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Abstract

High-resolution near-infrared (JHKL′M ′) images of a massive star-forming region, S 255-2, were obtained
with the Subaru Telescope and an infrared camera, CIAO. These images clearly resolve two sets of bipolar nebulae
illuminated by two independent massive YSOs. A number of cluster member YSOs have been detected, including
3 new sources. Seven early-B type stars have been identified within 10 pc of S 255-2; three are associated with
extended optical H II regions. The variation in the appearance of these early-B type stars suggests an evolutionary
sequence of massive stars in the S 255 region.
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1. Introduction

Although we now have generally accepted pictures of low-
mass star formation, the formation processes of massive stars
is still uncertain. This is not simply due to the rareness of mas-
sive stars, but also due to their fast evolution. In order to in-
vestigate the massive star-formation processes, we generally
compare a number of massive young stellar objects located in
several massive star-forming regions. However, different mas-
sive star-forming regions have different physical parameters,
such as age, distance, metallicity, and environment. Therefore,
it is difficult to extract the common factors that govern the star-
formation processes by studying several massive star-forming
regions.

An alternative method is to study a single cluster of young
stars. The cluster of optical H II regions, S 254–S 258, is an
active site of massive star formation, located in the Gemini OB
association (Huang, Thaddeus 1986). Several young OB stars
have been discovered in these H II regions by optical photom-
etry (Chavarrı́a-K et al. 1987). Other signatures of massive
star formation are: a peak of mm-wave CO emission located
between S 255 and S 257, called S 255-2 (see Howard et al.
1997); an association with OH and H2O masers (Turner 1971;
Lo, Burke 1973); the presence of mid-infrared sources (Pipher,
Soifer 1976), and CO outflows (Heyer et al. 1989). Also,
S 255-2 is associated with three compact H II regions, S 255-2a,
-2b, and -2c, whose exciting sources presumably correspond to
B1 zero-age main sequence (ZAMS) stars (Snell, Bally 1986).
All previous observations, including near-infrared imaging ob-
servations of Tamura et al. (1991), Howard et al. (1997), and
Miralles et al. (1997), show evidence of massive star formation
in S 255-2.

Here, we present the results of near-infrared imaging obser-

vations of the S 255-2 region with a new infrared camera on
the Subaru 8.2 m telescope. Thanks to the high-quality imag-
ing of the telescope and the instrument, we have obtained high-
resolution images of S 255-2, and have resolved a number of
cluster star members and bipolar nebulae.

2. Observations and Results

Near-infrared imaging observations were carried out on
2000 February 10 using the Subaru Telescope at the summit
of Mauna Kea, combined with the Coronagraphic Imager with
Adaptive Optics (CIAO; see Tamura et al. 2000 for the instru-
ment details) mounted at the f/12 Cassegrain focus. The instru-
ment was used in the direct-imaging mode (i.e. without coron-
agraph). An adaptive optics system was not used.

Six images were obtained through each of the J , H , K , L′
(λ = 3.6µm), and M ′ (λ = 4.7µm) filters. The integration time
for each exposure was 10 s for J , H , and K , and 3.3 s (10 co-
added 0.33 s integrations) for L′ and M ′.

The typical FWHM of the point-spread function was 0.′′8 in
all bands. Flat-field frames were constructed from the median-
filtered images of dome-flats for J , H , and K , and using sky
frames taken just after the object frames for L′ and M ′. The
pixel scale in the “medium resolution mode” employed in our
observations was measured to be 0.′′022pixel−1 using the Orion
Trapezium cluster (Simon et al. 1999). CIAO, with a 1024 ×
1024 pixel InSb array, yields a field of view of 22.′′5, in this
mode. No geometric distortion was found.

The sky conditions were photometric during the observa-
tions. The near-infrared images were calibrated photometri-
cally using the standard star, HD 40335 (Elias et al. 1982).
Aperture photometry was performed using the APPHOT pack-
age in IRAF. The aperture radius was set to 1.′′32 for all bands.
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Fig. 1. JHK color composite image of S 255-2. The field of view is 22.′′4. North is up, east is toward the left.

Color transformation equations between the SUBARU/CIAO
system and the CIT system were derived from measurements
of the “standard” standard stars and a “red” standard star in
L 134 (Persson et al. 1998):

(J − H )CIT = 1.07(J − H )CIAO , (1)

(H − K)CIT = 0.94(H − K)CIAO . (2)

Here, we assumed that the K-band magnitudes are the same be-
tween the CIT system and the SUBARU/CIAO system. Note
that the above color transformation equations were derived
from only one “red” standard star. A definite equation will be
presented in a following paper.

Figure 1 is a three-color composite image of S 255-2 with
J (blue), H (green), and K (red). This image is the highest
resolution near-infrared image of the region to date. A num-
ber of cluster sources have been detected at the J -, H -, and
K-bands. It is noteworthy that the region surrounding the red-
dest source, NIRS 3, is clearly resolved into a point-like source

and several nonstellar sources, as can be seen in this figure.
Figure 2 is an L′-band contour image superposed on a K-band
gray-scale image. The positions were registered between K-
and L′-bands using telescope encoder values, whose accura-
cies are better than 1′′. One source detected at both L′ and M ′
is point-like and positionally coincident with NIRS 3, the red-
dest K-band source. Another L′M ′ source is also point-like,
and apparently coincident with NIRS 1.

We designated our detected sources using the nomenclature
of Tamura et al. (1991) and Miralles et al. (1997). The objects
NIRS 51 to NIRS 57 are not listed in Miralles et al. The posi-
tions, magnitudes, and identifications for the sources are given
in table 1. All of the magnitudes have been transformed onto
the CIT system. The coordinates of the objects were calcu-
lated using the coordinates of NIRS 14, NIRS 16, and NIRS 23,
listed in Tamura et al. (1991). The discrepancies in the coor-
dinates for the other objects with respect to Tamura et al. are
only 0.′′19 rms in both R.A. and Dec.
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Fig. 2. L′-band contour image of S 255-2 overplotted on the K-band image. The contours are in logarithmic scale. The contour levels are
3.42 × 10(−21.5+0.14i) (i = 0,1,2...)Wcm−2 µm−1 pix−1. Each object is labeled by the NIRS number.

Our measured magnitudes are systematically fainter than the
values of Miralles et al. and Howard et al. The differences are
typically 0.8 mag with respect to Miralles et al. (1997), and
0.7 mag to Howard et al. (1997), for the J -, H -, and K-bands.
There is no trend in the differences as a function of the bright-
ness or color of the object. The measured magnitudes of the
standard star HD 40335 are consistent with the magnitudes of
other standard stars taken by CIAO on the same night. Figure 3
shows the magnitude of an isolated source, NIRS 14, as a func-
tion of the aperture radius. The instrumental magnitudes have
been corrected using the magnitude of the standard star mea-
sured using the same aperture radius. The magnitudes brighten
with increasing radius. Howard et al. used a 5′′ PSF fit with
DAOPHOT. Miralles et al. reported that their seeing size was
∼ 1.′′2. We believe that the extended nebulosity is contributing
to the measured flux for larger apertures.

The 10 σ limiting magnitudes for our observations are 17.5,

16.5, and 16.0 for the J -, H -, and K-bands, respectively. All
of the sources in the field of view found by Miralles et al.
and Howard et al. have been detected. Figure 4 is a JHK

color–color diagram of the objects. Due to heavy extinction,
only a limited number of sources have been detected in J . It is
suggested that several sources suffer from large extinction up
to ∼ 20 mag in this diagram. Assuming a distance of 2.4 kpc
(Evans et al. 1977) and a normal extinction law (Jones et al.
1981), the foreground extinction to S 255-2 is only 0.16 mag
at K . Therefore, almost all extinction appearing in figure 4 is
caused by the molecular cloud S 255-2, itself.

Figure 5 is a (K,H − K) color–magnitude diagram. The
reddest object in the diagram is NIRS 1. (The reddest source
NIRS 3 was not detected at the J - and H -bands.) The other
red objects (e.g. NIRS 11, 21, 55) are mostly embedded YSOs.
Their colors and magnitudes are consistent with embedded
B- or A-type main-sequence stars. Some red objects are not
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Table 1. JHKL′M ′ magnitudes of sources in the S 255-2 region.

NIRS R.A. Dec. J H K L′ M ′ Howard Nebulosity?
1 58.s43 13.′′07 · · · 14.02 (0.01) 11.21 (0.01) 6.75 (0.01) 5.51 (0.04) 6
3 58.61 12.53 · · · · · · 12.01 (0.01) 5.05 (0.00) 2.74 (0.00) 7
9 58.93 01.39 17.67 (0.11) 15.63 (0.02) 14.47 (0.01) · · · · · · 43

10 59.47 02.34 15.07 (0.01) 14.61 (0.01) 13.83 (0.01) · · · · · · 42
11 58.38 02.42 · · · 16.35 (0.04) 14.61 (0.02) · · · · · · 65
14 59.23 06.60 15.01 (0.01) 13.57 (0.00) 12.86 (0.00) · · · · · · 37
15 58.36 09.89 · · · · · · 12.51 (0.01) · · · · · · 61 Yes
16 59.60 10.80 13.43 (0.00) 12.42 (0.00) 11.76 (0.00) · · · · · · 8
20 59.01 14.68 · · · 14.77 (0.01) 12.65 (0.01) · · · · · · 30 Yes
21 59.30 16.88 17.43 (0.16) 14.86 (0.02) 13.11 (0.01) · · · · · · 28
22 58.18 17.61 · · · 14.91 (0.02) 14.05 (0.03) · · · · · · 27
23 58.77 18.80 16.73 (0.12) 14.66 (0.02) 13.66 (0.02) · · · · · · 26
33 59.52 20.23 17.48 (0.21) 15.60 (0.04) 14.16 (0.02) · · · · · · 25
34 58.99 17.96 · · · · · · 14.43 (0.04) · · · · · · · · ·
44 58.42 −01.34 · · · · · · 15.60 (0.05) · · · · · · · · ·
49 59.59 05.60 · · · · · · 14.16 (0.01) · · · · · · · · ·
50 59.31 04.14 · · · · · · 15.47 (0.04) · · · · · · · · ·
51 58.45 14.64 · · · 13.95 (0.01) 11.48 (0.01) · · · · · · 31 Yes
52 58.30 06.76 · · · 14.98 (0.02) 14.11 (0.03) · · · · · · 36
53 59.04 06.88 17.62 (0.12) 15.68 (0.03) 14.74 (0.03) · · · · · · · · ·
54 58.99 03.22 · · · · · · 15.28 (0.04) · · · · · · · · ·
55 59.13 01.18 18.01 (0.15) 15.85 (0.02) 14.30 (0.01) · · · · · · 67
56 58.79 00.32 17.57 (0.10) 15.83 (0.03) 15.32 (0.04) · · · · · · · · ·
57 58.39 05.95 15.64 (0.02) 14.80 (0.01) 14.38 (0.02) · · · · · · 38

Note. R.A. is offset from 06h00m00s (1950). Dec. is offset from +18◦00′00.′′0 (1950).

Fig. 3. Measured magnitudes of NIRS 14 as a function of the aperture
radius. The magnitudes brighten with increasing radius. We used a
1.′′32 radius aperture for photometry. The magnitudes of Howard et al.
(1997) and of Miralles et al. (1997) are shown by the dashed lines.

Fig. 4. Near-infrared color–color diagram of objects in the S 255-2 re-
gion. The intrinsic colors of the main-sequence stars, giants, super-
giants (Tokunaga 2000), and classical T Tauri stars (Meyer et al. 1997)
are indicated. The reddening vector follows Koornneef (1983). All
colors are transformed onto the CIT system.
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Fig. 5. Near-infrared color–magnitude diagram of objects in the
S 255-2 region. The positions of the main-sequence stars (Lang 1992;
Wegner 1994) with a distance of 2.4 kpc and a reddening vector are also
shown.

YSOs, but infrared nebulae, as discussed in the next section.

3. Discussion

3.1. Two Sets of Bipolar Nebulae

NIRS 20 and NIRS 15 are not stellar, but rather elongated.
These structures are most prominent in the K-band, and can
also be seen in the H -band. They are probably infrared reflec-
tion nebulae associated with bipolar outflows (Tamura et al.
1991). On the other hand, NIRS 3 is bright at K , L′, and
M ′ and located between NIRS 20 and NIRS 15. Moreover,
NIRS 3 has stellar-like PSFs in L′ and M ′. Therefore, NIRS 3
is the illuminating source of the reflection nebulae, NIRS 20
and NIRS 15. The elongation of the nebulae is consistent with
the outflow direction (along the line joining NIRSs 20, 3, and
15). The outflow direction is consistent with the direction of
the large-scale jet by Miralles et al. (1997). A dark lane is lo-
cated between NIRS 3 and NIRS 20.

Another pair of bipolar nebulae is NIRS 51 and NIRS 15.
NIRS 51 does not have a stellar-like PSF, and is slightly elon-
gated. NIRS 51 has no emission in the L′- and M ′-bands.
Therefore, NIRS 51 is also likely to be an infrared reflection
nebula. On the other hand, NIRS 1 is bright and does have a
stellar-like PSFs in the L′- and M ′-bands. Therefore, we sug-
gest that NIRS 1 and NIRS 51 are not components of a YSO
binary, as indicated by Miralles et al. (1997), but NIRS 1 is the
illuminating source of both NIRS 51 [as indicated by Tamura
et al. (1991)] and NIRS 15.

This scenario is consistent with the polarization pattern of
Tamura et al. (1991), in which the polarization vectors in
NIRS 15 and NIRS 20 are centrosymmetric around NIRS 3.
Also, the polarization pattern, which is not inconsistent with

a part of the reflection nebula, is shown at the position of
NIRS 51. Tamura et al. (1991) found that the degree of po-
larization in NIRS 20 is larger than that of NIRS 15. They
interpreted this is an effect of the inclination of the bipolar neb-
ula, NIRS 15, being nearer to the Sun than NIRS 20. However,
the color of NIRS 15 is redder than NIRS 20, suggesting that
NIRS 15 could be more obscured, which appears to be incon-
sistent with the above simple interpretation. Here, we propose,
alternatively, that NIRS 15 is a complex of two reflection neb-
ulae: one is illuminated by NIRS 3 and the other by NIRS 1.
High-resolution polarization observations or spectroscopic ob-
servations around NIRS 1 are required to confirm this interpre-
tation.

Based on Br γ and H2(1–0) narrow-band imaging observa-
tions, Howard et al. (1997) proposed a “ridge” in the form of an
ionized jet originating at NIRS 3 and extending beyond IRS 3
(located out of our field of view) to the northeast. However,
in figure 1 there is no extended structure beyond NIRS 20.
NIRS 21 and NIRS 33 are not like jet structures but, rather,
appear as point sources making a line with NIRSs 20, 3, and
15 by chance.

3.2. Illuminating Sources of the Bipolar Nebulae

As demonstrated above, the illuminating sources of the two
sets of bipolar nebulae are NIRS 1 and NIRS 3. These objects,
together with bipolar nebulae not well resolved in the previ-
ous observations, are as a whole called IRS 1 (Beichman et al.
1979).

NIRS 3 is much brighter at longer wavelengths, and
therefore probably extremely embedded. The position
of NIRS 3 is coincident with that of S 255-2c at both
5 GHz [06h09m58.s6+18◦00′14.′′0 (1950)] and at 15 GHz
(06h09m58.s60+18◦00′13.′′10), as well as the position of the
source IRS 1 at 20µm (06h09m58.s5+18◦00′11′′). S 255-2c has
a flux of 4.4±0.7mJy at 5 GHz and 1.97±0.32mJy at 15 GHz
(Rengarajan, Ho 1996). If the spectral index (γ ) is defined as
Sν ∝ νγ , γ is −0.73 ± 0.21 from the ratio of the 15 GHz to
the 5 GHz flux densities. This index value is close to the case
of an optically thin H II region (γ ∼ −0.1), rather than that of
an optically thick H II region (γ ∼ +2.0) or of a stellar wind
(γ ∼ +0.6). Thus, we suggest that NIRS 3 is an ultracompact
H II region (UCH II). The continuum flux of NIRS 3 at 5 GHz
corresponds to a B1 ZAMS star (Snell, Bally 1986; Panagia
1973).

NIRS 1 is another bright source detected in the L′- and
M ′-bands. However, NIRS 1 is brighter than NIRS 3 in
the H -band, and fainter in the L′- and M ′-bands, suggest-
ing a smaller amount of extinction than NIRS 3. The mag-
nitudes and colors also suggest that NIRS 1 is intrinsically
fainter than NIRS 3. The absence of radio emission at the
position of NIRS 1 indicates a spectral type later than B3.
Both the intrinsic faintness and late spectral type indicates that
NIRS 1 is a less-massive object. The location of NIRS 1 in the
color–magnitude diagram (figure 5) is consistent with a deeply
embedded B-type star with infrared excess.

3.3. Evolutionary Sequence of Early-B Type Stars

There are several early-B type stars within 10 pc of the
S 255 region (see figure 1 of Heyer et al. 1989). The excit-
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ing sources of the H II regions (S 254, S 255, and S 257) have
been deduced to be B1, B0, and B1 stars from optical inter-
mediate band photometry (Chavarrı́a-K et al. 1987). S 255-1
(G 192.58−0.04, ∼ 1′ north of S 255-2) is a B0.5 ZAMS star
with a UCH II (Snell, Bally 1986). S 255-2a (NIRS 2) and
S 255-2b (NIRS 16, IRS 2; Beichman et al. 1979) are estimated
to be B1 ZAMS stars (Snell, Bally 1986). The spectral type
of S 255-2c (NIRS 3) is also deduced to be B1, as discussed
above. Therefore, at least 7 early-B type stars are clustered on
this region.

The appearance of these early-B type stars is quite var-
ied. The exciting stars of S 254, S 255, and S 257 are
bright at optical wavelengths and display extended H II regions
(Chavarrı́a-K et al. 1987). Both S 255-2a and -2b are visible
in the Digitized Sky Survey R band images, with nebulosity.
Their near-infrared colors are not very red, indicating that the
sources are moderately embedded (AV ∼ 15; Howard et al.
1997). They are not associated with extended H II regions, but
have thermal spectra that arise from UCH IIs. S 255-2c is not
detected in the optical, J , or H bands. Its near-infrared color
is extremely red, implying that it is deeply embedded. The vi-
sual extinction is estimated to be about 60 mag (Howard et al.
1997). S 255-2c has a UCH II, implied by its radio spectrum as
well as near-infrared outflows.

The varied appearance of early-B type stars in the S 255 re-

gion might suggest a sequence of evolution. An early-B type
star might evolve in the following stages: (i) a deeply embed-
ded object with massive outflows and a UCH II; (ii) a moder-
ately embedded object with a UCH II; (iii) an optical star with
an extended H II region. As suggested by Heyer et al. (1989)
and Howard et al. (1997), star formation in the S 255-2 region
may have been triggered by an expansion of nearby H II re-
gions S 255 and S 257. Recently, Fukuda and Hanawa (2000)
have numerically simulated star formation triggered by an ex-
pansion of H II regions. If the evolved H II regions S 255 and
S 257 are the triggers and the UCH IIs S 255-1, -2a, -2b, and
-2c are born from the first generation cores, YSOs will be born
from the second-generation cores within the next few 105 years.
FIRS 3, a weak sub-mm and mm peak located 1′ southeast of
S 255-2 (Mezger et al. 1988), may be such a second-generation
core.
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