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Fig. 2. JHK color-composite images of OH maser sources. The size is 128 x 128"/; north is up and east is left. The identified sources are indicated by
the arrow.
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Fig. 3. Two-color (left) and magnitude—color (right) diagrams (J — H and K plots against H — K) for the NIR sources (magnitudes taken from the
2MASS database). The larger filled circle indicates the SiO detection (J18301610—1115376 and J18394573—0548423) and the open circles indicate
non-detections. The square indicates an MSIII star at 8 kpc away without extinction. It is expected to move along the broken line in this diagram with
interstellar and circumstellar reddening. The area enclosed by thick broken lines indicates the approximate region of SiO maser stars found in the galactic

bulge (Deguchi et al. 2001a).

the dominant OH 1665/1667 MHz masers (for example,
Gaume, Mutel 1987). The positions of these main- and
satellite-line masers usually coincide to a few arcsec accuracy.
In fact, Caswell (1999) found that at least 7 of the 1612 MHz
sources (mostly single-peak spectra except one) that were
found by Sevenster et al. (1997) are associated with star-
forming regions. Among them, the object, OH 5.885—0.392,
has a doubly peaked spectrum with a separation of 40kms~',
exhibiting a stronger 1612 MHz (peak) flux density than the
1665 MHz flux density. Because of the association with a
continuum source, this object is considered to be a star-forming
region (Zijlstra et al. 1990). On the other hand, Caswell
(1999) discussed 5 OH 1612 MHz sources [in table 2 of
Caswell (1999)], which are seen toward, but are not associ-
ated with, star-forming regions; all of these have IRAS or
MSX counterparts with reasonable Cy, colors as evolved stars.
The 2MASS images show only one clear NIR counterpart (OH
331.646—00.259), but no or a dubious red candidate for the
other 4 objects. One object OH 331.594—00.135 has no IRAS,
MSX, or 2MASS counterpart.

These examples tell us that, even if we cannot find any NIR
counterpart for a particular object, we should often find the
MIR counterpart if it is an evolved star (in AGB or post-AGB

phase). If not, they may be in a star-forming region. A
MIR and NIR diagnostics, as well as that using the OH main
line (1665/1667 MHz) and SiO masers, is crucial for judging
whether the object is an evolved star or in a star-forming region,
and is useful for precluding non-AGB stars from OH radial-
velocity samples in the galactic disk (Deguchi et al. 2004b).

In the present sample of OH 1612 MHz objects, SiO masers
are detected only in OH 006.095—00.630. The presence of
the NIR and MIR counterparts secures that this object is an
evolved star. As far as we find the bright NIR counter parts, as
for OH 013.379+00.050, 013.510—00.578, 014.431—00.033,
and 031.985—00.177, they are likely to be evolved stars.
Furthermore, the NIR counterparts of these OH objects do
not accompany any star-forming activities, such as nebulous
features and a cluster of faint red stars, which are often associ-
ated with star-forming regions. On the other hand, for the
other 5 OH 1612 MHz objects for which neither NIR nor MIR
counterparts are found (except OH 018.381 +00.162), they are
possibly OH maser sources in star-forming regions.

Two sources, OH 018.381+00.162 and 032.731—00.327,
are relatively strong 1612 MHz emission sources among the
sampled OH sources: about 4Jykms~! for the blue shifted
components of the double peaks. The expansion velocities



\O
=
(@)}

[

BE—

J18301610
-- = J18394573

log [Flux density (Jy)]
o

XEH [

P!
4

S+

—E&— OH006.095

= -[-} - OH013.379

—&— 0H013.510

==»(= - OH014.431
- -+~ - OH018.381

—HF - OH031.985
N T N

0 2 4 6 8 10 12 14
Wavelength (um)

log [Flux density (Jy)]

Fig. 4. Observed spectra of the NIR (upper panel) and OH 1612 MHz
(lower panel) sources. The observed points are at wavelengths,
1.25 (J), 1.65 (H), 2.20 (K), 8.78, 9.73, and 12.41 um. The upper
panel shows the spectra of the two NIR sources with SiO detections
and the lower panel the spectra for OH 1612 MHz sources.

are about 9 and 15kms~!, respectively. Since the OH peak
flux density is roughly correlated with the IRAS 25 um flux
density (te Lintel Hekkert et al. 1991), we estimate that
the 25 um flux densities of these sources must be about 15—
60Jy if they are AGB stars. The weakness of the 12 um
emission of these objects indicates C, > 1. The positions
of OH 018.381+00.162 were measured using VLA (Bowers,
de Jong 1983; Fix, Mutel 1984), and both positions coincide
well with the later measurement (Sevenster et al. 2001) with
an error of ~ 1”. Fix and Mutel (1984) found that the OH
emission of OH 018.381+00.162 was not resolved with VLA
and gave the lower limit of the distance, 7 kpc. Water maser
searches for this star have been negative (Engels 2002; the
present study). OH 032.731—-00.327 was not detected before
or after Sevenster et al. (2001). Though a strong OH/IR
source, OH 32.8—0.3 (= V1365 Aql), has OH double peaks
at almost the same radial velocities (Winberg et al. 1975) as
those of OH 032.731—-00.327, with a positional separation of
5’8 (Johansson et al. 1977; Herman et al. 1985), it is not listed
by Sevenster et al. (2001).

For comparison, we took an OH/IR source, OH 37.1-0.8,
which is one of the well-known OH/IR objects (= IRAS
18596+0315) and an H,O/SiO maser emitter (Jewell et al.
1991; Takaba et al. 2001; Engels 2002). The OH flux density
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and expansion velocity are 4Jy and 14kms™!, respectively.

This object has IRAS flux densities, 2.6, 14.2, and 22.6Jy
at 12, 25, and 60 um, respectively. A steep increase of the
intensity beyond 12 um (Cj, = 0.73) indicates that this object
is at the phase of proto-planetary nebulae. The distance of
this source was estimated to be 5.5kpc from NIR photo-
metry (Sun, Zhang 1998). If OH sources without NIR/MIR
counterparts, OH 018.381+00.162 and OH 032.731—-00.327,
are located as distant as 11kpc, two times the distance of
OH 37.1-0.8, the 12 um flux density would be about 0.6Jy,
which is close to the detection limit of Subaru COMICS. In
fact, OH 018.381+00.162, was detected at 0.61 Jy at 12.4 um,
and 3.5Jy at 24.5 um in the present work (see table 6). The
MSX imager gave a slight enhancement of signal on the D-
and E-band (14 and 21 um) images at this position. These
facts are consistent with the estimated distance of about 11 kpc
for OH 018.381+00.162. For OH 032.731-00.327, we found
no enhancement of emission on the MSX A-E-band images at
the OH position. Therefore, it is more difficult to estimate the
distance.

Because the envelope expansion velocities of these two
sources (~ 9 and 14kms~!) are as moderate as that of an
AGB star, the mass losses of these two sources are relatively
mild. Sevenster (2002) argued that cold OH/IR sources with
Ci» > 0.5 have a luminosity of 10* L, and a mass below
4 Mg, and that they are less luminous and less massive than
those in the bluer region, 0 < Cj» <0.5and 0 < C3 < 0.9, in
the two-color diagram. The distribution of these cold OH/IR
objects at the left side of the black body curve in the two-color
diagram seems to be fitted by a model of 3 M without dust
formation in the post-AGB phase (van Hoof et al. 1997). The
models without dust-formation in the post-AGB phase seem
to be consistent with the non-detection of SiO masers in these
sources.

The detectability of the central star in the K band may
strongly depend on the sphericity of the envelope in the post-
AGB phase. If a collimated high-velocity flow is developed and
a hollow is created, the NIR photons can escape through the
hollow. In this sense, K-band detection would be a measure
of sphericity of the envelope. The color, K — [12], in the
models of van Hoof, Oudmaijer, and Waters (1997) for cold
objects falls between 4—10, where [12] is the 12 m magnitude
[=2.510g(59.3/F))]. The 12 um magnitude is estimated to
be nearly 5.2 (or larger) for these two OH sources. Because
these sources were not detected in the K -band observations, we
estimate K —[12] to be about 10 for these sources. Our findings
given in this paper is consistent with Sevenster’s conjecture
(Sevenster 2002) that the cold objects are more or less evolved
to elliptical planetary nebulae, rather than bipolar planetaries.

4.3.  The Nature of OH 028.397+00.080

We found that the OH source, OH 028.397+00.080, has
no NIR and MIR counterpart, though a relatively strong
H,O emission was found in the present work. Note that
the 1612 MHz spectrum shows only a single peak at Vi =
74.9kms~! (Sevenster et al. 2001).

Here, we speculate on a few nearby objects that have
been found around this OH source. An MSX point source,
MSX6C_G028.3937+00.0757 (18"42™52561, —04°00'12"5,
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J2000.0), is located about 20” southeast of OH 028.397
+00.080. This MSX source is deduced to be the same as IRAS
184020403 (18"42™54591, —04°00"13!1, J2000.0), where
the IRAS flux densities at 12 and 25 um, 1.2 and 16.4 Jy, corre-
lates well with those of MSX, respectively. The flux densities
at 60 and 100 um are 356.3 and 932.3 Jy, respectively, which
are too large as an evolved object. The spectral energy distribu-
tion of this source indicates that this is a very cool object, such
as a young star embedded in a molecular cloud, or a galaxy.
In fact, Becker et al. (1994) found a radio continuum source
at almost the same position (18"42M52581, —04°00'11"2,
J2000.0) as that of the MSX source; according to them, this
is a GPS (Gigahertz Peaked Spectrum) radio source.

During mapping of the molecular cloud, G28.34+0.06
(which was found as a silhouette on MSX middle-IR images),
Carey et al. (2000) detected a strong submillimeter-wave point
source (assigned as P2 in their figure 3) with JCMT SCUBA at
the position (187425254, —03°59'54", 12000.0). It is located
about 6" west of OH 028.397+00.080, indicating a reasonable
agreement with the position of OH 028.397 +00.080 within the
errors. The 850 um map shows considerable complexity of this
source. Based on a position difference of about 23", Carey
et al. (2000) noted that this source is distinctively different from
IRAS 18402—0403 (or MSX6C_ G028.3937+00.0757). From
the high flux density (48 Jy) at 450 m, they concluded that it
is a pre—main-sequence OB star at a distance of ~ Skpc.

If this submillimeter-wave source is an AGB star embedded
in a very thick envelope, the luminosity must be about 10* L.
It is also possible that a considerable part of middle- and far-
infrared flux densities of the above-mentioned nearby source,
IRAS 18402—-0403 (Fg = 459Jy), may come from this
OH 1612 MHz source. Assuming that half of the 60 um flux
of IRAS 18402—0403 comes from this OH source (a half
from dust clouds toward the same direction), we obtain a
distance of about 6 kpc from the Sun. The high flux density
at 450 um indicates that the dust is considerably opaque at this
frequency. The optical depth of unity at 450 um indicates dust
extinction, Ax = 7.2mag (equivalent to the column density
~ 1.3 x 10?* H1 cm~2). This value is much larger than the
column density 5 x 102° Hicm 2 for (slightly unusual) massive
HI1 cloud of 10° M o (Minter et al. 2001) in this direction.
Therefore, we can consider that most of the submillimeter
radiation (and far-IR emission too) comes from the envelope
of this star. Based on the column density and the radius of the
black body sphere, r =2.3 x 10'cm and 7 = 70K (which gives
48 Jy at 450 pm), the mass-loss rate of the star can be estimated
as 3 x 107* M, when we assume an expanding velocity of
30kms~!.

This model is considerably extreme as the circumstellar
envelope of an O-rich evolved object. Therefore, we conclude
here that OH 028.397 + 00.080 is a cool object in a star-forming
region, not an evolved star.

5. Conclusion

We investigated the nature of stars with optically very thin
or extremely optically thick dust envelopes in the radio, NIR,
and MIR wavelengths. By SiO maser lines, we detected 43 out
of 130 observed objects. Infrared observations for the subset
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of this SiO sample confirmed that about 2/3 of the objects
with thick envelopes (OH 1612 MHz sources) have NIR or
MIR counterparts. So far, we have found NIR counterparts
for all of the SiO detected sources. However, we could not
find any NIR or MIR counterparts for 4 of OH 1612 MHz
sources. These objects must be stars with extremely cold thick
envelopes without dust formation in the AGB phase, or young
objects in star-forming regions.
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reductions. This research was partly supported by a Grant-
in-Aid for Scientific Research (C) from Japan Society for the
Promotion of Science (1260243).

Appendix 1. SiO Detection toward J18301610—1115376

This work was originally motivated by an accidental detec-
tion of SiO masers at a 10’-offset position from IRAS
18268—1117 (= OH 020.433—00.344) on 2001 March 23,
where no corresponding infrared object was found. The subse-
quent 5-point mapping of this SiO emission (HPBW of 40”)
on 2001 April 10 gave the accurate position of this source as
(RA, Dec, epoch) = (18"30™m15%9, —11°15'35", J2000.0); the
positional accuracy was estimated to be about 5”. We found no
IRAS point source within 2. We also checked all of the known
optical, infrared, and OH 1612 MHz objects in the SIMBAD
database, and found no candidate for this source.

A subsequent near-IR imaging observation at this position
was kindly made by P. Wood with the ANU 2.3-m telescope in
2001 June. The J- and K -band images showed a bright-red star
at (RA, Dec, epoch) = (18"30™16510, —11°15/33!0, J2000.0).
Because of the brightness at the K-band, ~ 5.8 mag, and the
J — K color, ~ 3.6mag, it must be, without doubt, a near-IR
counterpart of the above SiO maser source. We designated this
object as J18301610—1115376 for the 2MASS corresponding
object, after 2MASS data were released.

The MSX catalog listed a source, MSX5C_G020.5046
—00.4779 (0.5Jy in band A [8.8 um], but not detected in the
other bands), which is located about 45" south of the SiO
position. This source is too weak and cannot be a strong
SiO maser source as above. For confirmation, we observed
this source (= J18301278—1115463 = MSX6C_G020.5053
—00.4777 in table 2 and 3) in the SiO J =1-0 v =1 and 2
transitions on 2001 April 10; no emission stronger than 0.08 K
was detected. Meanwhile, it turned out that the original MSX
catalog and Image Server (ver. 1) had a software bug, and
did not list some faint objects below a few Jy. The MSX
Image Server and Overlays (ver. 2)* gave MSX6C _G020.5138
—00.4885 at (RA, Dec, epoch) = (18"30™16510, —11°15'37/'1,
J2000.0) with 2.2 Jy in band C (12.5 pwm). This MSX source is
located about 4” SE of above SiO position, and therefore we

3 (http://irsa.ipac.caltech.edu/applications/MSX/).
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Fig. 5. Histograms of Fj, and Ccg for the MSX sources. The shaded areas indicate SiO detection and white non-detection. The line graphs indicate the

detection rate and the scales are shown on the right.

believe this is a MIR counterpart of the above-mentioned SiO
maser source.

Appendix 2. MSX Sources in the Region of 70° <[ < 92°

We detected 26 among 62 2MASS/MSX sources observed in
SiO maser lines in the region of 70° <[ < 92°, where the IRAS
survey was incomplete. The SiO detection rate is about 42
percent, which is slightly smaller than the SiO detection rates
in the previous bulge/disk SiO surveys (Izumiura et al. 1999;

Deguchi et al. 2000; Nakashima, Deguchi 2003a). Figure 5
shows histograms of 12 um (band C) flux densities, Fj, and
the colors, Ccg, for the observed objects. The solid line in
these figures indicates the SiO detection rate in each bin. The
detection rate looks nearly constant over log(F¢), except at low
and high flux-density limits where the statistical significance
is poor. The detection rate tends to increase with decreasing
Ccg. However, this is probably due to a deficiency of high Ccg
objects in this galactic-longitude area compared with objects in
the inner-Galaxy areas (for example, see Jiang et al. 1999).
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It has been known that the SiO detection rate of IRAS
sources drops at large Ccg (for example, see Nakashima,
Deguchi 2003b). Though classifications of the MSX sources
have been made (Lumsden et al. 2002), comparisons between
the MSX and IRAS sources, especially for sources with the
colors of AGB stars, have not been investigated well. Jiang
(2002) discussed that the SiO maser detection rate is correlated
with the MSX band A (8 um), because the SiO molecule has
the fundamental vibration band at around 8 um. The detec-
tion rate in the present sample was comparable with those
expected at this longitude range. Jiang et al. (1996) discussed
that the SiO detection rate for the IRAS sample decreases
with the galactocentric distance. For example, it was 13%
for the sources in [ = 90-250°, and 42% for the sources in
[ =55-90°. They concluded that the contamination rate by
C-rich or young stars in the flux-limited sample increases with
the galactic longitude (Jiang et al. 1999). The present SiO
maser search gave a detection rate similar to the previous one
made in the region of / =55-90°. A small improvement for the
source selection was made in the present SiO search, because
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the positions of the MSX sources are more accurately known
than those of the IRAS PSC sample and the AGB nature of the
sources was more or less confirmed by the presence of any NIR
counterpart on the 2MASS images near the MSX position. We
conclude that these criteria result in a somewhat flat detection
rate with the flux density.

The average and the standard deviation of the radial
velocities of 23 MSX sources detected in the 80° <[ < 90°
area are —24.3 and 25.3kms™!, respectively. Because these
sources are located in the narrow range of / = 85° + 5° where
the area is nearly tangential to the direction of the Galactic
center, the effect of galactic rotation on the radial velocity
becomes negligible in a range of the distance below 4 kpc
[see figure 8 of Jiang et al. (1996)]. The obtained value of
the radial velocity dispersion, 25.3 km s—!. is insensitive to
the source distances. Therefore, it is more accurate than the
values obtained before for these SiO emitting objects. For
example, velocity dispersions of ~ 30kms~' were obtained
for the southern SiO maser sources in the solar neighborhood
(Deguchi et al. 2001b; Nakashima, Deguchi 2003a).
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