ‘‘Be star’’ detectionsmade
by H� spectroscopic surveys (Mazzali et al. 1996) have been
shown to be spurious detections due to the presence of coincident
gas (Keller & Bessell 1998), such diffuse nebulosity cannot be re-
sponsible for creating the polarimetric signals found in our data set.

5.3.3. Near-IR Colors

Further insight into the evolutionary status of candidate Be stars
in our very young (5Y8 Myr) clusters may be elicited via inspec-
tion of their near-IR colors. It has been shown that the fundamen-
tally different composition of classical Be disks (gas) and Herbig
Ae/Be disks (gas and dust) will generally result in these objects
occupying distinctly different locations in J � H versus H � K
near-IR two-color diagrams (Lada&Adams 1992; Li et al. 1994),

although minor instances of overlap are observed. As such, we
cross-correlated all photometrically identified candidate Be stars
residing in clusters studied in this paperwith the 2MASS (Skrutskie
et al. 2006) survey. Targets for which we were able to extract full
JHK photometric data are listed in Table 13.
We plot the 2MASS JHK photometry of all available sources

as a function of our polarimetric classifications in Figures 15 (with

TABLE 13

IR Colors of Candidate Be Stars

Star

(1)

Classification

(2)

J � H

(3)

H � K

(4)

(J � H )err
(5)

(H � K )err
(6)

Bruck60:WBBe 5................... Type2-4,other 0.09 0.04 0.14 0.24

Bruck60:WBBe 20................. Type2-4,other 0.29 0.00 0.13 0.20

LH72:WBBe 5....................... Type1:Bal-J 0.07 0.21 0.10 0.15

LH72:WBBe 15..................... Type2:ES 0.54 0.24 0.14 0.17

Notes.—Near-IR colors are tabulated for all candidate Be stars in clusters investigated in this paper which were detected
in all three 2MASS photometric bands. The quoted color errors were obtained by adding individual filter errors in quad-
rature. Col. (2) designates the polarimetric designation, if any, assigned to each target within this paper: Type1:Bal-J
designates type 1 sources that we assert are most likely to be classical Be stars, Type2:ES designates type 2 sources,
which exhibit electron-scattering intrinsic polarimetric signatures and are thus likely classical Be stars, and Type2-4,
other, which designates all other sources, regardless of whether they were detected via our polarimetric survey or not.
Table 13 is published in its entirety in the electronic edition of the Astrophysical Journal. A portion is shown here for
guidance regarding its form and content.

Fig. 15.—Near-IR 2-color diagram presenting all available 2-MASS photom-
etry of candidate Be stars residing in clusters investigate in this paper. ‘‘Type1:Bal-J’’
sources (red circles) correspond to our polarimetrically designated type 1 sources
which we assert are most likely to be classical Be stars, ‘‘Type2:ES’’ sources (green
triangles) correspond to our polarimetrically designated type 2 sources, which ex-
hibit ES intrinsic polarimetric signatures and are thus likely classical Be stars,
‘‘Type2-4,other’’ sources (dark blue squares) correspond to all other candidate
Be stars in clusters investigated in this paper regardless of whether they were de-
tected via our polarimetric survey or not. ‘‘ELHCBe’’ sources ( yellow triangles)
correspond to LMC stars that de Wit et al. (2005) claim are likely to be classical
Be stars. ‘‘Galactic Be’’ sources (black triangles) are 101 knownGalactic Be stars
tabulated by Dougherty et al. (1991). ‘‘MC B[e]’’ (light blue cross) corresponds
to 2MASS and ground-based (Gummersbach et al. 1995) photometry of known
Magellanic Cloud B[e] supergiants, and ‘‘MC HAeBe’’ ( pink triangle) corre-
sponds to the star ELHC-7, which deWit et al. (2005) assert is a Herbig Ae/Be star
that resides in the LMC. As discussed in x 5.3.3, most of the candidate Be stars that
we were able to correlate with the 2MASS catalog exhibit colors consistent with
those expected from classical Be stars and inconsistent with those expected from
composite gas-plus-dust disk systems (i.e., Herbig Ae/Be or B[e] stars).
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error bars) and 16 (without error bars). Our type 1 sources that
exhibit polarimetric BJs are plotted as red circles, our type 2 sources
that exhibit ES polarimetric signatures are plotted as green trian-
gles, and all other candidate Be stars (other type 2 sources, type 3
sources, type 4 sources, and polarimetric nondetections) are plot-
ted as blue squares. For reference,we have also plotted the near-IR
colors of 101 known Galactic Be stars tabulated by Dougherty
et al. (1991) as filled black triangles, 21 LMCEROSLMCHerbig
Ae/Be (HAeBe) candidate (ELHC) stars, which de Wit et al.
(2005) suggest are likely to be classical Be stars, as yellow open
triangles, 2MASS and ground-based (Gummersbach et al. 1995)
colors of 13 Magellanic Cloud B[e] stars known to have dusty
disks as light blue crosses, and the star ELHC-7, which de Wit
et al. (2005) suggest is likely to be a LMC Herbig Ae/Be dusty
star-disk system, as a pink triangle.

Figures 15 and 16 clearly demonstrate that most of the candi-
date Be stars that we were able to correlate with the 2MASS cat-
alog do lie in a distinctly different region of the JHK two-color
diagram than that occupied by known dustier (Herbig Ae/Be or
B[e]) systems. Furthermore, although theMagellanic Cloud can-
didate Be stars’ colors exhibit a wide dispersion, likely due in
part to the considerable photometric errors of these faint sources
(Fig. 15; Table 13), we find no clear distinction among the near-IR
colors of our candidate Be stars as a function of their polarimetric
classification. A small number of candidate Be stars marginally
overlap with the location of dustier B[e] sources, although these
sources are within 3 � of the mean locus of classical Be colors.
Clearly, better quality near-IR photometry of these sources should
be pursued to better elucidate their evolutionary status. Two can-
didate Be stars clearly exhibit near-IR colors consistentwith dusty
disk systems, NGC 346:KWBBe 200 and NGC 456:WBBe 7.
NGC 346:KWBBe 200 was not detected in our polarimetric
survey owing to contamination from a nearby source; however,
Wisniewski et al. (2007b) has recently published optical spec-
troscopic, near-IR photometric, and IR photometric observations
of the target and concluded that it is a B[e] supergiant, not a clas-
sical Be star. NGC 456:WBBe 7 was observed in our polari-
metric survey and assigned a classification of type 3.5. Although
noisy, our intrinsic polarization data exhibitedmarginal evidence

of a position angle rotation, which could be indicative of a dusty
envelope. The star’s near-IR colors seem to verify this tentative
interpretation.

For comparison, in Figure 17 we also plotted the same near-IR
colors for only candidate Be stars residing in our very young
(5Y8Myr) clusters. Comparison of Figures 16 and 17 reveals no
distinctive differences; rather, it is quite clear that the vastmajority
of candidate Be stars in these very young clusters have near-IR
colors consistent with those expected from classical Be stars and
notably inconsistent with those expected from composite gas-
plus-dust disk systems (Herbig Ae/Be and B[e] stars). Similar to
Figure 16, Figure 17 reveals that there is no clear color difference
among our various polarimetric classifications. We interpret these
results as additional evidence that many of the candidate Be stars
identified in clusters 5Y8 Myr old by WB06 are classical Be stars
and not pre-main-sequence Herbig Be stars.

5.3.4. Natal Disk Clearing Time

The clearing timescale of natal star formation material (gas
and dust) will influence whether it is possible or likely, a priori,
to observe early-type Herbig star-disk systems in clusters of age
5Y8 Myr. Among the less massive Herbig Ae and T Tauri stars,
the median lifetime of inner optically thick accretion disks is
2Y3 Myr, and although exceptions do exist, there is little to no
H- and K-band evidence of primordial disks beyond a median
stellar age of 5 Myr (Hillenbrand 2005). The typical natal disk
dissipation for more massive stars is less well known. From a
detailed study of the young cluster NGC 6611, de Winter et al.
(1997) suggested that the clearing of natal disk material around
the more massive stars in this cluster was typically 0.1 Myr or
less. Similarly, Pogodin et al. (2006) recently suggested that
B0e star HD 53367 is a classical Be star, based in part on an ob-
served episodic loss of its disk material, a phenomenon known

Fig. 17.—Subset of data presented in Fig. 16 corresponding to candidate
Be stars residing in ‘‘very young’’ clusters of age 5Y8Myr. As discussed in x 5.3.3,
the data presented in this figure and Fig. 16 exhibit similar properties. Regardless of
polarimetric classification type, all candidate Be stars in clusters of age 5Y8 Myr
appear consistent with the expected colors of classical Be stars and inconsistent
with the observed colors of composite gas-plus-dust systems (i.e., Herbig Ae/Be,
B[e] stars). We interpret these data as additional evidence that many of the photo-
metrically identified candidate Be stars in clusters 5Y8 Myr old byWB06 are clas-
sical Be stars and not pre-main-sequence Herbig Be stars.

Fig. 16.—Same as Fig. 15, but without error bars.
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to characterize many classical Be stars (Porter & Rivinius 2003).
Pogodin et al. (2006) also identified a 4Y5M� pre-main-sequence
binary companionwhich, given the pre-main-sequence evolution-
ary tracks of Palla & Stahler (1993), suggests that the system’s
age is <0.8 Myr and indicates that the natal gas-plus-dust disk
of the B0e star HD 53367 must have dissipated at least on this
timescale. Although clearly not conclusive, these results do sug-
gest that it is reasonable to expect that most of the natal disks will
have been cleared from the early B-type stars in our clusters of age
5Y8 Myr.

5.3.5. Summary: Most Candidate Be Stars in Clusters
5Y8 Myr Old Are Classical Be Stars

WB06 and Keller et al. (1999) identified a large population of
B-type stars in clusters of age 5Y8 Myr that exhibited an excess
of H� emission. Observational studies suggest that the natal star
formation disks of early B-type stars can clear on timescales of at
least 0.1Y0.8Myr, although it is admittedly not clear if this time-
scale is ‘‘typical’’ for all early-type B stars. The near-IR colors of
many of the excess H� emitters in these very young clusters are
consistent with those expected from gaseous classical Be stars
and generally inconsistent with those observed from dustier B[e]
and/or Herbig Ae/Be disk systems. The observed wavelength
dependence of intrinsic polarization of many H� excess stars in
clusters of age 5Y8 Myr is also consistent with that expected
frompure gas disk systems (classical Be stars) and exhibits no evi-
dence of secondary contributions from dust scattering, as would
be expected for composite disk systems (HerbigAe/Be, B[e] stars).
Based on these factors, we suggest that there is compelling evi-
dence supporting the existence of classical Be stars in clusters of
age 5Y8 Myr.

5.3.6. Be Stars in the First Half of a B Star’s Main-Sequence Lifetime:
A Comparison to Fabregat & Torrejon (2000)

and Martayan et al. (2007 )

As outlined and summarized in x 5.3.5, data presented in this
paper support the suggestion of WB06 that classical Be stars do
develop before the midpoint main-sequence lifetime of a B star.
Specifically, these data support the presence of a significant num-
ber of classical Be stars, with crude photometric spectral types of
B0YB5 (WB06), in clusters spanning a near-continuous range of
ages from log (t) of 6.7Y8.1, i.e., 5Y126 Myr. These results con-
flictwith claimsmade byFabregat&Torrejon (2000) andMartayan
et al. (2007) that the Be phenomenon develops in the second half of
a B star’s main-sequence lifetime. Martayan et al. (2007) do sug-
gest that massive Be stars may briefly appear near the zero-age
main sequence (ZAMS) in the SMC and LMC, before losing
their ‘‘Be status,’’ until the very end of the first part of their main-
sequence lifetimes. We note that this conclusion was essentially
based on a single cluster population, which limits its robustness.
WB06 reported, and the intrinsic polarization presented in this
paper supports, the detection of a large body of Magellanic Cloud
Be stars, with crude, photometrically assigned spectral types of
B0-B5, in clusters spanning a range of ages from 5Y126 Myr. No
abrupt absence of classical Be stars was observed in any of the
younger type clusters of our photometric and/or polarimetric data
sets. Thus, our larger, more complete investigation of Be stars in
Magellanic Cloud clusters calls into question the suggestion that
the Be phenomenon is primarily restricted to the second half of
the main-sequence lifetime of B stars (Fabregat & Torrejon
2000; Martayan et al. 2007) and contradicts the appearance-
disappearance-reappearance of the Be phenomenon suggested
by Martayan et al. (2007).

5.3.7. Implications of the Presence of Be Stars in Very Young Clusters

WB06first reported the presence of candidate classical Be stars
in clusters as young as 5 Myr and noted that if such objects were
truly classical Be stars, they would not have spent enough time on
themain sequence to spin up to near-critical rotation velocities via
themechanism proposed byMeynet&Maeder (2000) or viamass
transfer in a binary system (McSwain & Gies 2005). The confir-
mation of the classical Be status of many of these stars via the
present study can be interpreted as evidence that a significant
number of classical Be stars emerge onto the ZAMS at near crit-
ical rotation velocities. An alternate interpretation of our results
is that these youthful classical Be stars are evidence of the existence
of a subset of the Be phenomenon, which rotate at significantly
subcritical rates, perhaps as low as 0:4Y0:6vcrit for early-type B
stars (Cranmer 2005). Cranmer (2005) suggested that only a sub-
set of early-type (O7YB2) Be stars might be subcritical rotators,
while later type objects (B3YA0) should be all near-critical rota-
tors. Our photometric survey of these very young clusters as-
signed crude spectral types to these candidate Be stars of B0YB5
(WB06); however, owing to detection biases in our follow-up
polarimetric observations, we have in general only been able to
confirm that portions of the brightest of these candidates (i.e., the
earliest spectral subtypes, B0 to �B3) are bona fide classical Be
stars. Thus, our present observations do not rule out the possibility
that some of our very young bona fide classical Be stars might
belong to the subcritical rotation population predicted byCranmer
(2005).
The observed emergence of the Be phenomenon earlier in the

main-sequence lifetime than previously thought also has impor-
tant implications regarding the role of magnetic fields in the for-
mation of Be disks (Cassinelli et al. 2002).MacGregor&Cassinelli
(2003) investigated the transport of magnetic flux tubes in 9M�
stars (�B2.5YB3) and found that these structures could rise from
the core to the surface within the (at the time) expected beginning
of the Be phenomenon, the midpoint main-sequence lifetime. The
present study has confirmed the presence of bona fide classical Be
stars in clusters as young as 5Myr, with crude, photometrically as-
signed spectral types of B0 to �B3. Although WB06 suggested
the presence of an additional population of B4YB5 type candidate
Be stars in these clusters, the limited dynamical range probed by
the present study made it impossible to confirm the status of these
fainter candidates. Although the magnetic flux transport model of
MacGregor & Cassinelli (2003) had sufficient time to transport
flux to the stellar surface for �B3 stars, this is unlikely to be the
case for later type stars (�B4), which have a much thicker radia-
tive envelope. Hence, the existence of such later type Be stars in
extremely young clusterswould likely require an additionalmech-
anism to be employed to accelerate the rise times of magnetic flux
(J. Cassinelli 2006, personal communication). While challenging,
follow-up spectroscopy of these young cluster populations would
provide one avenue confirm the presence of these purported
(Wisniewski & Bjorkman 2006) later type systems.

5.4. Future Work

While the present study provides significant advances in iden-
tifying and understanding the biases present in earlier 2-CD stud-
ies of cluster populations, additional work is clearly required. Our
polarimetric survey was not sensitive to pole-on or nearYpole-on
systems; hence, determining which of our ‘‘type 2’’ objects are
nearYpole-on classical Be stars and which are astrophysical ob-
jects of a fundamentally different nature is a high priority. We
suggest that follow-up moderate resolution optical spectroscopic
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or infrared photometric observations would provide reasonable
diagnostics to resolve this bias and enable more quantitative de-
terminations of the bona fide classical Be content of clusters as a
function of age and/or metallicity. Our data suggest that at least
25% of photometrically identified candidate Be stars appear un-
likely to be true classical Be stars; however, we are unable to place
firm constraints on the true astrophysical nature of such objects.
We suggest that follow-up infrared photometric and/or spectro-
scopic observations would be useful to further constrain the evo-
lutionary nature of these objects. Furthermore, such observations
would also be useful to ascertain the true nature of candidate Be
stars that were too faint to be reliably probed by our polarimetric
observations.

Our analysis of the intrinsic polarization properties of LMC
and SMC classical Be stars suggests that the fundamental disk
properties of classical Be stars may depend on metallicity. Mod-
eling follow-up moderate-resolution spectropolarimetric obser-
vations of LMC/SMC classical Be stars is a clear avenue one
could use to further investigate these results, and we note that the
advent of accurate linear spectropolarimeters on large aperture
telescopes (i.e., the Focal Reducer Spectrograph [FORS] at the
Very Large Telescope [VLT] or the Robert Stobie Spectrograph
at the South African Large Telescope [SALT]) make obtaining
such observations feasible.

6. SUMMARY

We have used imaging polarimetric observations of six LMC
and six SMC clusters to investigate the evolutionary status of
B-type stars identified as excess H� emitters via optical two-color
diagram photometric techniques. We characterized the interstellar
polarization components of these data in a systematic manner, al-
lowing us to isolate the intrinsic polarization properties of our data
and hence constrain the dominant polarigenic agent in each sys-
tem. We found:

1. The interstellar polarization associated with NGC 330 was
characterized by kmax � 4500 8, suggesting the presence of a
small dust grain population.

2. The ISP of NGC 2100 exhibited clear evidence of a com-
plex morphology, indicating the presence of a nonuniform mag-
netic field. We offer a detailed discussion of this B field and its
potential origin in Wisniewski et al. (2007a).

3. The UBVRI wavelength dependence of intrinsic polariza-
tion of many candidate Be stars in clusters of age 5Y8 Myr ex-
hibit either polarization Balmer jumps and/or electron scattering
signatures, which is the expected diagnostic of free-free scatter-
ing from a gaseous disk. No evidence of a secondary polarigenic
agent, i.e., dust scattering, is observed in these system. More-

over, the 2MASS near-IR colors of many of these systems are
most consistent with the expected colors of pure gas disks and
inconsistent with the observed colors of dustier Magellanic Cloud
disk systems (Herbig Ae/Be, B[e]). We conclude that these data
confirm the initial suggestion ofWisniewski & Bjorkman (2006),
that classical Be stars are present in clusters of age 5Y8 Myr, con-
tradicting claims that the Be phenomenon only develops in the
second half of a B star’s main-sequence lifetime (Fabregat &
Torrejon 2000; Martayan et al. 2007), i.e., after 10 Myr.

4. We interpret the observed presence of classical Be stars in
clusters of age 5Y8 Myr as evidence that a significant population
of early-type B stars must emerge onto the ZAMS rotating at
near critical velocities. We note, however, that these results do
not exclude the possibility that we are observing the hypothesized
subset of classical Be stars that rotate at subcritical velocities
(Cranmer 2005).

5. Comparing the polarimetric properties of our data set to a
similar survey of Galactic classical Be stars, we find that the pre-
valence of polarimetric BJ signatures decreases with metallicity.
We speculate that these results might indicate that either it is more
difficult to form large disk systems in low-metallicity environ-
ments or the average disk temperature is higher in these low-
metallicity environments.

6. We find evidence that at least 25% of photometrically iden-
tified candidate Be stars do not exhibit polarimetric signatures
consistent with those expected from classical Be stars. These data
strongly suggest that caution must be exercised when attempting
to correlate the onset of the Be phenomenonwith evolutionary age
and/or metallicity based solely on statistics derived from simple
two-color diagram photometry.
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Melgarejo, R., Magalhães, A. M., Carciofi, A. C., & Rodrigues, C. V. 2001,
A&A, 377, 581

Mermilliod, J.-C. 1982, A&A, 109, 48
Meyer, J. M., Nordsieck, K. H., & Hoffman, J. L. 2002, AJ, 123, 1639
Meynet, G., & Maeder, A. 2000, A&A, 361, 101
Olsen, K. A. G., Kim, S., & Buss, J. F. 2001, AJ, 121, 3075
Oudmaijer, R. D., Drew, J. E., & Vink, J. S. 2005, MNRAS, 364, 725
Palla, F., & Stahler, S. W. 1993, ApJ, 418, 414
Pereyra, A. 2000, Ph.D. thesis, Univ. São Paulo
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Wisniewski, J. P., Bjorkman, K. S., Magalhães, A. M., & Pereyra, A. 2007a,
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