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Chapter 1

Introduction

I.1. Asymptotic Giant Branch Stars

Asymptotic Giant Branch stars (AGB stars) are low-mass (0.8-2.3 Mg, on the initial main
sequence) and intermediate-mass (with an upper limit of about 8-9 Mg on the initial main
sequence mass) stars that have developed an electron-degenerate C-O core after the exhaus-
tion of central helium. The name comes from that for low-mass stars, the evolutionary track
of AGB stars in the H-R diagram approaches that of the first giant branch(Renzini & Fusi
1988). Low-mass stars develop an electron-degenerate helium core immediately following the
main sequence phase. After the helium flash lifts the degeneracy and burns out all the central
helium, they evolve to AGB phase with a degenerate C-O core. Intermediate-mass stars ignite
helium non-degenerately after leaving the main sequence phase and then directly result in a
degenerate C-O core. In the AGB phase shortly living for about a few 10 ~ 10° years(Wood
1990; Renzini & Greggio 1990) the low- and intermediate-mass stars behave qualitatively the
same and ultimately evolve into planetary nebulae and/or white dwarfs through the so-called
post-AGB stage(Kwok 1993).

In AGB phase, there are two important processes whose results are not only important to
evolution but also observable, the third dredge-up and the mass loss. The so-called dredge-
up is a process that the base of convective envelope extends inward to "dredge-up” material
newly produced by nuclear reaction and thus brings about the surface abundance changes.
The first dredge-up occurs in every star as it becomes a red giant following the exhaustion of
central hydrogen(Becker & Iben 1979). The second dredge-up accompanies the formation of
an electron-degenerate core following the exhaustion of central helium(Becker & Iben 1980).
The third dredge-up happens when the thermal pulse amplitude approaches some limiting
strength in AGB phase. It results in the mixing of freshly synthesized 2C and neutron-rich
isotopics via helium burning and neutron capture to the stellar surface and makes it possible
for an AGB star to become C-rich in view of spectroscopy. Whether or not the third dredge-up
occurs depends on core mass, total mass, metallicity and mixing length of convective envelope
(Wood 1983). In particular, the minimum core mass for dredge-up occurrence decreases with
decreasing metallicity as well as increasing total mass and increasing mixing length.

AGB stars lose mass through stellar winds. Four mechanisms have been proposed for the
mass loss that are radiative driving of the dust(Tielens 1983). radial pulsation(Bowen 1988),
Alfven wave driven wind(Hartmann & MacGregor 1980) and sound wave driven wind(Pijpers
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& Hearn 1989). The process is not very clear but it seems more than one mechanism have to
work in some combinational way. Mass loss rates range from a detectability lower limit of 10~%
Mg yr~! to some 10™° Mg yr~! in light of the evidence of molecular line observations. The
matter driven to apart from the star’s photosphere forms a circumstellar envelope expanding
at velocity of the order of 10 km s~!. The envelope becomes thick and cold as expanding and
departing away from the photosphere. Gradually the central star becomes optically invisible
and the object becomes bright at infrared and even radio wavelengths due to the re-emission
from the circumstellar envelope (CSE) by transferring the photosphere radiation. With the
cooling of the CSE, some solid particles condense and molecules come to existence. The
interaction of the AGB wind with the so-called superwind at a rate of around 10~ Mg, yr—!
or 107® Mg yr~! at the post-AGB phase is able to produce the asymmetrical morphology of
planetary nebulae(Kwok 1982).

1.2. Observations
1.2.1. In space: IRAS and ISO

IRAS (InfraRed Astronomical Satellite) launched in 1983 discovered a large number of
AGB stars during its survey covering 96% sky. IRAS made photometric observations at 12,
25, 60 and 100 pm of all of them (IRAS PSC) with the sensitivity of about 1Jy(Beichmann et
al. 1988). The presence of circumstellar envelope resulted from mass loss distinguished AGB
stars from other normal stars without CSEs in the IRAS color-color diagram (logFss/ Fy2 viz
logFeo/ Fa5) by showing infrared excess of normal photosphere radiation. Their color temper-
atures range from about 800K to 200K, much lower than that of the stellar photospheres(van
der Veen & Habing 1988). The IRAS colors and fluxes are also tools to estimate the mass
loss rates of AGB stars(Herman et al. 1986; Jura 1987). Many AGB stars are detected
variable in the IRAS mission which surveyed most of the sky more than once. In addition to
photometry, IRAS also took Low Resolution Spectra (LRS) ranging from 7.7 to 22.6 um of
the 12um-bright sources (5425 entries in Olnon & Raimond 1986) which bifurcate the CESs
of AGB stars. The C-rich CSEs exhibit an emission feature of SiC at 11.3um and the O-rich
CSEs exhibit the emission or absorption feature of silicate at 9.7um and around 18um.

AGB stars show a disk-plus-bulge structure in the Galaxy based on the the IRAS PSC
database, mostly being long period variables in the bulge according to the multi-times pho-
tometric results of IRAS(Harmon & Gilmore 1988). In the disk, AGB stars tend to clump in
the spiral arms(Jiang & Hu 1993).

The circumstellar physics of AGB stars has been one of the major subjects of ISO (In-
frared Space Observatory) launched in 1995 and performing nominally in operation(Kessler
1996). With four main instruments ISOCAM, ISOPHOT. ISOSWS and ISOLWS. ISO will
achieve higher sensitivity in photometry and higher resolution in spectroscopy covering wider
wavelength range of 2.5 ~ 240 gm than IRAS. make innovative imaging observations in the
pointing mode other than the survey mode. ISO will shed light on many aspects of study of
AGB stars, in particular the chemical environment and structure of circumstellar envelopes.
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1.2.2. On ground

In addition to the direct results from the IRAS observation, IRAS database have been the
starting points of almost all the later ground-based observations of AGB stars.

Near-infrared photometry and spectroscopy

Epchtein et al. (1987) observed 630 infrared stars at JHKL bands in near-infrared and
suggested the possible discrimination of C-rich and O-rich AGB stars based on the colour
indices such as K — L and [12pm] - [25um]. Follow-up observations of 516 AGB candidates
at JHKLM bands by Fouqué et al. (1992) attested this result. Another large-scale and inde-
pendent near-infrared photometric observations by Noguchi et al. (1991) further confirmed
the difference between C-rich and O-rich AGB stars in the near-mid-infrared color-color di-
agram. The observational results at JHKLM bands of about 1332 candidate AGB stars are
compiled by Gugliemo et al. (1993). In the diagram of K — L and [12pm] - [25pm], C-rich
stars aggregate in the region relatively bluer in [12xm)] - [25um] and redder in K — L than
the O-rich stars.

Whitelock et al.(1991, 1994) monitored the light-variation of 141 AGB stars in the Galactic
bulge and 61 AGB stars in the South Galactic Pole at JHKL bands. They found that the
periods of bulge Miras mainly lie in the range of 360-560 days with maximum and minimum
values of 722 and 172 days. The calculated luminosities from their periods and period-
luminosity relation then vary from about 6800 Ly to 11000 L. The K-band amplitude
ranges from 0.4mag up to 2mag. They did not find any obvious difference in the period
distribution or light-curve amplitudes between the bulge and south pole AGB stars. The
Galactic Miras and the Magellanic Clouds (MCs) Miras (Feast et al. 1989) conform very
similar period-luminosity relations. The difference found between the Galactic and LMC
AGB stars is that the near-infrared M-type Miras in the LMC have much "bluer” colors than
that in the Galaxy with similar periods and pulsation properties, suggesting the dust opacity
of AGB stars is thinner in the LMC and implying an effect of metallicity on reddening of the
circumstellar envelope.

Smith & Lambert (1985, 1986, 1990) spectroscopied a sample of M, MS and S giants in
infrared and near-infrared with high resolution and high S/N. Some of the MS and S stars
show an excess of '?C, a principle product of He-burning shell. and the '2C enrichment is
correlated with a more marked enrichment of the s-process elements. The MS and S stars
also show a higher N abundance than the M giants. Such structure of chemical abundances
is attributed to the expected deep mixing that occurs with the onset of the third dredge-
up in the AGB phase. Derived from the abundance of Rb and and the absence of isotope
9Zr whose synthesis is controlled by the branch in the s-process path at %Zr, the observed
neutron densities are consistent with that predicted for low-mass AGB stars and inconsistent
with that for intermediate-mass AGB stars(Lambert et al. 1995). The Mg isotope ratios
require that the s-processing occur in low-mass AGB stars (Busso et al. 1995).
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Radio line observations

The AGB stars are very rich in various molecular species due to the efficient shielding by
the circumstellar dust of the molecules formed both in the stellar photosphere and in CSEs.
A few tens species of molecules have been detected at radio wavelengths. The most popular
molecular lines in observations of AGB stars are those from CO. HCN, SiO, H»0, and OH
molecules.

The rotational transitions in the vibrational ground state of '2CO, very stable and the
second most abundant molecule next to Hg in CSEs, are generally the strongest thermal lines
of AGB stars. In the catalogue (Loup et al. 1993) that compiled the observational results in
CO(2-1) and CO(1-0) lines, 324 C-rich and O-rich AGB stars are reported being CO emitters.
The expansion velocities of CSEs vary from 5 to 20 km s~! in O-rich AGB stars and from 5
to 30 km s~} in C-rich AGB stars according to the CO line width. Derived mass loss rates
based on the CO line parameters range from 10~ Mgyr—! to 3 x10~>Mzyr—'. The isotopic
13CO lines have also been detected though in fewer number reasonably resulted from its less
abundance.

HCN, as the second most detectable molecule in C-rich CSEs, has been searched in a large
number of AGB stars as well. Loup et al.(1993) collected the data on HCN(1-0) thermal line
in about 120 AGB stars. Izumiura (1990) detected this line emission in 80 objects.

Maser emissions from OH, HsO and SiO molecules are looked for and detected in hundreds
or thousands of AGB stars.

OH maser emission was discovered as the first stellar maser 30 years ago and now has
been detected in more than 1500 AGB stars or late-type stars(Benson et al., Lewis et al.)
mainly at 1612MHz. Many of the OH maser lines appear in double-peak profile suggesting
they are originated from the front and back expanding shell by far-IR radiative pumping.
Interferometric mapping of the OH/IR star OH127.8 (Booth et al 1981) provided strong and
direct confirmation of the "front-back™ model. Additional support comes from the phase-lag
measurements (Herman & Habing 1985). The interferometric observations also determine
the radius of OH shell, with values just under ~ 10*cm all the way to > 10*7cm. The CSEs
expansion velocities derived from the front and back components mostly are between 10 km
s~! and 30 km s~! (te Lintel Hekkert et al 1991).

The HsO maser line emission of 615 — 593 at 22GHz has been detected in about 400 AGB
stars(Brand et al. 1994, Engels & Lewis 1996). The OH maser profiles are divided into type
A and type B according to the maser velocity offsets from stellar radial velocity(Engels et al
1986). Type A masers appear close to the radial velocity and type B masers are double-peaked
and centered at the radial velocity. Rotational collisional excitation mechanism was proposed
(Deguchi 1977) and confirmed (Cooke & Elitzer 1985). Interferometric observations (Spencer
et al. 1979, Johnston et al. 1985, Lane et al. 1987) showed that the maser region size varies
with mass loss rate and ranges from 10'%cm to 10*cm. This maser has been observed of the
intensity variation by a large factor and correlated with visual light variation(Gomez Balboa
& Lepine 1986). Besides this line, some other water lines are also detected as maser emission
such as the 96.3GHz 533 — 440, 232.7GHZ 643 — 559(Menten & Melnick 1989) and 658GHz
110 — 1p1 lines (Menten & Young 1995).
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S5i0 masers

SiO maser emissions have been detected from several rotational transitions in different
excited vibrational states in more than 400 late-type stars(Benson et al. 1990; ITzumiura et
al. 1995) since Kaifu et al.(1975) successfully observed the v = 1.J = 2 — 1 line emission in
12 OH/IR stars. The detected lines are rotational transitions obeying Av = 0,AJ = =1,
from J =1-0to J =7T-—6(Gray et al. 1995) in v = 0,1,2.3,4. The most observable and
best studied lines are the J = 1 — 0 transition at a couple of vibrational states around 7mm,
among which the v=1 and v=2 lines are found to appear simultaneously in most cases in
light of the survey to the bulge direction(Jiang et al 1995). SiO maser spectra are usually
multi-peaked and centered at stellar radial velocity(Jewell et al. 1991). The line profiles are
found to be variable with a phase lag of about 0.1 to 0.2 to the IR variation (Martinez et al.
1988).

High resolution interferometry (Colomer et al. 1992) found that the observed spots of SiO
maser ermission are rather compact, typically ~ 0.1 - 5 AU depending on stellar luminosity
classes. The VLA mapping of SiO maser emitters reveal well-defined rings of maser emission
at &= 2 — 4 stellar radii(Diamond et al. 1994). SiO maser spots are thus locating at
~ 10" — 10"cm from stellar center, the innermost amid the detected masers from AGB
stars. A polarization map of R Cas (McIntosh et al 1989) indicates that the SiO maser
emission of different spots originates in separate cells, each one characterized by distinct
radial velocity, linear polarization and polarization position angle.

The IR radiative pumping can lead to the required population inversion in the presence
of a large velocity gradient (Kwan & Scoville 1974: Deguchi & Iguchi 1976) and so can a
collisional excitation(Elitzur 1980). Both mechanisms can explain the coincidence of SiO
maser velocity with stellar radial velocity. The radiative pumping can explain the correlation
between maser variation and IR light variation and collisional pumping shows how masers
occur at high-excited vibrational state. Neither can explain all the observational phenominea
independently under present modelling constraints. Furthermore, neither can easily produce
quantitatively the observed intensity ratio of the v=1 to v=2 lines.

Isotopic 2?SiO and *SiO maser emissions have been detected from a few rotational tran-
sitions in ground, first and second excited vibrational states in about 20 SiO maser sources
(Cho et al. 1986; Alcolea & Bujarrabal 1992; Cho & Ukita 1995;: Cho et al. 1996). The de-
tected emitters are much fewer than the normal SiO sources due to that the 2Si and 3°Si are
about 20 and 30 times less abundant than 2Si in the CSEs (Tsuji et al. 1994). The isotopic
maser intensities also vary with the infrared continuum flux at 8um. The isotopic masers
differ from the normal ones. First the maser emissions occur from the transitions in ground
vibrational state in which thermal emission is usually produced in 8SiQ (Bujarrabal et al.
1986). This ground-state maser invalidates the proposed modellings for normal SiO masers.
Second the isotopic maser spectra exhibit usually only one peak instead of multi-spikes as
normal ones(Alcolea & Bujarrabal 1992). The peak intensity is much weaker than that of
normal SiO maser lines so that no interferometric mapping at isotopic maser lines has been
performed yet.
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I1.3. Outline of the thesis

This thesis will concentrate on the observations of AGB stars in the outer disk of the
Galaxy where the dark matter is suspected to exist from the flat rotation curve and less
attention has been paid compared with the bulge and solar neighbourhood. Due to the high
sensitivity at 43GHz of 45-m telescope system at Nobeyama Radio Observatory, a survey
deep to 1Jy at 5 sigma level in SiO maser lines is carried out to about 250 stars in the second
and third quadrants of the Galactic plane. Taking the advantage of the telescope system, the
rotational transition J=1-0 line in three different vibrational states, 28Si0O v=1 and 2, 29SiO
v=0, is searched. This survey is the deepest and most complete in these SiO maser lines in
the outer disk. Comparing with a survey of similar sensitivity and scale to the bulge direction
infers the large-scale distribution of SiO maser populations of AGB stars. Follow-up optical
and near infrared observations are also performed to a sub-sample of the SiO maser-survey
sources. The near-infrared photometry observation was done by using a NICMOS3 detector
attached to the 188cm telescope at Okayama Astrophysical Observatory and resulted in a
high sensitivity too. The Kiso 105cm Schmidt telescope is used to identify some of the SiO
maser-surveyed stars in the aspects of color and light variation as the basis of radio and
near-infrared observations. Some sources are even taken low-resolution optical spectroscopy
to clarify their spectral types. Combining all data in optical, near infrared, IRAS and SiO
maser data, the thesis will give a scenario of AGB stars in the outer disk of the Galactic plane.
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ABSTRACT

The observations in the 2880 J=1-0 v=1, J=1-0 v=2 lines and the 2?Si0 J=1-0, v=0 line
were simultaneously made towards 181 color-selected IRAS sources in the outer disk of the
Galaxy (at longitudes between 90° and 250°). The #*SiO lines were detected in 63 sources (56
new) and the 2?SiO line in 11 sources (9 new). Most of the detections are optically variable
stars, mainly Mira-type variables and a few semi-regular variables. The detection rate(35%)
is much lower than that of the bulge survey performed by the same observational system, the
45m telescope at Nobeyama Radio Observatory. The lower detection rate of SiO maser emis-
sion is partly attributed to the increase of contaminations by stars with C-rich circumstellar
envelope and young stellar objects in the outer disk sample. The kinematical implications
of the observational results are also discussed. The luminosity distances to the SiO maser
sources are estimated from their IRAS fluxes at 12 micron and colors. By combining the SiO
radial velocity and the luminosity distance, the rotation curve of the outer Galactic disk is
found to be slightly falling within the galactocentric distance between 8.5kpe and 12kpe. The
sources located within 20° from the Galactic anticenter direction are used to check a peculiar
motion of the local standard of rest.
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II.1. Introduction

Since the discovery of SiO masers by Snyder & Buhl (1974). a lot of observational and
theoretical works have been devoted to studying them. In the aspect of observation the
28810 and its isotopic maser lines have been searched for by some groups. Most observations
were towards nearby stars such as Mira variables(cf. Cho et al. 1986, Jewell et al. 1991,
Allen et al. 1989), semi-regular variables(Dickinson et al. 1986), symbiotic stars(Hall et al.
1987; Schwarz et al. 1995) an OH/IR stars (Lindqvist et al. 1991; Nyman et al. 1993).
Nevertheless, the survey towards the Galactic bulge direction by Izumiura et al.(1994; 1995a;
1995b) could approach objects at a distance of 8.5 kpe or further, in which the sources
are seldom associated with any known optical objects. In respect of theory, both radiative
(Deguchi & Iguchi 1976) and collisional (Elitzur 1980) pumping mechanisms are proposed to
interpret the SiO masers.

In spite of the abundant observations in SiO maser lines, little attention has been paid to
stars in the outer disk of the Galaxy. Many InfraRed Astronomical Satellite(IRAS) Point
Source Catalogue(PSC) (Beichman et al. 1985) sources in the outer disk have been observed
in the CO and OH lines. Wouterloot & Brand(1989) detected CO(1-0) thermal emission in
1077 sources out of 1302 infrared sources whose IRAS colors are of young stellar objects.
However there is less success when searching for OH maser emission in IRAS sources whose
IRAS colors are of late-type stars. Lewis(1994) detected 1612MHz OH maser emission in
fewer than 25 objects amid more than 250 sources using the Arecibo telescope so that the
OH maser detection rate is a quarter of that in the inner Galaxy.

The purpose of this paper is to use SiO maser lines to investigate the IRAS sources in
the outer disk of the Galaxy where the surveys in OH maser lines have not yet been made
extensively. From radial velocities of SiO maser lines. we can study the Galactic kinematics
of stars in this interesting region where the presence of dark matter is suspected from the
flat rotation curve of the outer disk. In this paper. we report the results of an SiO maser
line survey towards 181 color-selected IRAS sources distributed between 90° and 250° in the
Galactic longitude.

I1.2. Object selection, observation and data reduction

The main selection criteria of the sources in the outer Galactic part are almost identical to
those in the bulge survey(Izumiura et al. 1994) for a convenient comparison. The Galactic
latitudes of all the sources are as |b| < 10° so that they are constrained in the outer stellar
disk of the Galaxy, i.e. within 1kpc from the Galactic plane given a distance less than 6kpc.
There are some minor differences in two observational runs made in May 15-19, 1994 and
May 21, 22 and 26-29, 1995. In the 1994 May period, the criteria are (F, is the IRAS flux
density at A): (1) in the strip of |l — 180°| < 10° where [ is Galactic longitude, (2) IRAS color
Ci2(=logi9(F25/F12)) in the range [-0.4. 0.3]. (3) Fy2 bigger than 3Jy. Seventy sources were
observed in this semester and we intended to study the peculiar motion of local standard of
rest(LSR). While in May 1995, we observed the sources in other parts of the outer disk as well
as reachable at the site of the telescope. i.e. the Galactic longitude ranging from 90° to about
250° except between 170° and 190°. In addition. the IRAS variability index is bigger than
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50 for selecting potential Mira-type variables and the qualities of IRAS fluxes at 12, 25 and
60um are good (Beichman et al. 1988). The IRAS Low Resolution Spectra(LRS) class 4n
type sources that may have C-rich circumstellar envelopes (CSE) (Olnon & Raimond 1986)
are excluded. In this run, 111 sources were observed. In total 181 sources were searched in
SiO maser lines. In case of not very good weathers, observations were more concentrated on
closer IRAS LRS 2n sources with O-rich CSE. So the part of the sample with Fio > 10Jy is
slightly biased to objects with O-rich CSE due to the casual selection of IRAS LRS classes,
but the other part with Fi2 < 10Jy are not biased to have either C-rich or O-rich CSE.

The sample selected by above criteria can be consisted of two types of stars. The major is
late-type stars with cold CSEs when C,3 < -0.4 and the minor is possibly young stellar objects
in star forming regions when Cj» > -0.4. The IRAS PSC sources are divided into 10 groups
with different IRAS colors based on the analysis of IRAS color-color diagram by van der Veen
& Habing(1988) (VH). The sources in the sample with IRAS color Ca3 (=logio(Feo/F25))
< —0.4 are grouped in VH IITa and IIIb regions, the territory of variable stars with evolved
circumstellar shells. When combining the constraints on IRAS variability index and flux at
12pm, these sources were certainly variable during the IRAS mission (Jiang et al. 1996).
Therefore they are vary possibly variable late-type stars with cold circumstellar envelopes.
Twenty more sources selected have IRAS color Caz > —0.4 as well as Cy2 > 0.0. They could
be late-type stars while more possibly young stellar objects in star-forming regions(Harris et
al. 1988). The bulge survey detected a number of IRAS sources of these colors ( about 50%,
see Jiang et al. 1995) in SiO maser lines. Thus the present survey includes the sources of
such colors to compare the SiO detection rate with the bulge sample.

The observations were made with the 45m telescope at Nobeyama Radio Observatory.
We used a cooled SIS receiver and an acousto-optical spectrometer(AOS) with eight high-
resolution arrays AOS-H (the spectral resolution per two binned channels is 37kHz, 0.26
km 57! at 43GHz) and four wide-band arrays AOS-W (the bandwidth 250MHz, i.e. 1740
km s~! coverage in velocity at 43GHz). The rest frequencies were tuned to 43122.027MHz,
42820.539MHz, 42879.8MHz and 42851.970MHz for the ?°Si0 v=1 J=1-0, 28Si0 v=2 J=1-0,
29510 v=0 J=1-0 (hereafter notations v=1, v=2, 2%SiO are used) and Hs3« lines in order. The
Hsaox line was set purposely to observe a few strong HII regions for intensity calibration. At
every frequency, two AOS-H arrays were used in order to enhance reliability of the observa-
tional result. The AOS-W arrays were set to centers at the v=1 and v=2 lines. The detection
limit was usually better than 0.2K at 40 level as the normal system temperature was around
200K (the conversion factor from antenna temperature to line intensity is about 3.6Jy/K) in
spite of its variation from 200K to 500K depending mainly on the weather and elevation of
the antenna. The Half Power Beam Width (HPBW) was about 40”. We checked the pointing
every 3 hours or so by nearby strong SiO maser sources so that the pointing accuracy was
around 2-8". If the source has an optical counterpart or was identified by Jiang et al. (1996),
its optical position was adopted. Otherwise we use the IRAS PSC (version 2) position whose
uncertainty is much smaller than the HPBW of the telescope. All observations were made in
the position-switching mode using a 5" off position in the azimuth direction. The averages of
rms for the sources without SiO detections are 0.054K and 0.056K for the v=1 and v=2 lines
and these two averages are both 0.05K in the survey towards the bulge(Jiang et al. 1995).
So the system condition is comparable to that in the bulge survey.
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The raw data were processed by flagging out bad scans, making rms-weighted integrations
and removing the first-order baseline. The signal is regarded as a detection when it is higher
than 40 of the noise level and its width is wider than two channels. For calculating the
line parameters of detections, multiple-Gaussian fitting was performed by the NEWSTAR
software developed by the staff at Nobeyama Radio Observatory. Because the line profiles are
usually not simple, the multiple component fitting may not be unigue. Our fitting procedure
was thus made under two rules: the number of components should be as small as possible and
the residuals should be smaller than 3¢ to merge into the neighbouring noise. This policy
should not generate any artificial component and should result in correct calculation of the
integrated line intensity.

II.3. Results

In 1994, 15 sources were detected in the 2°SiO lines and one source, IRAS 05388+3200 was
detected in the 29810 line. In 1995, 48 sources were detected in the 258i0 lines and 10 of them
were detected in the 2SiO line. No source was detected in H53« line to the detection limit of
about 0.8Jy. The wide velocity coverage of AOS-W prevented us from missing high velocity
components. No high-velocity ((|Vis]) > 200 km s~!) emission component was found in any
source. As a whole, 63 sources of 181 were detected in the ?8Si0 J=1-0 v=1 and/or v=2
maser lines, 11 of which were detected in the *SiO J=1-0 v=0 line. Among the detections,
TRAS 03206+6521, 053883200, 06500+0829. 21086+5238, NV Aur, IRC+60092 and R Cas
(Benson et al. 1990) are already known 2®SiO maser sources, NV Aur and R Cas (Alcolea
& Bujarrabal 1992) are known 2°SiO maser sources. Therefore we detected 56 new 288i0
and 9 new 29SiO maser sources in which IRAS 0650040829 was also detected the 2°SiO line
emission by Cho et al. (1996).
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TABLE 1.1. Line parameters of Gaussian components of the v=1 and v=2 detections

Si0 v=1 J=1-0 Si0 v=2 J=1-0

IRASNAME ~ TA1  rmsl  Visel  FWHM1  TA2  rmms2  Viss2  FWHM2
(K) (K)  (kmfs) (km/s) (K) (K) (km/s) (km/s)

0012745437 3% 0.026 ve3 axe 0.149  0.029  -91.788 1.983
0033646744 0.136  0.034  -92.298 7.036 0.139  0.036  -90.267 2.206
0.143 -90.973 0.700 was e ven
0045946749 0.597  0.060  -90.252 1.612 0.308  0.064  -90.177 2512
0.544 -B7.591 2,831 0.239 -87.796 1.551
00534-+6031 0.157  0.032  -100.604 1.102 0.106 0.029  -105.008 1.109
~ua 0.148 -100.614 1.579
0243346345 0.602 0.065  -58.526 2.608 0.383 0070 -38.397 2.553
0.965 -55.277 1.293 1.171 -55.392 1.334
0.391 -52.135 1.691
0246945646 0.254  0.062  -41.327 (.819 0.034 st S
0.345 -40.585 2,909 e “e
02470+5536 0421 0.071 -38.966 1.858 0539 0073 -35.968 1.964
0.436 -33.105 2.388 0.476 -34.903 1.754
0320646521 0.044 0.283 0.8 -37.802 2.081

0346945833 0473 0.039 -T4.130 1.181 0.342 0.039 -74.456 1.352
0351344827 0.367 0.038  -69.043 2.835 0.285 0.040  -70.019 2,470

0.369 -66.205 2.876 0.379 -66.433 2.170
1.139 -63.722 1.571 0.818 -63.849 1.944
0.318 -61.798 0.710 0.509 -56.338 2.518
0.199 -56.294 3.297 0.243 -54.483 1.083
0357245509 0.126  0.030  -37.546 0.719 e 0.029 wes i
04085+5347 . 0.045 0.361  0.037  -15.338 2527

04209-+4800 1.208  0.103  -16.766 1.510 1075 0.057  -16.749 2204

0.288 -14.842 5.468 ey
05031+3519 oLE] 0.075 as vey 0.226 0.087  -36.993 0.838
itz e S 0.231 -353.462 1.669
0509144639 0.116  0.027 12.676 1.239 v 0.032 ses vae
0513143039 0,408 0.043 8.274 1.789 0.089  0.044 10.104 7.663
0.430 11.340 1.137 0.132 12.145 0.622
05146+2521 0.424  0.166 -1.292 2.660 0.385 0.173 -3.303 1.438
o 0.539 -1.419 1.074
0528441945 0.106  0.054 13.464 1.637 0375 (.04 14.647 3.887
0.247 14.240 1.250 “¥ e sl
05325+-2351 0.273  0.085 8.861 3.086 0.108  0.086 8.522 2.383
0.264 13.213 1.132 ..o Fek :
053542458 0.361 0.225 3.935 5.142 s 0.226 s e
1.510 4.117 0.799 .
0.944 6.135 1.245
0536743736 0.619 0.166  -37.879 0.775 4.013 0.169  -36.160 1.288
4.201 -36.633 1137 1.260 -33.457 1.858
0536842841 0.644  0.074  -18.581 2.236 L5367  0.063  -19.041 1.422
3.241 -16.970 0.969 1.629 -14.114 4.027
1.420 -15.854 0.820 G550 -11.830 1.941
2.566 -14.765 1.179 0.791 -B.734 0.585
5.863 -12.545 L.770 1.77 -5.809 1.710
2.700 -11.161 1.020
1.778 -9.278 1.904
0538443854 0.457  0.063 3.989 L.637 0.2T3  0.061 6.307 1.199
2,197 8.698 2,258 1.195 8.392 1.699
2.002 85.841 0.566 0.784 10.653 1.148
1.032 10.974 1.050

0542342905 0.831 0.063 23.858 1.049 1.762  0.065  23.386 1.959
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TABLE 1.1. {continued)

Si0 v=1 1=1-0 Si0 v=2 J=1-0
IRASNAME TA1 rmsl  Vissl  FWHML  TA2 rms2  Visr2  FWHM?2
(K) (K) (km/s) (km/s) (K) (K} (km/s) (km/s)
1.315 25.764 1.076 1078 25.998 1.093
0.579 27.116 0.006  0.501 27.184 3.353
0.534 29.243 2073 0.452 30.823 1.746
1.035 30.416 2.207 z v con
0544342707  0.355 0.069 -13.664 1,842 1495 0060 -12.542  1.652
0.617 12,532 0753 0614 10204 1.602
0.739 10177 0.698  0.282 -6.845 3.442
0.958 -9.701 3.427 “- .- e
05552+1720  0.215 0.030  42.246 3793  0.240 0.043 40810 2,650
0.179 46.004 1536 0.392 15.123 3.094
0555943825 0233 e e 1.754  0.167 -32476  0.714
pes we wen 0.864 -31.490 2.095
06011+2829  2.493 0.073  13.038 3268 0570 0.068  11.842 3.827
0.897 17.862 1183 0.625 14.743 1.882
1.835 19.804 1.835  0.645 18.300 1.623
0.263 20.747 1.623
0617043523  0.200 0.098 22329 2223 0308 0.091 18124 1.042
0.105 26.331 2688  0.365 21.812 1.972
0.229 27.506 2.553
06193-0349  0.693 0083 -10.534  1.332 3826 0071 -5.505 2.607
2.836 -5.940 1.960 o
1.630 -1.416 1.228
06329-0106 0492 0.057 98.734 1.242 0439 0059 98531 1.464
0.338 100413 1373 0378 100.892  1.955
0.217 103.024 3418 0.335 104.553  2.283
0634641444 0.948 0.041 5.076 5.256 0,282 0.055 1.916 1.744
0.523 6.227 0.856  0.191 6.571 5.027
0.445 8.361 0.816
06398-0936 0540 0.044 22,643 1.388 0786 0.045  25.424 1.189
1.241 25.352 1527 0.456 27.174 1.704
1.336 27.280 1528  0.159 32.616 5.486
0.512 29.320 1.007 voe e
0.441 33.444 3.680 s - o
06550-1915  0.251 0.054 18087 4524 0481 0030  20.205 1.161
0.204 24.604 1.880 221 21.233 6.894
06582-1512  0.284 0.039  65.607 1198 0.210  0.039  635.683 1.604
0.213 69.030 2203  0.267 69.501 2,162
07019-1631  0.793 0.070  52.153 1270 0.458 0072 52177 1.730
0.289 55.034 1177 0.495 54.995 1.910
07021-0852 0319 0.041  76.962 1425 0302 0.040 76.943 1.619
07153-2411 0291 0.073  59.996 1.197 0481 0074  62.036 1.260
0.193 62.340 1.212 .
07197-1451 0912 0081  39.021 2742 0338 0079  39.519 0.670
0.924 41.994 0.959
0.204 45642 A.763 g ans s
07200-1846  0.691 0.074  28.995 1611 1313 0135 28.808 1.362
0.757 31.512 1222 0678 31.402 2.921
07372-1036  0.780  0.118 29,738 1968  0.621 0125  32.538 1.095
0.825 32650 2370  0.507 31.352 1.613
08084-1310  0.767 0.075 27.007 2823 0450 0090  27.699 2,756
081002334  1.347 0102  61.427 1740 0.733 0110 61.416 1.852
0.358 68.017 1081 0.754 67932  4.769
2047945336 0.199 0.043 -36.913 0333 0177 0032 -37.674  0.959

20
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TABLE 1.1. (continued)

Si0 v=1 J=1-0 Si0 v=2 J=1-0
IRASNAME TAL rmsl Visrl FWHM1 TA2 rms2 Visr2 FWHM2
(K) (K) (km/s) (kmfs) (K) (K) (km/s) (km/s)
2052345302 0.290 0.044 -67.438 1.359 0.102 0.045 -67.500 4,177
0.299 -65.142 1.549 0.379 -64.974 1.968
2121645536 0.227  0.044 -10.582 1.437 0.193  0.051 -12.018 0.945
0.254 -8.408 2.458 0.254 -10.187 1.653
s ree 0.204 -3.011 1.124
2134145101 0.267 0.078 -4.125 9.139 1.051  0.068 -6.554 1.601
0.515 1.446 1.299 0.376 1.830 2.754
2145345959 0.434 0.068  -45.267 1.469 0.586 0.076  -44.802 1.523
0.379 -43.602 0.682 0.329 -42.506 1.183
0.432 -42.218 2.358 s I
2150946234 0177 0.059 -69.070 2.516 0.393 0.0535 -T0.577 0.637
0.136 -62.408 3.912 0.510 -69.647 2.343
2152246018 0.324 0.074 19.833 1.188 1.322  0.069 20.058 1.490
0.448 22.397 3.300 0.554 21.890 1.474
2239445623 0.906 0.062 -26.424 2,253 0.875  0.060  -26.319 2.210
s e S 0.255 -23.636 0.919
2246646942 0.332 0.062 -48.217 0.909 0.183 0.060  -47.897 0.494
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TABLE 1.2. Integrated line parameters of the v=1 and v=2 detections

510 v=1 J=1-0 Si0 v=2 J=1-0

IRASNAME 51 Veenl FWHMI1 52 Veen2 FWHM2 DATE

(K*km/s)  (km/s) (km/s) {(K*km/s)  (km/s) {(km/s) vymmddhh
0012745437 s e cee 0.32 -91.79 1.98 95052806
00336+6744 1.13 -91.64 . 4.53 0.33 -90.27 221 95052608
0045946749 2.68 -88.92 3.55 1.22 -88.99 3.22 95052207
00534 +6031 0.19 -100.60 1.10 0.38 -102.86 3.59 95052608
0243346345 3.02 -56.90 3.57 3.43 -55.43 5.09 95052108
0246945646 1.30 -40.96 2.24 s e aue 95052109
0247045536 1.95 -37.04 4.05 2.03 -36.94 3.89 95052109
032064-6521 cen e . 0.63 -37.80 2.08 95052210
0346945833 0.60 -74.13 1.18 0.49 -T4.46 1.35 95052709
03513 +4827 5.11 -62.67 9.44 4.99 -62.23 9.54 95052709
035724-5509 0.10 -37.55 0.72 e - e 95052614
0408545347 wx s see 0.98 -15.34 2.53 95052213
0420944800 3.64 -15.80 4.45 254 -16.75 220 95052213
05031+3519 e 0.62 -36.23 2.02 94051511
0509144639 0.15 12.68 1.24 e ien eer 95052710
0513143039 1.30 8.81 3.00 0.82 11.12 5.16 94051511
0514642521 1.21 -1.29 2.66 1.23 -2.36 2.20 84051515
0528441945 0.52 13.85 1.83 1.56 14.63 3.89 94051915
05325+2351 1.22 11.04 4.28 0.28 8.52 2.39 94051610
0535442458 4.53 5.03 4.29 e .o cen 94051516
05367 +3736 5.62 -37.26 1.58 8.04 -34.96 3.07 94051510
0536842841 27.06 -13.93 6.72 27.43 -13.93 6.68 94051811
0538443854 8.51 8.48 3.85 3.49 8.49 3.36 94051810
0542342005 G.76 27.14 4.95 7.65 27.20 5.49 94051616
0544342707 5.26 -11.68 1.62 4.73 -9.69 5.40 94051812
0555241720 1.17 44.12 4.54 1.98 42.97 5.03 95052711
(565043825 et “ee e 3.28 -31.98 1.90 94051512
0601142829 13.46 16.42 5.93 5.17 16.29 7.18 94051811
061704-3523 0.78 24.33 4.46 1.74 2282 6.49 94051612
06193-0349 9.08 -7.48 4.34 10.67 -5.51 2.61 95052813
06320-0106 1.94 100.88 447 2.30 101.54 4.88 95052813
0634641444 6.20 6.72 4.68 1.53 4.24 3.71 95052713
06398-0936 7.31 258.04 7.94 2.76 29.02 6.93 95052814
06550-1915 1.63 21.35 6.46 2.23 20.72 4.54 95052814
06582-1512 0.87 67.36 3.37 0.98 67.30 3.79 95052815
07019-1631 1.44 53.59 2.66 L.86 33.59 323 95052815
07021-0852 0.49 76.96 1.43 0.52 T6.94 1.62 93052815
07153-2411 0.62 61.17 2.38 0.65 62.04 1.26 95052913
07197-1451 4.66 42.33 7.06 0.24 39.52 0.67 95052911
07200-1846 2.18 30.25 2.67 4.03 30.10 344 85052913
07372-1036 3.73 31.19 3.62 160 4345 2325 953052915
08084-1510 2.32 27.m 282 133 2770 2.76 93052915
08100-2334 5.32 64.72 6.21 3.34 6167 6.57 95052916
2047945336 0.07 -36.91 0.33 0.18 -37.67 0.96 95052604
2052345302 0.92 -66.29 2.60 1.25 -66.24 4.34 95052103
212164-5536 1.02 -3.49 3.03 0.88 -10.01 3.04 93052104
2134145101 3.33 -1.34 B.00 291 -2.36 6.37 95052204
21453+5959 2.05 -43.74 344 1.37 -43.65 2.50 95052205
2150946234 1.05 -65.74 6.34 1.55 -70.11 1.96 95052205
2152246018 2.00 21.11 3.53 298 20.97 2.40 95052207
2239445623 2.18 -26.42 225 2.32 -24.93 2.1 93052105
2246646942 0.32 -48.22 0.91 0.10 -47.90 0.49 95052106
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TaBLE 1.3. Infrared properties of the v=1 and v=2 detections

IRASNAME  I(o) b(o) F¥12(Jy) Cia Csz Var LRS 1d Molecules( reference)
00127+5437 1177  -7.6 55970 -0.15 -0.86 3 29 0 OH«9,10)
00336+6744 1215 52 6373 -020 -0.77 65 1

0045946740 1227 52 8.069 -0.28 -0.77 80 1

00534+6031 1235  -2.1 4691 -0.20 -046 98 1

0243346345 1352 39 20080 -0.08 -0.85 99 20 1 OH-(10)
02469+5646 1387 -22 00580 -0.06 -0.72 69 2 1 OH«(2)
0247045536  139.2  -3.2 29280 -0.20 -0.92 76 1

03206+6521 138.0 7.3 95760 014 -0.55 98 34 0 OH+(1),COHT
0346945833 1445 38 7343 -0.26 -0.72 99 1

03513+4827 1513 -39 18630 -026 -0.74 65 15 1

0357245509  147.7 1.8 45330 -012 -0.81 96 20 1

D4085+5347 1499 1.9 20530 -0.26 -0.78 99 27 1 OH-(9),CO+(7,13)
04209+4800 1553 -0.9  24.870 -0.11 -0.77 99 297 1 OH-(9,10)
0503143519  170.0 -3.2 11510 -034 -077 98 14 1 OH-(12)
05091+4639 1616 44  17.210 -017 -0.77 99 27 1 OH-(10)
0513143039 1750 -43 11860 -0.39 -0.80 38 15 1 OH-(6)
0514642521  179.6 -7.1  19.960 -022 -0.8T 99 20 1 OH-(4.10)
05284+1945  186.1  -7.6 4174 033 -043 99 OH+(1,5)
0532542351  183.1  -46 25510 -034 -0.72 3 1

05354+2458 1825  -3.4 104200 -0.25 -0.70 0 2 1

05367+3736 1720 3.6  154.000 -028 -0.84 99 25 1 OH+(12)
05368+2841  179.5 -1.2  31.350 -0.32 -0.65 98 15 1 OH-(12),H20-(12)
05384+3854 171.1 4.6  61.430 -0.40 -0.60 38 15 1 OH-(12)
0542342005 179.8 0.1 49810 -0.10 -0.57 99 20 1 OH+(5)
05443+2707 1818  -0.6  19.680 -0.33 -0.83 69 1

0555241720 1014  -3.4 8673 -010 -0.72 99 1 OH+(4)
05550+3825  173.2 7.3 117800 -0.23 -0.87 99 27 1 OH-(12),H20-(12),CO-(11)
0601142829 1825 3.3  67.900 -0.20 -0.75 93 28 1 OH-(4),H20-(12)
0617043523 177.9 9.5 22840 -0.20 -0.91 99 28 1 OH-(4,10)
06193-0349  213.0 8.3 86070 -015 -0.64 99 27 1 OH-(12).H20-(12),CO+(11)
06329-0106 2121  -41 32430 -0.09 -0.88 99 29 OH-(1)
06346+1444 1983 3.6 16100 -0.19 -0.68 98 28 1 OH-(3)
06398-0936 220.5 -G.4 31.520 -0.1T7 -0.89 99 29 OH-(1)
06550-1915 2309  -7.5 8.005 -0.30 -0.75 93 29

06582-1512 2276 49 21020 -025 -0.84 99 29

07019-1631 2292  -4.7 20670 -027 -0.69 99 2% 1

07021-0852 2224  -12 122100 -0.24 -085 99 20 1 H20-(12)
07153-2411 2375  -55 35200 -0.13 -0.82 99 27

07197-1451 2297 -0.2  19.460 -028 -0.74 83 21 1 OH-(1).H20-(12)
07200-1846 2332 20 21580 -0.15 -0.88 95 29 OH4(1),00+(7)
07372-1036 2280 56  10.790 -0.25 -0.72 99 20 1

08084-1510 2359 98 36720 -022 -0.78 99 20 1 OH-(1,12).H20-(12)
08100-2334 2432 56  10.840 -0.12 -0.77 99 28 1

20479+5336 918 6.3 5085 -0.02 -081 99 0 OH-(1)
20523+5302 918 54 11070 -009 -0.70 97 1  OH-(1)
21216+5536 966 4.0 11410 -0.19 -069 31 20 1 OH-{1.10)
2134145101 948 0.6 24830 -0.27 .0.77 98 26 1 OH-(10)
21453+5959 1019 51 24380 -0.11 -0.69 98 2 1

2150946234 1040 67 23990 022 072 96 27 1

2152246018 1027 48 13290 -0.28 -0T8 94 14 1

22394+5623 1057  -1.8 6.833 -0.26 -067 63 1

22466+6942 1127 9.6 16180 019 -0.70 91 29 1 OH=(1)

References for Table 1.3.

1. te Lintel et al., 1990; 2. Le Sequeren et al., 1992; 3. Eder et al.. 1985: 4, Lewis et al.. 1990 5. Chengalur et al.,
1993; 6. Lewis, 1994; 7. Loup et al., 1993; 8. Wouterlout et al., 1989; 9. Sivagnanam et al., 1990; 10. Galt et al.,

1989; 11. Nyman et al., 1993; 12. Benson et al.,, 1990; 13. Kastner et al., 1993
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TABLE 2.1. Line parameters of Gaussian components of the v=1 and v=2 detections

Si0 v=1 J=1-0 S10 v=2 J=1-0

IRASNAME ~ TAl  rmsl  Visrl FWHM1  TA2 rms2 Visr2 FWHM2
(K)  (K)  (km/s)  (km/s) (K)  (K) (km/s)  (km/s)

0121746049 4.563  0.066 -12.411 2.223 3.808 0075 -12.669 1.578

1.598 -8.221 2.663 0.610 -10.062 1.650
e 0.881 -7.200 2.101
0.558 -4.982 1.105
0538843200 4.599 0,083 2.075 2.397 6.285  0.093 4.220 0.325
49.254 4689 1.456 28.448 1.639 1.412
9.029 6.766 1.469 6.690 6.795 1.955
1.672 10.613 5.050 3.125 11.622 1.949
0624141025 0.276  0.031  -15.563 1.313 0.5339  0.027 -13.679 1.159
0.717 -13.655 1313 0.249 -12.975 3.787
0.354 -11.440 1.768 0.104 -8.555 2.050
0.261 -9.642 3.915 ik v
0650040829 6.272  0.043 -11.157 0.620 0.600 0046 -15.081 2.617
5.769 -10.258 0.820 13.871 -10.796 2.644
13.630 -10.554 3.489 6.623 -7.498 1.310
2.850 -6.115 2.776 1.448 -8.722 1.115
2108645238 2193 0.059 -17.529 1.895 1.007T 00864 -18.119 1.751
4.880 -13.283 1.534 6.639 -13.045 1.430
6.212 -11.868 1.176 6.344 -11.585 0.957
6.831 -10.217 2.114 7.303 -0.678 1.872
2177 -10.650 7.141 2,248 -9.307 8.387
2145646422 0.476  0.074  -49.238 0.113 0.445  0.081 -50.406 1.150
4.855 -45.755 3.563 9.825 -46.791 0.955
2.268 -41.206 1.735 6.199 -45.349 1.311
1.904 -39.896 0.674 1.715 -45.609 7.301
1.082 -38.591 3.108 0.787 -37.515 2.405
215634-5630 3439  0.065 -12.7M 1.754 1291  0.079 -13.572 1.523
6.611 -11.285 1.407 4.152 -11.376 1.411
0.351 -B.713 0.724 L.076 -0.390 1.066
4.168 -5.939 2.124 T.7TLT -5.519 2.570
3.405 -4.733 3.318 2.071 -2.017 2.905
2210345120 0.482  0.060 -57.003 1.025 0.680  0.048  -34.416 3.506
1.545 -34.166 2.776 1.732 -50.289 2.162
2.155 -50.370 1.937 0.926 -46.392 3.813
0.950 -43.447 4.055 0.462 -40.363 3.251
0.554 -40.620 2.465 sra i P
NVAur 9.604  0.108 1.011 1.896 4.938  0.124 -0.383 1.629
0.648 5.594 1.522 12,634 1.320 1.371
IRC460092 4459 0115 10.887 0.902 3.606  0.122 10.738 1.407
7.899 12.282 1.02% 2808 12.449 0.570
8.006 12.628 3.367 14.001 12.967 2,587
RCas 9.253 0.120 23.296 1179 33.600 0136 23.373 0.979
34.340 23.311 1.330 38.51T 24.986 1.0584
30.782 26.356 0.783 16.852 26.272 0.715
27.797 27.919 2.940 83.17T 27844 3.333

6.254 31.378 1.329 9.693 31.808 1.369
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TABLE 2.2. Integrated line parameters of the ??SiO detections
2B5i0 v=1 J=1-0 880 v=2 J=1-0 29810 v=0 J=1-0
IRASNAME S1 Veenl FWw1 52 Veen2 Fw2 53 Tad  rmsd V3 FWi DATE
K*km/s  km/fs kmfs K*km/s kmn/fs kmfs K-km/s K K kmfs kmfs yymmdi
0121746049 1541 -10.32 4.54 10.15 -8.83 .18 0.35 0.51  0.065 -12.34 0.64 9505621
0538843200 111.76 6.34 7.99 65.68 7.2 4.84 2.51 1.98  0.000  4.22 113 940518
0624141025 3.16 212,60 5.57 1.91 -11.12 437 0.37 0.25 0.031 -14.36 139 950327
06500+0829 68.57 -8.64 4.22 52.19 -1040  6.35 2.12 123 0.042 -10.96  1.61 950522
2108645238 52.36 -14.00  7.96 53.34 -13.71 947 0.56 D46  0.060 -12.28 114 950521
2145646422 2975 -43.91 6.93 3A.71 -43.96 8.22 0.44 0.69 0.076 -45.28 0.60 950522
215635630 38.26 -B.76 6.57 37.26 524 7.54 1.02 0.56 0069 -1211 170 950526
2210345120 15.17 -48.81 9.94 11.94 -47.39 10.41 0.28 034 0052 -5L.15 0.75 950526
NVAur 20.54 3.32 3.99 27.14 0.37 2.45 1.68 0.97  0.115 0.73 1.63 950526
IRC+60092 41.84 1L.76 301 45.90 11.86  3.10 1.57 0.64 0109 1103 2.3 950522
RCas 183.00 2734 5.30 324.77 2750  5.39 2.44 1.89 0117 2471 121 950521
TABLE 2.3. Infrared properties of the v=1 and v=2 detections
IRASNAME 1{o) b{a) F12(Jy) Cia Cag Var LRSS Id Molecules( reference)
0121746049 127.0 -1.5 52.310 -0.22 -0.62 58 23 1
05388+3200 177.0 1.0 115.500 -0.32 -0.69 99 23 1 OH-(6)
0624141025 2009  -0.6 37120 -026 -0.84 99 20 1
06500408290 2056 4.1 601300 -0.22 -0.53 99 28 1 OH4(4),H204(12),C0+(7)
2108645238 93.1 3.3 54.320 -0.28 -0.69 94 14 1 OH-(12),H20(-)
21456+6422  104.7 85 175300 -0.21 -0.82 91 28 1 CO-(11)
2156345630 100.8 1.5 §4.300 -0.21 -0.66 99 26 1  OH-{12),H20-(12)
2210345120 99.4 -3.9 15.780 -0.20 -0.73 92 29 I OH+(9)
NV Aur 156.4 T8 22690 D.08 -0.58 99 24 1 OH4(1.10),C0+(7)
IRC+-60092 133.6 4.5 481.20 .0.19 -0.84 14 1 OH-{12).H20+(12),CO+(T)
R Cas 1146 -10.6  1341.00 -0.38 -0.73 12 24 1  OH+(12).H204(12).CO+(7),HCN+(T)
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TABLE 3. Infrared properties and observation parameters of the non-detections

IRASname 1 b Fiz Ciz Caa var s Id  rmsl rms2 DATE Molecules( reference)
0007046503 118.6 2.8 4.203 0.22 1.21 a7 0 0032  0.036 93052806 OH-(10),CO+(8)
0055446524  123.7 28 4574 029 1.1 95 0 0071 0.079 93052908 CO+(8)
0058945743 124.3 -4.8 4.28¢ -0.23 -0.73 59 1 0060 0.075 95052208

0103645924 1249  -3.1 3.693 010 132 7 0 0.032 0.03% 95052609 CO+(8)
01557+5759 131.8 -3.5 5236 -0.24 -0.60 71 0 D0.02T 0.032 93032707

02117+53569 1344 -4.8 7399 -0.04 -0.86 78 1 0.061 0.069 93052107

0217346322 132.7 25 9549 -0.07 -0.59 99 0 0.031 0038 95052611

0227246327 133.7 2.9 8.261 -0.290 -0.62 05 1 0.033 0.035 95052610

02408+5458 138.6 4.2 11.700  0.25 -0.46 83 0 0.052 0.063 95052108 OH-(1)
02535455556 139.9  -2.6 11.850 -0.26 -0.59 93 15 0 0032 0.037 95052611

0257046028 138.2 1.7 4.823 023 0.98 29 0 0.033 0.039 95052808

0302245409  141.8 -3.5 11.160  -0.17  -0.87 2 29 1 D066  0.076 95052200

0307846046  139.2 26 13.640 0.06 -0.53 6 13 0 0033 0037 95052612 OH-(2)
0309344313 1484 -12.4 14.110  -0.15 -0.99 0 29 0 0.020 0032 95052808 OH-(10)
030964-5936  139.9 1.7 16.330 -0.21 -0.54 9 14 1 0039 0053 950522089 CO-+(7,13)
03201454560 1436  -1.5 13.770  -0.43 0.19 29 32 0 0032 0.038 95052809 OH-{10),H20-{12)
0331346058 141.5 4.3 30870 0.15 -046 50 22 0 0038 0.040 95052211 OH-(2,10),CO+(7),HCN+
03353+3550 1449 0.5 3.721 022 126 53 0 0032 0.040 95052810 CO+H(8)
03371+4932 148.8 -4.5 5420 -0.27 -0.62 92 0 0.03%8 0052 95052210

0343445818 7 144.3 3.1 4.199 -0.11 -0.61 52 0 0.032  0.040 95052708

0347846349 141.3 7.7 14.350 -0.29 -0.65 73 16 1 0.029 0.034 05052613

0352545711 145.9 3.0 7132 -0.21 -0.70 09 1 0.036  0.039 095052212

0425445255 152.3 3.1 3.124  -0.15 -0.44 97 0 0.030 0.040 95052700

04256+4435 158.3 2.7 14.260 -0.24 -0.59 99 0 0.031 0.035 95052615

0426443853 162.6 -6.5 11530 -0.08 -0.72 97 29 1 0.035  0.037 95052614

0434443231  168.4 -9.6 18120 -0.37 -0.75 14 15 0,446 0.467 94051914 OH-(6),H20-(12)
0440243426  167.7 -7.5 3394 023 065 75 I 0032 0.032 95052213 OH-(4)
0446943020 171.8  -9.0 5192 -0.34  -0.65 99 0.076  0.134 94051514

0447043002  172.1 -9.2 5950 -0.12 -0.73 99 1 0.032  0.036 95052214

0448643042 171.8  -B.5 3.769 0.24  0.04 51 1 0117  0.141 95052010 OH4-(12).H20-(12)
0449143825 165.8 -3.5 16.600 -0.33 -0.50 15 16 0.066 0036 94051910

0452543028 1725 -8.0 27160 0.25 034 79 69 1 0O0BS  0.097 950520911 OH-(12),H20-(12)
0455542046  173.5 -7.9 10.250 0.00 0.03 3 1 0101 0.109 94051510 OH-(12)
0515942442 1803  -7.2 13.080 -0.32  -0.50 9 16 0.054  0.053 94051615

0517643502 172.0 -1.0 21.000 -0.26 -0.34 3 15 1 0.052  0.064 94051810 OH-(6),H20-(12)
0518444208  166.3 3.2 17.020 -0.15 -0.92 a7 29 0.062  0.058 94031909

0519243849 169.1 14 12,130 -0.39 -0.67 0 14 1 D059  0.055 94051910 H20-(12)
0520443227 1744 2.0 23.010 -0.17 -0.89 99 0.036  0.036 94051515 OH-(5)
05235+3651 171.2 1.0 17.590 -0.35 -0.80 5 1 0.076 0084 94051612 OH-(12)
0523643200 175.2 -1.7 17.380 -0.31 -0.74 25 I8 1 0088 0089 94051611 H20-(12)
0524242303 182.7 -6.6 20950 -0.32 -0.74 59 24 0166 0176 94051515

0525543222 175.1 1.2 10130 -0.29 -0.64 0 0.071 0,071 94051816

0527342019 1854 -7.5 5242 017 -0.60 99 0.031  0.031 94051914 OH-(4)
05290+4126  168.0 1.4 10.760 -0.40 -0.87 22 0.060  0.065 94051910

0534543157 176.5 0.2 12,260 0.19 1.25 0 41 0.067 0062 94031610 CO+(8)
0534642106  185.7 -53.6 8.299 -0.33 -0.31 39 16 0.034  0.069 94051813

05374+3153  176.9 0.7 43490 -0.28  -0.65 6 43 1 0068 0.073 94031516 OH-(12),H20-(12)
05378+2804  180.2 -1.3 63490 028 0.9 0 15 0.066  0.038 94051615

0538243547 173.7 2.9 B121 024 115 10 0.100 0106 94051611 CO+(8)
0539041448 191.6 -8.1 34.810 -0.26 -1.01 6 25 0.056 0057 94051912

0540543240 176.6 1.6 196.000 -0.19 -0.57 99 42 1 0.054 0.050 94051616 OH-(5,12)
0540844249  168.0 7.0 16170  -0.39 -0.69 92 18 0.036  0.060 94051911

05424+4414  166.9 8.0 19.510 -0.31 -0.67 99 3 0.060 0057 94031911

0543842337  184.7 -2.5 16.470  -0.32 -0.67 99 0.065  0.059 94051813

0544044311  167.9 T 472200 <025 -0.80 99 1 0072 0.078 94051911 OH-(12),H20-12)
03447+1321 1936  -7.6 21100 -0.27  -0.60 98 43 0.056  0.039 94051912 OH-{4)
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IRASname 1 b Fia Ciz Cay var Irs Id rmsl rms2 DATE Molecules( reference)
0545242001 187.9 -4.1 15.740 -0.21 -0.69 99 15 1 0.034 0.040 95052715 OH-(3)
0546141903 188.9 -4.4 9481 -036 -0.43 al 0.064 0.058 94051814

0548443521  175.1 44 8.001 -0.29 -D.55 99 1 0.032 0040 95052715 OH-(4)
0549542520 183.9 -0.5 14030  -0.35 -0.65 094 15 0.071 0.032 94051616

0550843930 17L.8 6.9 33.340 -0.36 -0.83 ] 16 0.099  0.073 94051810

0551042747 182.0 1.0 4.519 -0.22 -0.72 5 0.059 0.058 94051814 OH-(4)
05533+3022 180.0 2.8 16.090 -0.12 -0.42 2 22 0.058  0.060 94051811 OH-(6,10)
0555142305 186.5 -0.5 7.209 -0.12 -0.88 18 0.035 0.032 94051914 OH-(5)
0558042224 1874 0.3 15960 -021 -0.53 25 15 0.044 0.045 94051615

0558243450 176.6 5.9 14.760 -0.16 -0.81 24 0.060 0.063 94051816 OH-(4)
0603441354 1954 -3.4 12430  0.08 -0.55 93 1 0.032 0038 85052712 OH-(3)
06062+2632 184.7 3.3 6720 -033 -0.57 15 0.068  0.070 94051812

06069+2142 189.0 1.1 .40 025 016 79 0.060  0.056 94051916

06088+1909 191.5 0.3 60.200 -0.37 -0.56 99 43 0.060 0.058 94051912

06088+2152  189.1 1.6 96.080 -0.37 -0.83 3 28 0.065 0.060 94051814 OH+(12)
0609242255 188.2 2.2 78.200 -0.22 -0.66 & 23 1 0.070 0.035 94051816 OH-(4),H20-(12)
0610142039  190.3 1.3 14.510 -0.26 -0.76 14 14 0.060 0.058 94051912 OH-(5)
06104+1833 192.2 0.3 26.010 -0.36 -0.70 41 1 0.055 0.050 94051912 H20-(12)
0613943313 179.6 8.0 106500 -0.30 -0.78 2 22 0.083  0.064 94051811

0615642321 188.5 3.7 4.534 0.16  -0.08 -1 0,055  0.061 94051916

0615743120 18156 75 27,710 -0.39 -0.73 72 15 0.076 0.073 94051612

06158+2333 1884 3.8 11.960 -0.35 -0.53 T0 0.060 0.0680 94051813

0618140406 205.8 -4.9 35.280 -D.04 -D.63 99 23 0 0.027 0.031 95052215 OH-(24)
06242+2830 184.9 T8 17.770  -0.20 -0.66 99 14 0.077 0.063 94051812 OH-(4)
06278427290 186.1 8.0 161.000 -0.33 -0.88 5 27 0.067  0.058 94051815

0627842320  189.7 6.2 6.759 -0.26 -0.50 26 0.064 0.062 94051816 OH-(4)
0628341028 2013 0.3 35.000 029 022 85 50 1 0.047  0.044 95052812 OH-(12),H20-(12)
06308+2819 1857 9.0 13.250 -0.38 -0.80 0 16 0.148  0.160 94051513

06319-0501 215.5 6.1 51.210 0.0 -D.38 95 32 0.054  0.061 95052912 OH+(1),H20+4(12),CO-(11
06341 +2109 192.5 6.5 23.090 -0.37 -0.74 0 0.053 D.0538 94051913

0634542739  186.7 9.4 7.595 0.40 -0.86 12 0.070 0.062 94051813

0636440450 2073 -0.5 6.633 -0.27 -0.57 95 1 0041 0046 95052216 OH-(4)
0644740817  205.1 2.9 21,250 -0.28 -0.65 88 1 0.020 0032 95052713 OH-(5)
06448+1639  197.7 6.7 5756 -0.30 -0.58 a7 1 0.031 0037 95052714

0658241507 2005 8.9 38670 0.16 -0.51 95 22 0 0032 0.040 95052813 OH-(1,24),CO+(7),HCN+(
07085-0018 215.5 4.2 36.530 -0.29 -0.59 99 22 0.060 0.062 95052912

07300-2140 236.8 -1.3 16.200 -0.17 -0.76 51 249 0.098 0.101 95052914 OH-(1)
07376-2827 2436 -3.1 17690 002 -0.88 99 29 0.162 0.166 95052914 OH-(1)
2104645110 916 2.7 7183 021 1.12 99 0 0031 0.035 93052703 CO+(B)
2112244900 909 04 14430 0.06 -0.53 93 13 0 0.045 0.059 95052203

2126945030 936 -0.2 4459 -0.07 -0.39 96 0 0.035 0.044 95052104

2129044919 930 -1.3 537 -0.20 -0.63 93 0 0.032 0.038 95052702

2129745251 95.5 1.2 7085 -0.30 -0.70 91 0 0035 0.056 93052604

21377+5042 950 -1.2 94490 -0.20 -0.95 a9 15 1 0.043 0.030 930521035

2138145000 946 -1.8 114200 028 0.23 T 32 0 005 0.036 95052204 OH+(12),H20+(12)
2141545025 95.3 -1.8 8293 -0.21 -0.63 93 1 0.086 0.095 95052205 OH-(1)
2153345844 1019 3.5 T.298  -0.22  -0.65 93 0 0038 0.042 95052605 OH-(1)
2204546306 105.6 6.2 11.690 0.06 -0.63 a7 0 0039 0.046 95052606 OH-(1)
2211245322  100.7 -2.3 14.500 -0.28 -0.71 62 25 1 0.036 0.041 95052607

2213045634 1027 0.2 10960  0.08 -047 99 0 0042 0.047 95052607 COA+(7),HCN+H(T}
2214745948 104.7 2.8 3418 022 1.25 99 0 0031 0.031 935052802 CO-+(8)
2222445736 1044 0.4 3215 017 132 92 0 0031 0036 95052803 CO+(8)
2239446930 112.0 9.7 3.606 -0.26 -0.71 90 1 0.038 0.043 95052106

2245146154 1090 2.7 3.910 0.14 1.21 949 0 0.032 0.037 95052804 CO+(8)
2303045719 1091 24 14430 -0.25 -0.73 93 0 0.032  0.037 95052704

2318346151 1125 1.1 B.106 -0.27 -0.48 a7 0 0.032 0.041 95052704
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We divide the objects into three groups: (1) 52 sources which were detected only in the
v=1 and/or v=2 lines, (2) 11 sources which were detected in the ??SiO line and (3) 118
sources which were not detected in any SiO maser lines. Table 1, table 2 and table 3 are for
the three groups respectively. In table 1.1 are listed the IRAS PSC name and line parameters
of each Gaussian component of the v=1 and v=2 lines, antenna temperature, rms of the
noise level, velocity in LSR and full width at half maximum (FWHM). In table 1.2 are
listed integrated line intensity, central velocity, FWHM and date of observation in the form
of YYMMDDHH. If a line is composed of more than one Gaussian component, the central
velocity is the midpoint of the reddest and bluest components and the line width is taken as
the width between the half maxima of the reddest and the bluest components. We listed in
table 1.3 their other related parameters as Galactic longitude, Galactic latitude, F)s, color
indexes C;2 and Cop3, IRAS variability index, IRAS LRS class, status of optical identification
(1: identified, 0: unidentified) and observational results in other molecules(+: detection, -:
non-detection, reference code in the bracket) which will be discussed in succeeding sections.
Table 2.1, 2.2 and 2.3 are organized in the same way as table 1.1. 1.2 and 1.3 while they are
for the 11 sources of group 2. Table 3 is for the sources of group 3 where the columns are
the same as those in table 1 and 2. The SiO maser spectra of group 1 sources are shown
in Fig.IL.1l. In FigII.2 we present the spectra of group 2 sources. Because the 2?SiO lines
are much weaker than the v=1 and v=2 lines, the scale of ??SiO line is multiplied by ten
times of its original value. All the spectra in Fig.IL1 and Fig.IL.2 are only informative part
of the whole AOS-H spectra, which are centered at the signal and 100 km s~! wide. The
distribution of these sources in the Galaxy is shown in Fig.I1.3, where a filled circle denotes
a group 1 source, a filled square denotes a group 2 source and an open circle denotes a group
3 source.

I1.4. Discussion
I1.4.1. Features of SiO lines
28810 lines

The ?*SiO lines usually have multiple peaks as can be seen from Fig.II.1. When the line
is strong, it is always composed of more than one Gaussian component(see Table 1.1). This
phenomena is exhibited clearly in the spectra of sources which were detected in the 29Si0
line (Fig.I.2) and are usually stronger than those without 2?SiO detection. They show >

TABLE 3. (continued)

IRASname | b Fi2 Cia Caz var Irs Id rmsl rms2 DATE Molecules(reference)

2336146437 1153 3.1 4073 003  -0.34 T4
2338946529 115.8 3.9 10180 -0.22 -0.57 it
2350746230 116.3 0.7 9.288  0.22 L.05 96 14
2351646430 1169 2.6 41.600 -0.12 -0.56 T3 14
2359246228 1173 04 23180 -0.16 -0.58 b 14

0.028 0032 95032804 OH-(1)
0.033  0.039 95032703

0.031 0.036 95052805 CO+(8)
0.031  0.040 93052705

0.026  0.029 93052706

=Bl T — B — I ]
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Fig. IL.1.— Spectra of 52 28Si0 maser detections.
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4 Gaussian components. The width of one component is mostly narvower than 3 km st
though occasionally as wide as 6-7 km s~!, while no component is broader than 10 km s!
(see table 1.1 and 2.1). The line profiles comply with their maser nature.

The profiles of the v=1 and v=2 lines are similar in respect that once one SiO maser
component is found in either line, the corresponding component can almost, although not
always, also be found in the other line at the same velocity and with similar line width. But
the intensities are hardly the same for the components at the same velocity in these two lines,
which accounts for the above "not always”. It sometimes happens that one component is
strong in the v=1 line while another component is strong in the v=2 line like in the spectra
of IRAS 21341+5101. But sometimes the SiO maser emission is only detected in one line.
There are four sources which were detected only in the v=1 line and five sources which
were detected only in the v=2 line. Here are two extrenmie instances: TRAS 0535442458 was
detected only in the v=1 line, i.e. the v=1 line is at least 6 times as strong as the v=2
line; IRAS 05559+3825 was detected only in the v=2 line, i.e. the v=1 line is at most as
one-sixth strong as the v=2 line. Although the non-detection in one of the two lines can be
due to either no emission or weakness. we tend to believe it is caused by weakness of the
line because these two lines were always both detected in strong SiO sources such as those
with the 29SiO detections. The interferometric images of SiO maser sources revealed that
the 5iO masers come from several discrete clumps(cf. Diamond et al. 1994). The fact that
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the intensity ratios of the components vary in one source indicates that the SiO line intensity
may be much influenced by the local density and temperature besides the global physical
conditions of stellar envelope. Of 193 SiO maser sources detected in the survey towards the
Galactic bulge, 188 sources were detected SiO maser emission in both lines and 5 sources
detected only in the v=2 line (Jiang et al. 1995). According to the observations towards
the Galactic bulge and the outer disk, the v=1 and v=2 line emissions occur mostly, if not
always, at the same time, i.e. the conditions to excite them, such as density, temperature
and velocity gradient (depending on the models), almost overlap.

2980 lines

Because the rare isotopic substitutions, 2?SiO and 3%SiO, are 20 and 30 times less abundant
than ?8SiO (Penzias 1981), previous searches for their masers have been made only in strong
28810 sources. Until now, the 29Si0 J=2-1 and J=1-0 transitions in vibrational ground state
are successfully observed in some objects (cf. Deguchi et al. 1983; Nguyen-Q-Rieu et al.
1988) and the J=1-0 transition in first excited vibrational state is detected only in TX Cam
by Cho & Ukita(1995). The most extensive observations in 2?Si0 and 3°SiO maser lines were
made by Alcolea & Bujarrabal(1992) in 38 bright 28SiO sources resulting in 14 detections in
Miras, supergiants and semi-regular variables. Taking advantage of the wide band coverage
(600MHz) of the receiver attached to the 45m telescope. we searched for the 298i0 v=0 J=1-
0 maser emission in all the 181 sources simultaneously with the vibrationally excited 288i0
maser emissions.

Although previous searches for 2*SiQ line emission were done in strong 2*Si0O maser sources,
most of them failed. We observed the vibrational ground-state 2?SiO line in the sources which
had hardly been observed in any SiO maser lines before so that the 29SiO maser emission
was searched in much fainter sources in terms of **SiO line intensity. The intrinsically 2°SiO
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bright sources should be detected.

Different from the 23SiO lines, the v=0 29SiO lines have only one component with FWHM
narrower than 3 km s~! (see Fig.IL2). The velocity of 2°SiO line peak coincides very well
within 1km s~! with that of the strongest peak of the v=1 28Si0 line and occasionally shifts a
little from that of the strongest peak of the v=2 line. Both radiative and collisional pumping
models for the vibrationally excited 2SiO masers (Deguchi & Iguchi 1976; Elitzuer 1980)
predict that the excitation of v=2 maser line needs higher density or temperature than the
v=1 line does. If the components of *SiO maser lines originate from different clumps in
stellar envelopes, the coincidence of 2%SiO line peak with the strongest v=1 28SiO line peak
may indicate that the ??SiO maser may not necessarily be generated in a very dense clump
where the v=2 line be stronger than the v=1 line. But the dependence of the 29SiO line
intensity on stellar properties is not clear and there has not been any good model for 2?SiO
maser emission or vibrational ground-state SiO maser emission.

All the 29SiO maser sources are Si0 maser sources with peak intensities stronger than
0.8K. The intensity ratios of the ?SiO line to the *SiO v=1 line vary from 1/4 through 1/30
in terms of peak intensity and from 1/10 through 1/100 in terms of integrated intensity. The
weakest 2°SiO maser source detected in 2SiO line is TRAS 0624141025 whose peak intensities
are 0.8K and 0.2K for the v=1 *SiO and v=0 ?SiO lines, respectively. Fig.IL.4 shows the
correlation of the integrated intensity between the v=1 23i0 and 2?SiO lines. The best linear
fit is:

log(S3) = 0.58(£0.17) x log(S1) — 0.93(£0.27) (IL1)
where S1 and S3 are the integrated intensities of v=1 ?Si0 and *’SiO lines. The correlation
of the peak intensities is also shown in Fig.II.4 and the best fit line is at the very similar
slope to that of the integrated intensities.

11.4.2. Detections and non-detections

In this survey, 63 sources were detected and 118 sources were not detected in SiQO maser
lines. This section discusses the optical, infrared properties and observations made in other
molecular lines of the SiO detected and un-detected sources.

Optical identification

Although many sources in the observed sample are not associated with optical stars in
catalogues, the addition of the identification in V and I bands by CCD images by Jiang
et al.(1996) brings about 127 objects with optical counterparts. Fifty-three of the 63 SiQ
maser sources have optical counterparts. Except two of them have not been checked optical
variability, 50 of the other 51 sources are optically variable. The only exception is IRAS
0624141025 that has not been found optical variation with amplitude bigger than 0.2mag
(Jiang et al. 1996) and should be variable in the IRAS mission since the IRAS variability
index (Beichman et al. 1985) is 99. On the basis of the SIMBAD database. there are 17
Mira variables, three semi-regular variables IRAS 02469+-5646. 0357243509 and 0535442458
and one S-type star IRAS 07197-1451. Although at present we do not know the type of the
other variable stars identified by Jiang et al.(1996), they are mainly late-type variables such
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Fig. II.4— Correlations of intensities between 2°SiO and v=1 ?%SiO lines, where S3(K
km/s) and S1(K km/s) are the integrated intensities of the 2?SiO and v=1 2%SiO lines,
respectively, and Ta3(K) and Tal(K) are the peak intensity of “SiO and the peak intensity
of corresponding component of the v=1 2®Si0 line. respectively. The best fits are shown as
solid and dashed lines.
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as Miras and semi-regular variables with amplitude bigger than 0.2mag. Besides 53 sources
which are associated with optical stars, there are three SiO maser sources for which we
could not find any optical counterparts brighter than 19 mag at I band: TRAS 0012745437,
0320646521 and 20479+5336. Even there are 7 more sources which we do not know their
optical features, most of the SiO maser sources are optically visible and may be late-type
variables.

Among the 118 non-detections, 33 sources have optical counterparts. They seem to be
a mixture of various types of objects including early-type stars. M-type and C-type stars.
There are 38 sources for which optical counterparts have not yet been found (Jiang et al.
1996). These sources have optically thick shells and might be very evolved stars or young
stellar objects in star forming regions. Since we are not sure of the nature of the 39 optically
unidentified sources and no optical data are available for the other 47 sources, additional
information of these SiO non-detections is necessary to clarify their nature.

IRAS LRS classes

The IRAS LRS spectrum is a good tool to classify the CSEs of the objects because it
covers the range from 7pm to 23um within which the silicate feature at 10um of O-rich stars
and SiC molecular feature at 11um of C-rich stars can occur(Olnon & Raimond 1986). The
histogram of the SiO observational results with IRAS LRS classes is shown in Fig.IL5. Fifty
of the 63 SiO detections were taken of IRAS LRS spectrum. They involve seven 1n sources
without clear spectral feature, one 3n source with silicate absorption feature and forty-two
2n sources with silicate emission feature. So most of the SiO detections not only have O-rich
circumstellar envelope but also are optically thin at 9.7um. On the other hand, 57 of the
118 SiO non-detections whose IRAS LRS spectra are known span almost all the IRAS LRS
classes through In, 2n, 3n, 4n, 5n and 6n. In view of the spectra. they consist of various
objects such as O-rich, C-rich stars and planetary nebulae. 18 of them are classified as IRAS
LRS 2n sources showing weak, moderate or strong silicate emission features. Considering this
phenomenon, together with the fact that some of the SiO non-detections are M-type stars,
indicates that some of the sources which were not detected with SiO emission have an O-rich
envelope. Perhaps some of the non-detections are caused by the time variation of SiO masers
(Nyman et al. 1986).

IRAS colors

The locations of sources in the IRAS color-color diagram are shown in Fig.IL.6. If we
divide the color-color diagram into three regions as in the oprtical identification (Jiang et al.
1996), the detection rates are 41%(60/147), 21%(3/14) and 0%(0/20) in area I, II and III
respectively. None of the objects in area III was detected with Si0O maser emission. Because
some of these objects appear in optical nebulosity (Jiang et al. 1996) and their IRAS colors
are quite similar to that of young stellar objects(YSOs) as Cy» > 0.0 and Ca3 > -0.4 (Harris
et al. 1988; Weintraub 1990), the major SiO non-detections in area III can be YSOs. Besides
area ITI, non-detections are also abundantly distributed in area IT where the objects have
a cold circumstellar envelope and are perhaps more evolved than objects in area I (Bedijn
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1987). Except for three sources in area II, all the other 60 SiO detections are in area I
with Ci2 < 0.0. A rough estimation of mass loss rate according to the formula by van der
Veen (1989) results that the sources bluer than 0.0 in Cj2 have mass loss rates less than
5.6 x 1075 Mgyyr~! (assuming the luminosity of 8000Ls and the expansion velocity of 15 km
s~1). Because an AGB star experiences accelerated mass loss to reach > 10~ °Mgyr~—! at
the end of AGB phase(Kwok 1993), these SiO maser sources are still in the relatively young
AGB phase.

Observations in other molecular lines

A number of sources in the sample have been previously observed in other molecular lines.
We cross-identified such sources as observed in OH maser, HoO maser, CO thermal and HCN
maser lines and listed the observational results in table 1.3 and 2.3. The catalogues of OH
maser sources are taken from the survey at Arecibo(Eder et al. 1988; Lewis et al. 1990;
Chengalur et al. 1993; Lewis 1994), at Dwingeloo, Effelsberg and Parkes (te Lintel Hekkert
et al. 1991) and at Nancay (Le Squeren et al. 1992). The lists of CO and HCN sources are
mainly from the catalogune compiled by Loup et al.(1993) and a small part of the CO data
are from Wouterlout & Brand (1989). Benson's catalogue (Benson et al. 1990) is used as
a complete collection of observational results in OH, HoO and SiO maser lines made before
1990. Several other papers are referenced for OH and CO observations as can be seen in table
1.3.

Thirty-nine of the SiO detections were searched for OH masers resulting in 11 detections.
Forty-five of the SiO non-detections were observed in OH maser lines and 4 of them are OH
maser sources!. The search for HoO masers was successful in 3 of the 14 sources with SiO
detections and 2 of the 14 sources without SiO detections. The detection of OH and Hz0
masers which only appear in O-rich stars means that there are four objects with O-rich CSE
that were not detected in SiO maser lines, IRAS 0448643042, 06088+2152, 06319-0501 and
21381+5000. In total 15 sources of our sample are detected in the OH and HsO masers lines
in 84 searched.

The CO(J=1-0) thermal line emission has been searched for in 10 of our SiO detections
and detected in 8 sources, in 16 SiO non-detections and detected in 15 sources. The CO
detections in the present sample can be divided into two groups, one with broad CO profile
(line width bigger than 10 km s~!) which are from the CSE of late-type stars and found in
both SiO detections and non-detections, the other with narrow CO profile (line width smaller
than 5 km s~ 1) which are from molecular clouds, possibly foreground and background clouds
as well as the source itself, and are found only in eleven of the SiO non-detections. Among
the SiO non-detections, HCN maser emission has been seen in 3 sources, IRAS 0331346058,
0658241507 and 2213045634 which are possibly C-rich objects.

Based on the optical, middle-infrared, far-infrared and molecular line features of the
sources, we conclude that most of the SiO maser sources are optically visible and variable and
they are losing mass to have a cold circumstellar envelope. Meanwhile we are not sure of the

!The anonymous referee informed us 4 new OH detections at Arecibo: TRAS 0440243426, 04470+3002,
0534543157 and 0537842804,
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nature of many SiO non-detections but some of them, particularly those with Cy2 > 0 and
Coz > —0.4, may be YSOs in star forming region, while others may be C-rich stars or very
evolved objects, and some could be O-rich stars without detection of Si0O maser emission.

I1.4.3. Comparison with the bulge survey sample

The survey in the outer disk resulted in a 35%(63/181) detection rate. This value is much
lower than that of the survey towards the bulge direction even though the distances to sources
are smaller on average. Because the same observing system was used in the two surveys as
described in Section 2, the lower detection rate can not be attributed to the difference in
observational sensitivity. Instead it may very possibly be due to that the outer disk sample
includes many objects which are intrinsically not SiO maser sources. Because the sources with
Fi3 > 10Jy were observed somewhat randomly in both the bulge and outer disk surveys, it
would be more objective to compare only the group of sources with Fyo < 10Jy. The detection
rate in the sources with Fis < 10Jy is 16.7%(9/54) in the outer disk, which is less than half
in the inner disk (35.9%) and one-fourth in the bulge (68.2%)(see Jiang et al. 1995). There
should also be kept in mind that the lower limit of Fy2 is 3Jy in present survey sample while
1Jy in the bulge survey sample. If the distance effect is taken into account, the difference in
detection rates between the bulge and the outer disk surveys is even more notable.

The SiO non-detection can be caused by the contamination from several types of objects:
(1) YSOs, (2) C-rich objects, (3) post-AGB stars, (4) O-rich late-type stars without SiO
maser emission and (5) the weakness of apparent intensity of SiO maser due to distance
and/or time variation of SiO masers. Before studying the un-detected sources in details, we
can not tell quantitatively how many percentage of the non-detections should be allocated
to the above five factors individually. We try to figure out qualitatively the factors for the
different detection rates between the outer disk and the bulge.

Because the bulge survey searched many distant and faint sources for which neither optical
data nor IRAS LRS spectra are available, their IRAS colors turn to be important indicators
of their natures. In Fig.IL.7, all the sources searched in this survey and bulge survey are
plotted in the IRAS color-color diagram where circles are for this survey, triangles for the
bulge survey, filled for detection and open for non-detection. Since no limitation of flux
quality is set for Fgo in the bulge survey, some sources in the bulge direction might be shifted
up in Ca3 because of the contribution of infrared cirrus to 60um (Ivezi¢ & Elitzur 1995). So
the feature in the rectangle in Fig.IL.7 emerged by the bulge sources could be caused by the
pollution from cirrus. There is a clear branch stood out only by the outer disk objects with
Ci2 >0 and Cy3 > -0.4, typical colors of YSOs. Therefore more contamination from YSOs in
the outer disk should account for some part of the low detection rate in this survey.

There are very few C-rich stars in the bulge (Blanco & Terndrup 1989) and no object is
found to have CO/HCN line emissions in the bulge sample (Jiang et al. 1995). We can not
attribute the bulge SiO non-detection to the contamination by C-rich objects. But in the
outer disk non-detection group, two are optical C-rich stars and four more were detected
in CO and/or HCN lines which suggest a possible C-rich nature. The contamination from
C-rich objects must also be higher in the outer disk than that in the bulge sample.

In the five types of objects mentioned above, we can not easily find clear differences of



CHAPTER II. SURVEY IN SIO MASER LINES (T) 44

1.5 LB Dt PRRLIIE NI SR [FER AL Cen SN MOm Gmn S B e QNN SRS fun Sen (DI CHE BID ER Dew BNC ENM CER ZEw aw Rk G i
E outer disk survey ° o og
- bulge survey 0,2 o
1 F A ]
% 0.5 N 1
Ty [ ® J
(®)] L -
& 2
US& i
05 ¢ -
q4 E -
-- P S S ST S NS TN T W W (WY WA TAA SN U NN U TR W W N AN S AN N TN TN N S (S S T AT T N
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4

C,, log(F,s/F,,)

Fig. IL.7.— IRAS color-color diagram of the sources in this survey and the bulge survey. The
filled and open circles denote SiO detections and non-detections in this survey, the filled and
open triangles denote SiO detections and non-detections in the bulge survey.



CHAPTER II. SURVEY IN SIO MASER LINES (1) 45

contamination in the later three types between the bulge and outer disk samples. There
could be some other reasons. For example, the SiO masers in the bulge sources might be
more luminous than in the outer disk as the bulge sources are metal-rich (Frogel 1988) and
most of them are LPVs (Harmon & Gilmore 1988).

II.4.4. Galactic kinematics

By comparing the 510 velocity with the center velocity of double-peaked OH masers(Jewell
et al. 1991; Jiang et al. 1995), the SiO maser velocity is proved to be stellar velocity. There-
fore, we can use the SiO velocity as the stellar radial velocity to study Galactic kinematics.

Kinematic distance

According to the relation between radial velocity and kinematical distance in the outer
Galaxy, one is able to extract the distance from stellar radial velocity. The SiO velocities
change systematically along Galactic longitude as shown in Fig.II.8. The solid lines are
calculated from the slightly rising rotation curve,

©/6 = 1.0074 x (R/R)"%82 1 0.00698 (IL.2)

(Burton, 1988) derived to CO observational data, where ©p (220 km s™!) is the solar rota-
tional velocity and Rg (8.5 kpc) is the distance of the sun to the Galactic center. The sources
extend to about 20kpc away from the Galactic center according to this diagram. But if the
kinematical distance is correct, the implied luminosities of the sources are then often larger
than 10*Le. Since the SiO detections are very possibly late-type variables, the luminosities
obtained from the kinematic distances are overestimated, i.e. the kinematic distances are
bigger than luminosity distances. This phenomenon is also found in C-rich stars (Epchtein et
al. 1990). These may be caused by the velocity dispersion of stars. It can be seen that some
sources in the second quadrant have positive Vi in scale of about 30 km s~! in Fig.IL.8.

Luminosity distance and rotation curve

So far there is not enough data to get accurate distances of these objects while we are
measuring the periods of light variation of the optically identified SiO maser sources. Never-
theless, the luminosity distance can be estimated from IRAS fluxes and colors by bolometric
correction method if the luminosity is known (Jiang & Hu 1993). First. the apparent bolo-
metric flux Fi is calculated from F1» and the bolometric corrections BCy» for O-rich groups
stars based on IRAS color Cy2 ( van der Veen & Breukers 1989):

Fyot = BChp X (D’Fv)lg (HS}

where
BC12=0.7T+ 2 9p—3-0%2.5xC12 + 0.9e%7%25xCra (I1.4)

The distance D is then calculated,
D = 4/L/(4n Fyq1) (IL.5)
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where L is stellar luminosity and we assume L=8000Lg, in calculating the distances.

The rotational velocity is calculated from Vi, by extracting the rotational velocity 220 km
s~! of the local standard of rest and assuming the radial velocity is the projection of circular
rotation velocity in the radial direction. But we exclude the sources within 10° from Galactic
anticenter direction where small deviation from circular rotation brings about significant error
in rotational velocity. Fig.IL9 shows the locations of the sources in the diagram of rotational
velocity versus galactocentric distance R. The least-square linear fitting results in a falling
tendency of the rotation curve internal to the distance scale 1.3Ry:

Viot = 220.0kms™ — 21.7(5.7)kms 'kpc~! x (R — Rg)kpe (11.6)

where Ry equals 8.5kpc. Besides, the adopted value of luminosity 8000Ls might be higher
than the average of M-type stars. The curve will be drawn down more if the luminosity is
3000Lg,, as marked by two open circles and arrows in Fig.IL.9. More accurate determinations
of both luminosity and distance will alleviate the uncertainty. The local falling of rotation
curve at the outside of solar circle can also be seen in the rotation curve from the CO
data by Brand & Blitz(1993). From the rotation curve, the OQort’s constants are reduced:
A= 23.842.9kms ‘kpc~!, B = —2.1+2.9kms ‘kpc~'. These two values are slightly different
from previous values (Kerr & Lynden-Bell 1986), because this result suffers very much from
the distance uncertainty of the sources.

Peculiar motion of the Local Standard of Rest

We especially tried to detect SiO maser emission in the sources within 20° from the Galactic
anti-center direction (1=180°, b=0°) in the 1994 May observing session to check the peculiar
motion of the local standard of rest to the Galactic center. The local standard of rest (LSR)
is defined as a system of nearby stars (within a few kpc) from which the average solar peculiar
motion is subtracted (see Kuijken 1992 for a recent review). It is moving with a velocity of
220 km s~! around the Galactic center (Kerr & Lynden-Bell 1986). However, it is argued
that, in addition to the Galactic rotation, the system may have a motion toward or away
from the Galactic center with a velocity of about 10-15 km s~!. The direction of this motion
has been a source of controversy (see Blitz & Spergel 1991; based on the HI observations,
they concluded that LSR. is moving away from the galactic center ). Izumiura et al.(1994;
1995a; 1995b) recently found that the linear fit rotation curve of the bulge SiO maser sources
is significantly negative (about 20 km s~!) at 1=0° so that the local standard of rest is moving
toward the galactic center. Metzger & Schechter (1994) observed 178 carbon stars toward the
Galactic anti-center and obtained the velocity of the local standard of rest with respect to
the distant carbon stars at 6.6+1.7 km s~'. These observations support that LSR is moving
toward the galactic center.

To check this possibility of the LSR motion toward the galactic center. we have plotted
in Fig.I1.10 the residual radial velocity (after subtracting the Galactic rotation), Vis - Vexp.
with distance from the galactic center, R. for 17 detected sources within 20 degree from the
Galactic anti-center. The rotation curve given in section 4.4.1 (equation 2) is adopted to
calculate the radial velocity expected from the Galactic rotation, Veyp. The V., of sources
with |l — 180°| < 20° has a maximum of about 75 km s~! so that the uncertainty of the
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distance to the source does not cause large errors in the residual velocity. The deviation from
zero is mainly due to the random motion of stars on the Galactic rotational motion.

However, the 17 detected SiO maser sources are insufficient to determine the systematic
motion of the local standard of rest. We added 8 OH 1612 MHz sources in this direc-
tion which have been detected by te Lintel-Hekkert et al. (1990) and Lewis et al.(1990,
1994): TRAS 04130+-3918, 0426943550, 0513144530, 05274+3345, 0534242744, 0542342905,
0550642414, and 05528+2010. The best fit curve to the residual velocities is then Vig-Vey,
= (0.42£1.77 km s~! kpc~!) (Ro=8.5 kpc). There is a slight tendency that the average stellar
velocity is positive at large galactocentric distance. However, even with these additional OH
sources, the result is not statistically significant and a peculiar motion of the local standard
of rest towards the galactic center is not confirmed.

II.5. Summary

The observations in the 25Si0 J=1-0 v=1 and v=2 maser lines, 29Si0 J=1-0 v=0 maser
line were made towards 181 IRAS sources in the outer disk of the Galaxy. Sixty-three (56
new) sources were detected in the ?2Si0 lines and 11 (9 new) in the 29SiO line. Most SiO
maser sources are optical variables. On the properties of SiO masers, we do not find any
clear difference between the bulge group and the outer disk group. But the detection rates
of these two samples, although chosen by similar criteria and observed by the same system,
are drastically different that in the outer disk the detection rate is less than one quarter of
that in the bulge among the sources with Fi2 <10JY. The difference may be caused by more
contaminations from C-rich objects and YSOs in this color-selected sample in the outer disk.

Based on the velocity derived from the SiO maser lines, we found that the rotation curve
shows slightly falling tendency between 8.5kpc and 12kpe. By using the data of sources in
the Galactic anti-center direction, the peculiar motion of LSR towards the Galactic center
is checked although not confirmed. Because of insufficient number of objects and limiting
distance, these results on Galactic kinematics suffer some uncertainty.

The authors thank the staff member of the 45m group at Nobeyama Radio Observatory
to help the observation. They also thank Dr. H. Izumiura for helpful discussion. One of the
authors B.W.J. thanks Drs. S. Ichikawa and M. Fitzpatrick for providing the software package
to read FITS format data. This research made use of the SIMBAD database, operated at
CDS, Strasbourg, France. B.W.J. is supported by Japanese Government Scholarship. With
the agreement of the editor, Table 1.1, Table 2.1 and Table 3 will be published on the AAS
CD-ROM.
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ABSTRACT

The observation in the J=1-0, v=1 and v=2 ?Si0 and v=0 ?9SiO maser lines was made
to 97 outer disk stars and 19 inner disk stars that are of typical IRAS colors of AGB stars.
By using the 45m telescope system at Nobeyama, 21 new 28SiO and 1 new 2SiO maser
sources were found at the detection limit of about 1 Jy at 5 sigma level. Collecting all the
observational data in SiO J=1-0 maser lines by the 45m telescope system, a comparison is
made between the outer disk, inner disk and bulge samples. The samples themselves align
a sequence of IRAS color, flux at 12um and variability index. The detection rates are 66%,
45% and 31% respectively in the bulge, inner disk and outer disk. A more detailed analysis
shows consistency with the conclusion from Chapter V, i.e. the proportion of C-rich stars
increases with Galactocentric distance in the observed sample of late-type stars with cold
circumstellar envelopes.
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II1.1. Introduction

The observation in SiO maser lines around 43GHz have been performed to a great deal of
color-selected IRAS PSC sources in the Galactic bulge, inner disk and outer disk by using the
45m telescope system at Nobeyama Radio Observatory. Such observations are the deepest at
this frequency thanks to that the 45m telescope system deserves an antenna of large diameter
and a receiver of high sensitivity. In 1991, 1992 and 1993, 313 sources in the direction of
bulge were observed. In 1994, 1995 and 1996, 244 sources in the outer disk and 23 sources in
the inner disk were observed. The observational results from 1991 through 1995 have been
reported in separate papers (Izumiura et al. 1994, 1995a and 1995b, Jiang et al. 1995, 1996),
here we first report the results of the 1996 observations. Then the statistical comparison will
also be done between the bulge, inner disk and outer disk groups, since all these observations
were carried out by the same observational system and sources were selected under quite
similar selection criteria.
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ITII.2. The 1996 May observation

On May 10-14 and 16-19, 1996, mainly two groups of objects were observed. The major
group is in the outer disk and the minor one in the inner disk. The selection criteria are
quite similar for these two groups. They are listed in Table 1. Because of time limitation,
the inner disk sources are also restricted to have no association in any catalogue in light of
the IRAS PSC database together with the criteria listed in Table 1. In the study of IRAS
PSC sources with infrared excess, people found that the IRAS colors are different. for various
objects such as young stellar objects, late-type stars and galaxies. The selected TRAS colors
Ci2 (logFss/Fi2 F) is the flux density at A), and Cag (logFgo/ Fa5 are set to pick up the stars
in late stage of evolution and with cold circumstellar envelope(CSE). The limitation on IRAS
flux density at 12pum makes that the sources are not very close to the sun and may be at a
distance further than 4kpe if the star is an M-type star with cold CSE. Among the 97 sources
in the outer disk, 15 had been observed in 1995 or 1994 and 5 of them were already detected
Si0O maser emission. Some of the non-detections were observed again and no new detections
were found. In addition to the objects in the samples, 6 sources that could not been detected
S5i0 maser emission in previous observations were observed again and 7 more sources beyond
the selection criteria were also observed. '

The observational details had been described in Chapter II so that only a few important
parameters are briefed here. The 45m telescope system at Nobeyama Radio Observatory
with SIS receiver S40 was used and AOS spectrometers were attuned at SiO maser lines
28810 J=1-0, v=1 and v=2, 2Si0 J=1-0 v=0. The velocity resolution is about 0.26km/s and
the detection sensitivity is about 0.28K (~ 1Jy) at 5 sigma level.

The observational results are summarized in Table 2. Amid the 97 sources in the outer
disk, 8 new 28Si0 sources and 1 new 2?SiO source were detected in 82 searched. Out of the
19 sources in the inner disk, 8 new 28SiO sources were detected. In the other 13 sources,
5 were newly detected among which IRAS 0426443853, 04402+3426 and 22394+6930 were
not detected in 1995 (Chapter II). Totally 21 new 28SiO and 1 new 22SiO maser source were
found in 114 searched.

The SiO maser spectra of newly detected stars are displayed in Fig. IIL.1 and Fig. TII.2
respectively for the 2SiO and 2%SiO lines. The related parameters of SiO maser lines are
summarized in Table 3.1 and 3.2. The other infrared properties such as IRAS colors and
Galactic positions are listed in Table 4 for all the observed objects. The same convention as
in Chapter II is applied to the tables for naming the columns.
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TABLE 1. Selection criteria of the 1996 May observed sources

outer disk  inner disk

Galactic longitude 115° — 155° 55° - 70°

Galactic latitude [-10°, 10°]

IRAS color Ci2 C [-0.4, 0.4]
Cag < -04

TIRAS flux density Fi2 < 18]y

Qualities of IRAS fluxes 333 at 12,25 and 60 pm

No. of sources 97 19

TABLE 2. Number of detections

outer disk inner disk  miscellaneous

288i0 13/97 8/19 5/13
29510 1/97 0/19 0/13
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Fig. II1.1.— Spectra of 21 2*SiO new detections.
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TABLE 3.1. Line parameters of Gaussian components of the 2®SiO detections

Si0 v=1 J=1-0 510 v=2 J=1-0

IRASNAME TA1 rmsl Vsl  FWHMI TA2 rms2  Vis2  FWHM2
(K) (K) (km/s) (km/s) (K) (K) (km/s)  (km/s)

0012345258 0.092 0025  -18.837 1.353 0.128 0.028 -20.185 2.345
0050346445 0.619 0.043 -17.684 4.126 0.620 0.045  -20.775 1.635

0.282 -14.056 1.242 0.689 -16.839 2.975
0.307 -11.415 2.576 0.253 -11.773 3.173
0126046456 0.882 0.045 -125.877 1.401 0.558 0.042 -126.010 1.062
0.214 -123.106 2.703 0.148 -125.164 4.738
0247345152 0.108 0.043 -11.675 1.926 0.191  0.040 -11.092 2.081
0.154 -8.576 3.951 0.285 -8.195 2.3538
0303845046 0.412  0.061 -68.663 1.248 1.238 0.047  -68.553 1.681
0.285 -66.841 1.103 0.553 -62.225 1.902

0.340 -62.817 2.741 rer
03380+5532 0.131  0.042 16.989 2.253 0.236  0.040 16.307 4.397
el 0.150 20.427 1.47
04112-+4841 0.667 0.035 -5.672 1.257 0.415  0.036 -3.678 1.076
0.145 -3.655 2.102 0.126 -4.788 5.5391
0426443853 0.199 0.049  -43.875 1.448 0.261 0.054  -46.500 0.500
0.275 -42.149 0.810 0.150 -45.589 3.6580

04402+3426 0.141  0.042 34.740 2.893 0.172  0.049 34.686 3.782
0453645726 0.339 0.027  -41.085 6.255 0.243  0.028  -40.266 3.660

2,232 -40.128 0.926 1.176 -10.153 0.857
0.503 -37.759 1.873 1.033 -33.847 3537

0.792 -33.775 4.522 aae cee ces
s 0.768  0.043 -31.188 1.540

0513144530 0.058
52 0.173 -28.744 0.918
2001042508 0.248 0.044 21.338 2.314 0.227  0.046 21.410 2.401
0.796 23.011 1.442 0.451 24.368 2.001
0.415 28.407 4.190 0.382 28.371 3.846
2002041739 0.114  0.045 24,998 2.179 0.147  0.049 29.241 10.347
0.339 2R.186 1.468 0.396 28.669 0.937
0.714 30.135 4.406 0.547 30.135 1.279
0.150 36.768 2.338 0.155 35.496 1.180
2002142156 0.232  0.041 23.426 1.479 ves 0.046 ves e
200294-2759 0.496  0.047 22.465 1.314 0.048

2008442750 0.207  0.047 27.767 1.345 0.276  0.048 27.148 2.028

0.220 30.415 2.174 0.358 28.914 1.150
0.234 31.168 2471

2013942404 0.439  0.048 30.797 1.715 0.642 0.052 34.025 3.931

1.004 33.606 0.823

0.464 33.869 6.271 “e
2018142027 0.424 0.049 6.835 1.087 4.0 0.051

0.139 15.210 1.183
2024642813 0.320  0.040 16.977 5.357 0.517  0.046 15.607 2,674

0.225 19.538 0.795 0.247 19.643 2937
2049144236 0.605 0.060  -42.327 2.427 0375 0062  -43.809 1.825

0.582 -42.048 0.736 0.806 -42.012 1.256
2239446930 0.257  0.044 -42.460 7.061 0.2153 0.048  -39.746 3.4977
2356146037 0.231 0027  -34.907 1.202 e 0.030 e e
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TABLE 3.2. Integrated line parameters of the 2*SiO detections

510 v=1 J=1-0 §i0 v=2 J=1-0

IRASNAME 51 Veenl FWHM1 52 Veen2 FWHM2 DATE

(K*km/s)  (km/s} (km/s) (K*km/s)  (km/s) {(km/s) yymmddhh
0012345258 0.13 -18.84 1.35 0.32 -20.18 2.34 96051710
0050346445 3.95 -14.55 6.49 4.68 -16.27 7.91 96051810
0126046456 184 . -124.49 3.44 1.39 -125.59 3.33 096051712
02473+5152 0.87 -10.13 4.49 1.14 -9.64 3.67 96051612
0303845046 1.88 -65.74 4.92 3.35 -65.39 4.96 96051213
0338045532 0.32 16.99 2.25 1.35 18.37 4.99 96051614
0411244841 1.22 -4.66 2.69 1.23 -2.23 3.78 96031814
0426443853 0.55 -43.01 1.99 0.73 ~46.04 2.55 96051314
0440243426 0.44 34.74 2.89 1.06 34.69 5.78 96031315
0453645726 9.32 -37.44 9.05 6.46 -37.06 7.81 96051315
0513144530 el e *e 1.44 -30.47 1.95 96051215
2001042508 3.70 24.87 6.79 3.12 25.39 7.10 96051706
2002041739 4.54 30.88 8.14 297 32.37 B.89 96031807
2002142156 0.37 23.43 1.48 see ven e H6031906
2002942759 0.70 2247 1.31 96031707
20084+2750 0.81 29.09 3.08 1.66 29.16 4.26 96051707
2013942404 180 32.33 5.53 2.70 34.03 3.93 96051808
2018142927 0.70 11.02 5.33 1es e e 96031708
2024642813 2.03 18.26 4.36 2.26 17.63 4.84 96051908
2049144236 - 2.03 -42.19 1.72 1.82 -42.91 2.44 96051909

22394468930 1.94 -42.46 7.06 0.91 -39.75 3.98 96051809
23561+6037 0.30 -54.91 L.20 aes e 96051409
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TABLE 4. Infrared properties of all observed sources

IRASNAME I(o) ble) F12(Jy) ©Ciz Cas LRS  var

00027+6952 119.01 T 6.75 -022 -0.73 ]
00036+6117 117.58 -0.84 7.22 -024 -0.60 1
00123+5258 117.42 -9.23 7.1 -0.32 -0.64 2
00131+6925 11984 7.05 578 -0.30 -0.70 8
0016145820 11869 -3.98 11.45 -0.33 -0.77 16 7
0018046414 119.64 1.84 13.31 -0.35 -0.78 15 57
0024346316 120.23 0.81 10.69 -0.31 -0.72 5
0024646837 120.77 6.13 6.69 -0.31 -0.65 45
0036146515 121.65 2.70 9.656 -0.15 -0.46 47
0042546820 122.40 5.76 717 0.01  -0.59 5
0046146439 122.69 2.07 587 -0.31 -0.54 5
00464-+6430 122.73 1.91 548 -0.25 -0.50 5
0047046448 122.79 2.20 10.30  -0.06 -0.45 15
0050346445 123.14 216 14.36 -0.31 -0.86 0
0051346317 123.27 0.69 281 -0.20 -0.71 13 2
0055545353 123.97 -850 10.30  -0.19 -0.66 25
0058945743 124.33 -1.85 4.28 -0.23 -0.73 59
0059345836 124.36 -3.97 551 -0.27 -0.68 1
0106546452 124 .86 234 12.46 -0.20 -0.56 4
01097 +6154 125.44 -0.59 13.99 -0.27 -0.73 3
0110246153 125.51  -0.60 753 <031  -0.59 63
0110846059 125.64 -1.50 11.86 -0.31 -0.62 ]
0112946352 125.63 1.40 994 -0.33 -0.65 17
01176+6710 125.78 4.72 571 -0.33 -0.66 8
0121746049 126.98 -1.53 5231 -0.22 -0.62 23 58
0126046456 126.91 2.62 6.20 -0.08 -0.73 20
0129646813 126.78 5.92 583 -0.21 -0.80 3
0130146118 127.92 -0.91 630 -0.20 -0.52 4
0132746503 127.60 2.85 11.86 -0.30 -0.68 16 10
0134446232 128.21 0.40 1117  -0.24 -0.51 16 ]
0138647010 127.22 7.98 609 -0.40 -0.72 88
0143546007 129.75 -1.76 6.28 -0.32 -0.55 (]
0144146026 129.76 -1.43 11.59 -0.15 -0.53 25
0155045901 131.41 -2.50 293 -0.35 -0.69 14 -]
0158345508 132.87 -6.13 7.66 -0.23 -0.80 5
0201645802 13251 -3.22 6.64 -032 -0.71 16
0204745901 132.62 -2.15 14.75 -0.22 -0.83 a7 9
02117455569 134,44  -4.77 740 -0.04 -0.86 78
02155+6410 132.25  3.14 230 0.03 -0.44 14
0215745843 134.07 -2.00 10.37 -0.16  -0.52 14 6
0216745926 13395 -1.29 12.04 -0.14 -0.39 30 3
0217246752 131.19 6.69 3.80 -0.28 -0.56 35
0217445655 13488 -3.62 1117 -0.37 -0.63 30 12
0218145738 134,73 293 12.79  -0.13  -0.60 15 5
0224545823 135.26 -1.92 7.00 -0.11 -0.B8 17
0225246630 132.40 5.68 6.89 -0.27 -0.65 ]
0227246327 133.73 291 8.26 -0.29 -0.62 95
0228945404 13742 -5.70 998 -0.21 -0.B2 8
0229446411 133.66 3.69 6.49 -0.17 -0.76 0
0232146312 134.33 2.89 7.61 -0.34 -0.53 95
02367+3135 139.36 -7.23 1393 -0.30 -0.88 2
0240845458 138.65 -4.20 11.70 0.253 -0.46 &3
0246745432 139.61 -4.22 468 -0.21 -0.70 2
0247345152 140.86 -6.58 1221 -0.35 -0.72 15 10
0257045602 140,24 -2.22 5369 -027 -0.50 2%
0302245409 141.79 -3.52 11.16 -0.17 -0.87 29 72

64
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TABLE 4. (continued)

IRASNAME 1o} b(o) Fi2(Jy) Ciz Cas LRS var

03038+5046 14368 -6.35 10.36 -0.37 -0.85 96
0315145446  143.10 -2.03 6.66 -025 -0.69 19
03205+5223  145.06 -3.62 547 -0.39 -0.50 99
03316+5745 14335  1.72 722 -0.26 -0.58 0
03317+6300 14031  6.00 1200 -032 -086 24 22
03347+6503  139.36  7.85 690 -0.34 -0.70 2
03380+5532 14537 045 892 -0.22 -0.69 7
0340046150  141.77  5.82 944 -0.22 -0.70 2
0346644834  150.66 -4.27 720 -0.34 -0.82 7
0352545711 14592  2.98 713 -0.21 -0.70 99
0354945602  146.92 231 388 -0.09 -0.74 38
04004+5547  147.67 2.62 1072 -0.22 -0.84 5
04026+4737  153.32 -3.28 575 -020 -0.67 4
0405044734  153.66 -3.04 380 -0.20 -0.40 13
0407145215  150.76  0.64 978 -0.33 -0.63 14 96
0407945135  151.20  0.24 654 -0.35 -0.59 8
04091+5054 15190 -0.14 6.23 -007 -0.63 3
04112+4841  153.66 -1.52 7.50 -0.37 -0.63 2
0413043018  160.41 -8.09 53.58 -0.51 -0.65 43 98
04166+5719 14826  5.26 825 -0.17 -0.48 42
04264+3853 16255 -6.53 1153 -0.09 -0.72 20 97
04260+3550  164.86 -8.55 283 054 033 0
0440243426  167.73 -T46 339 -023 -0.65 6
0447043002  172.08 -9.18 595 -012 -0.73 99
04536+5726  151.52  9.05 13.56 -0.34 -0.74 14 80
05131+4530  162.95 4.33 2780 024 -0.52 2 99
05274+3345 17420 -0.08 689 1.00 081 0
0534242744 180.03 -2.15 3.85 0.57 0.08 1]
05506+2414  184.96 -0.85 1493 063 0.2l 0
06099+1800  192.60 -0.05  107.20 054 093 0
2000541635  56.10 -7.47 553 -0.12 -0.71 99
2001042508 6345 -3.03 9.12 -0.37 -0.75 37
2002041739  57.22 -7.22 851 -0.21 -0.81 99
2002142156  60.86 -4.95 1156 -0.32 -0.32 99
2002042759  66.08 -1.87 694 -023 -0.56 47
2004642954  67.90 -1.15 1147 -020 -0.73 99
20053+2058  68.03 -1.23 11.50 -0.10 -0.65 4 9
20084+2750  66.62 -2.98 973 -0.08 -0.71 14 99
2012141756  58.74 -9.08 447 -0.20 -0.59 5
20127+2957  68.90 -2.58 10.53 -0.28 -0.81 99
2013742838  67.93 -3.49 446 032 -0.62 94
20139+2404 6415 -6.08 1233 -0.24  -0.50 27 99
2017TR42832 68,37 -4.30 10,92 -0.25 -0.85 39
2018142927  69.16 -3.83 595 -0.23 -0.71 71
20190+2423 6506 -6.86 783 -0.22 -0.65 99
20246+2813 6897 -5.71 13.56 -0.07 -0.83 99
2028542411  66.15 -8.75 417 -0.36 -045 15
2028742719 6874 -6.96 7.20 -0.14 -0.81 99
2030442241 6518 -9.98 347 -0.21 -0.67 6
2049144236 8342 -0.89 5481 010 -0.65 i3 99
2052345302 9176  5.40 11.07 -0.09 -0.70 7
2056744727 8798 1.23 17.09  -0.19 -0.80 25 61
21149+4634  89.43  -1.65 13.85 -0.17 -0.72 0
2141545025 9528 -1.83 829 -021 -0.63 93
2204546306  105.60  6.20 1169 006 -0.63 97
2211245322 100.72  -2.28 1450 -0.28 -0.71 25 62
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II1.3. Comparison in samples and detection rate

Though there have been a lot of observations in SiO maser lines. to compare the results is
difficult because of the difference in observational system. By the Nobeyama 45m telescope
system that is the most sensitive around 43GHz, more than 500 sources in the outer disk,
inner disk and bulge have been searched in the SiO J=1-0 v=1 and v=2 lines at the limit
of about 1Jy at 5 sigma level, the deepest survey until now. Therefore we can compare the
observational results objectively in the sense that no bias effect is induced by the system
difference.

With the Galactic latitude [b| < 10°. the observed sources are divided into three groups
as in the Galactic bulge, inner disk and outer disk. The 244 sources in the second and
third quadrants belong to the outer disk group and the 22 sources with Galactic longitude
30 < I < 90 belong to the inner disk group without any argument. However in the survey to
the bulge direction, whether an object belongs to the inner disk or to the bulge group is not
direct. Their memberships are judged in such ways as calculating distance from light vari-
ation period or luminosity function, depending on available observational data of individual
sources. The details of assigning the membership of these sources are described by Izumiura
et al.(1995a,b) and the result is that 201 stars belong to the bulge group and 112 to the inner
disk group. Therefore in all the 579 sources observed by using the 45m antenna of Nobeyama
Radio Observatory, 201, 134 and 244 sources belong to the bulge, inner disk and outer disk
respectively.

I11.3.1. Samples

The basic and possibly most important selection criterion of the samples is the TRAS colors
as there is little other systematic observations to these optically thick sources in addition to
IRAS. The IRAS color C;» is always within the range [-0.4, 0.4], typical of a late-type star
with cold CSE of about 600K to 200K. The IRAS color Cag should be used with combination
of C;2 to clarify the nature of sources. But in the survey to the bulge direction. no limitation
was set to IRAS color Cs3 or quality of flux at 60pm. Some of the sources have IRAS color
Cs3 > —0.4 and would be suspected as young stellar objects other than late-type stars. But
because the pollution from infrared cirrus to 60um flux is serious in the Galactic plane to
the bulge direction(Ivezié & Elitzur 1995), their apparent values of Co3 are redder than the

TABLE 4. (continued)

IRASNAME  I(o) b(o) FI12(Jy) Ciz Cas LRS

-
-
=

2236745537 105.05 -2.30 1017 -0.22  -0.72 81
22394+6930 112.03  9.71 561 -0.26 -0.71 90
2328047107 11648  9.56 10.14 -0.35 -0.72 0
2336146437 11528 3.13 407  0.03  -0.54 I}
2343146204 11538 045 .08 -0.19  -0.63 T
2345746045 115.35 -0.91 9.57 -0.26 -0.64

o =

2356146037 116.55 -1.32 801 -032 -0.49

—




CHAPTER IIl. SURVEY IN SIO MASER LINES (II) 67

intrinsic. A careful investigation furthermore indicates that the quality of Fgg is unreliable
for most of such sources with Co3 > —0.4. The apparent colors of young stellar objects can
be regarded as forged. So the sources in the bulge survey are almost late-type stars though
there could be a few young stellar objects. In the other surveys of the outer and inner disks,
Coj3 is set to be < -0.4 to exclude young stellar objects so that only late-type stars are left in
the observations. Therefore in general the samples are consisted of late-type stars with cold
CSEs.

Besides the IRAS colors, the selection criteria also concern Fi» and IRAS variability Var.
Var is an index between 0 and 99 to judge the possibility for a source being variable from the
IRAS multi-times measurements. The survey to the bulge direction looked for the sources
with F12 > 1Jy and the other observations for the sources with Fi2 > 3Jy. The Var is set
as > 50 only for the 1995 surveyed outer disk sources and free for all the other observations.
In the final executed observations, there were trifle deviations from the criteria.

In order to know the general features of the outer disk, inner disk and bulge groups, the
mean values and standard deviations of Cy2. Fi2 and Var are listed in Table 5.1.

As shown in Table 5.1, the outer disk, inner disk and bulge samples align a reddening
sequence of color Cyz. Since there is no correction to the colors for interstellar extinction
which follow the same sequence of seriousness, the effect of interstellar reddening should be
estimated to figure out if the color sequence is intrinsic. The SiO maser survey to the bulge
direction objects tried to avoid the area of |b| < 3° of serious extinction. According to the
estimation by Frogel(1988), the extinction at K band Ax = 0.17mag at b=3°. Then based
on the extinction law(Mathis 1990), Ajgum = 0.04mag and Assyy, = 0.02mag. The color
reddening is only 0.01 at Cj2, much less than the difference presented by the bulge and outer
disk sample. The color sequence is then mostly intrinsic. Bedijn(1987) showed that for a
given model Cy2 depends only on the optical depth in the infrared. Bedijn(1988) explained
the TRAS color sequence of stars with cold CSEs is that of accelerated mass loss with time,
i.e. the redder stars have larger mass loss rate and in later stage of evolution. This means
that the bulge sample has the thickest CSE and is in the latest stage of evolution among
the three groups as a general tendency. Besides the evolutionary effect on the IRAS colors,
metallicity may also play a role. It’s suspected that the metals would redden the stars(Habing
1996). Observations showed that the Long Period Variable stars in the MCs are not so red
in IRAS colors as those in the Galactic bulge with the same period. i.e. luminosity or mass.

TaABLE 5.1. Mean value & standard deviation of Cy2. Fi9 and Var

bulge inner disk outer disk

Cia 0.033+0.075 -0.022+£0.127  -0.217+40.140
Fi2 5.05342.453  13.235%21.091 32.606x101.65
Var T79.871432.568 75.015+£35.033 53.779+41.168
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Though the metallicity gradient in the Galaxy is not clearly quantitatively established, the
declining tendency with Galactocentric distance is however seen in several works. The study
of globular clusters found a slope ~ A[Fe/H]/Ry. = —0.091(Friel 1995).

The bulge sample is the faintest in the flux density Fi» averagely. This is expected from
the distance effect. Because the sources in the bulge are about 8kpc or further away where
an M-type star with 300K CSE is < 4.4Jy strong at 12um(Nakada et al. 1993). While in
the inner disk and outer disk samples, many sources are nearby and their average distances
are shorter than 8kpc. Furthermore, because of inclusion of some very bright objects like R
Cas in the outer disk sample, the standard deviation gets very big. As the inner disk sample
looked for some sources beyond the bulge(Jiang et al. 1995). the average Fi2 is fainter than
that of the outer disk sample. If F1 can be taken as a distance indicator in the limited color
range i.e. the same kind of objects, the outer disk sample is the closest and the bulge sample
is the furthest.

The average IRAS variability index Var is almost the same for the bulge and the inner
disk samples and somewhat smaller for the outer disk sample even though the 1995 outer disk
survey only looked the sources with Var > 50. In present selected range of Fis, the sources
with Var > 50 were variable at 12um within the IRAS photometric accuracy(Chapter II).
Most of stars in the bulge and inner disk samples are variable and there is quite a fraction in
the outer disk sample being non-variable. The IRAS survey strategy produced more confirmed
observations in some regions than the others at time intervals suitable for detecting variability
and some spurious indications of variability in regions of high source density(Beichman 1988).
However, the SiO-surveyed regions are not IRAS-biased. So it could be true that there is more
proportion of variables in the bulge and inner disk samples than in the outer disk sample.

For the sources in which Si0O maser emissions were detected . the above three parameters,
Cy9, Fi2 and var are compared again and shown in Table 5.2.

There is little difference in Ci2 between SiO maser sources and the sample in every given
group. As is shown in Fig. IIL3, the bulge SiO maser sources have mainly Ci2 < 0.0, the
outer disk SiO maser sources mainly have Cyo > 0.0 and the inner disk is intermediate.
Regarding of Fis. except the bulge SiO maser sources that differ little from the sample, the
disk SiO maser sources are averagely brighter than the samples. That means there are many
nearby and not so many distant SiO maser sources in the disk which possibly due to that the
nearby SiO maser sources are apparently bright and thus easily detectable. The variability

TaBLE 5.2. Average Cy3, F12 and Var of SiO maser sources

bulge inner disk  outer disk

Ciz 0.03+0.08 -0.00+0.11 -0.2040.24
Fi2 5.60%+2.52 16.58+21.59 67.00+174
Var 84129 84428 7733
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Fig. IIL.3.- - Flux at 12 um and color C3 of the observed sources. The red is for the bulge
object, the purple is for the inner disk object and the blue for the outer disk object. Filled
circles are SiO detections and open ones Si0 non-detections.

index is the same in the inner disk and bulge groups. The outer disk Si0O maser group has a
little lower average variability index but much higher than the sample itself.

I11.3.2. Detection rate

It has been noticed that the SiO maser detection rate in the outer disk is much lower
than that in the bulge survey (Chapter II). The difference is mainly attributed to the more
inclusion of C-rich stars in the outer disk sample based on the analysis of near-infrared
observational data (Chapter II). Here I will brief the change in detection rate after including
the 1996 May observational data. In Table 6.1, the numbers of SiO detections and non-
detections in the bulge, inner disk and outer disk are shown for all the stars observed in the
bulge survey and the outer disk survey.

Since no new data is collected for the bulge source. the detection rate remains 66%, the
same as analyzed by Jiang et al. (1995). The detection rate in the inner disk is 51%. a little
bit lower than 54% from the sample to the bulge direction. There could be some errors to
assign the membership of the stars in the bulge direction, e.g. to mistake the bulge stars as
inner disk stars since the method to separate the bulge and disk stars is not very certain.
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There could be another possibility that there is a slightly decreasing detection rate with
increasing Galactic longitude even in the inner disk. As the 1996 May observation of the
stars with Galactic longitude between 55° and 70° yielded 42%, about 12% lower than the
disk sources in the bulge direction. According to the analysis in Chapter V, the basic reason
is that the stars with 55° < 1 < 70° are averagely further from the Galactic center and have
lower metallicity and thus more proportion of C-rich stars. The detection rate in the outer
disk is now 31%, also lower than 39%, the result shown in Chapter II. This is also expected
since the 1996 observation only looked for the stars with Fi» < 15 Jy, i.e. further than 4kpc
or so where there are more C-rich stars and resulted in only 13% detections, much lower than
previous average detection rate.

If we take the Fi2 as a distance indicator as these objects more or less belong to the same
type of stars and should have similar luminosity, then the variation of detection rate with
Galactocentric distance is given in Table 6.2. It seems there is no definite tendency that the
highest detection rate happens in the inner disk part with Fi2 > 15Jy. But if we take the
distance-to-us effect into account, it's easy to find the decreasing tendency of detection rate
with the Galactocentric distance. For example, the inner disk group and outer disk group
with F12 > 15Jy have different population of SiO maser stars. 70% and 52% respectively,
even their average distances to us are supposed to be the same. This is also the case of
inner and outer disk groups with Fj2 < 15Jy. The bulge group is the furthest but deserves
the highest detection rate. This result is in agreement with the explanation of low detection
rate in the outer disk by the difference of proportion of C-rich stars with metallicity or with
Galactocentric distance as in Chapter V.

II1.4. Summary

The survey in SiO maser line transitions J=1-0, v=1 and v=2 and isotopic #*SiO J=1-0
v=1 line is carried out by using the 45m telescope system at Nobeyama Radio Observatory
from 1994 through 1996. This survey is concentrated on the IRAS PSC sources with typical
colors of AGB stars surrounded by a cold circumstellar envelope. the same as the survey
towards the bulge direction. Combining these two survey data. totally 579 stars, among
which 201, 134 and 244 in the bulge, inner disk and outer disk respectively, are searched for
Si0 maser emission at a sensitivity limit of about 1Jy at 5 sigma level. Comparison between
the bulge, inner disk and outer disk sample found that they consist a sequence of IRAS color

TABLE 6.1. Detection rates for all the stars observed

bulge inner disk outer disk

Detections 133 69 76
Non-detections 68 65 168
Total 201 134 244
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Ci2, variability and flux at 12um. They are a sequence of SiO maser population as a possible
consequence of Galactic metallicity gradient.

TABLE 6.2. Change of detection rate with the Galactocentric distance

Bulge Inner disk ‘ Quter disk

Fi2 <15Jy Fi2 >15Jy | Fi2 >15Jy Fio <153y
66% 45% 70% 52% 18%
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ABSTRACT

The optieal identifications at both V and I bands are given of 102 color-selected IRAS PSC
sources in the outer disk of our Galaxy. The positions were obtained from CCD images by
using stars in the same frame and listed in the GSC catalogue (Guide Star Catalogue for
Hubble Space Telescope) as references. The identification was judged from the consistency
with TRAS parameters in three aspects: the position, color and light variation. About 50%
of these sources are found to have optical counterpart. We identified 47 sources as variable
stars, 2 as non-variable stars. There are 1 star that has not been checked light variation and
9 sources associated with nebulosity in the sample. We did not find optical counterparts for
43 sources until as faint as 20mag at V band and 19mag at I band. The data suggest that
whether or not an TRAS PSC source can be optically identified results from not only the
IRAS colors but also the C/O abundance in such a way that an oxygen-rich source may be
more likely to be identified than a carbon-rich source.
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IV.1. Introduction

The InfraRed Astronomical Satellite (IRAS) surveyed about 96 percent of the sky in bands
centered at 12, 25, 60 and 100um. More than 250,000 point sources were detected and their
flux densities and positions are listed in IRAS Point Source Catalogue (IRAS PSC). But
because only about 70,000 of these sources are associated with objects in astronomical cata-
logues, a major identification is required in order to realize and develop the IRAS potential.
A lot of work has been devoted to the identification of IRAS point sources such as the iden-
tifications of galaxies by Wolstencroft et al.(1986), Wang et al.(1991) and Klass & Elsésser
(1993), of pre-main sequence stars by Prusti et al.(1992), of carbon stars by Groenewegen
& de Jong(1993), of the IRAS LRS sources by Jiang & Hu(1992), and of the sources in the
Ophiuchus molecular cloud by Ichikawa & Nishida(1989).

Usually the identification has two criteria. First is the coincidence with the IRAS PSC
position. However the IRAS PSC position is usually as uncertain as about 10” x 20" so
that there may be more than one object locating inside the IRAS position uncertainty area
especially in crowded field. Therefore the second criferion is necessary and usually goes to
the judgment on physical features of objects. The identification of galaxies can be confirmed
by their extended morphologies while stellar objects have to be confirmed in other ways. So
far stellar color index has been popularly used because stars in different stages of evolution
have different colors in both optical and IRAS color-color diagrams. Besides the color, stellar
spectral type was also used for identification (Ichikawa & Nishida 1989). We will use a new
parameter, stellar light variation, to identify the IRAS PSC sources in the outer disk of the
Galaxy as well as the color index and position coincidence with IRAS sources.

IRAS sources are a good probe for Galactic structure (Weinberg 1992a, 1992b). For such
study it is essential to obtain the distances to IRAS sources from, for example, the period-
luminosity relation(e.g. Whitelock et al. 1994). We have started a project to identify distant
IRAS sources in the outer Galaxy at optical wavelengths. and to measure periods of variable
stars. In this paper, we report the first part of this project. optical identification of the IRAS
SOUTCES.

IV.2. Selection of objects

The sources in the IRAS PSC catalogue (version 2.0) were chosen according to the following
criteria:

1) The location is in the northern outer Galaxy with Galactic longitude between 90° and
230°, Galactic latitude between -10° and 10°.

2) The IRAS flux qualities are 333 at 12, 25 and 60um, i.e. the IRAS photometric results
have high-qualitis at relevant wavelengths(Beichman et al. 1985).

3) The IRAS flux density at 12um is brighter than 3 Jy.

4) The IRAS color Ci2 = logio (F‘zﬁf-Fli). in which Fy» and Fos5 are the IRAS flux densities
at 12pm and 25um, is between -0.3 and 0.3. We will use Fgo as the IRAS flux density at
60 pm.

5) The IRAS variability index is bigger than 50(Beichman et al. 1985).

For the purpose of studying the Galactic kinematics. we try to pick up the candidates for
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Mira variables and SiO maser emitters. Optical Miras have some evident features such as red
color and light variation with large amplitude. Their IRAS associations locate in some region
in the IRAS color-color diagram, i.e. Cy2 in [-0.45, 0.2] and Ca3 (= logio (Feo/F25) ) in [-1.0,
-0.6](van der Veen & Habing 1988). As well as the IRAS colors are used to choose Miras, the
IRAS variability index is also used corresponding to their light variation. Weinberg(1992a,
1992b) and Allen et al.(1993) chose the IRAS sources with IRAS variability index equal to
or bigger than 98 as Miras to study Galactic structure. Whitelock et al.(1994) detected only
one non-Mira source of 33 IRAS PSC sources with IRAS variability index bigger than 90.
We select the sources with IRAS variability index bigger than 50 because they were surely
IRAS-variable when their Fys is brighter than 3Jy. Regarding the SiO maser emitters, the
sources with IRAS color Ci2 in [-0.3,0.3] and Fy3 brighter than 3Jy were detected SiO masers
in high percentage towards the Galactic bulge(Izumiura et al. 1994, 1995a, 1995b, Jiang et
al., 1995). That’s why we use the above selection criteria. There are 121 sources falling into
the selection, 19 of which have been identified as variable stars in light of SIMBAD database.
Our observation and identification are then towards the other 102 objects of which nature
have not been clarified.

Of course the selection criteria can not pick up all the IRAS sources that are potential
Miras. As some Miras are bluer than -0.3 in color C;p(van der Veen & Habing 1988), we
may miss some Miras which have not so thick circumstellar envelopes (CSE) as to show large
infrared excess. We may also miss the Miras which have IRAS variability index less than
50 (Whitelock et al. 1994). The selection may contain some other types of objects besides
Miras. There could be semi-regular and irregular variables. In color region where Cis is
redder than 0.0, there may be some OH/IR stars (van der Veen & Habing 1988) and young
stellar objects in star forming regions (Harris et al., 1988) that show excess at 60um since no
constraint is placed on Cag.

IV.3. Observation and data reduction

The photometric observations were performed using a 105/150cm Schmidt telescope at-
tached with a CCD camera at Kiso Observatory, University of Tokyo. The CCD camera
contains a TI Japan TC215 chip with an array size of 1024 x 1024 pixels. The field of view
is about 12.5'x 12.5" and one pixel is 0.75” in the sky. The CCD images were taken at both
V and I filters for every source. The V filter is the same as that in the Johnson system
but the I filter is centered at 8200A, bluer than 9000A in the Johnson system. The limiting
magnitudes we reached are about 20 mag at V band and 19 mag at I band. All non-nebular
sources were observed at least twice with interval mostly longer than 60 days except, IRAS
0618140406, 2204546306 and 2210345120 that we missed. The observations were done from
July 1994 to March 1995 about once a month and the observational log is shown in table 1
where the IRAS name and Julian dates of observations for all the sources are listed. The
seeing was typically 3. The raw data were processed using image data reduction software
IRAF by subtracting bias and dividing by dome flat field.
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IV.4. Method of Identification
IV.4.1. Coincidence with IRAS position

The uncertainties of IRAS PSC positions are approximately elliptical in shape, as a result
of the rectangular shape of the individual detectors used in the survey and their distribution
in the focal plane (Beichman et al. 1985). In searching for associations of the IRAS PSC
sources with objects in catalogues having small position errors, the IRAS team selected an
elliptical search area with semi-major and semi-minor axes of 45" and 8" (Beichman et al.
1985) which can be regarded as typical values of the uncertainties. In our case the mechanical
pointing error of the Kiso Schmidt telescope is bigger than the uncertainties of the IRAS PSC
positions. So our approach is divided into two steps: to correct the telescope’s pointing error
and to take the uncertainties of the IRAS PSC position into account.

About 7 to 10 stars, which are listed in the Guide Star Catalogue (GSC) for Hubble
Space Telescope and close to the center of the CCD frame, were taken as position reference
stars inside one CCD frame. Their equatorial coordinates (Epoch 2000.0) listed in the GSC
catalogue are accurate to 0.2” - 0.8” (Russel et al, 1990). Their coordinates in the CCD
frame in unit of pixel are measured using IRAF package that calculates the object position
from Gaussian fitting to its intensity distribution. This position brings about little error in
succeeding calculation as its accuracy, better than 0.1 pixel, is less than 0.075” in the sky.
Because the field of view is only 12.5' x 12.5' and the smaller central region is actually used,
the transformations between equatorial coordinates and CCD coordinates are calculated by
least square linear fitting for every CCD frame. The following are the equations we used to
transform the CCD coordinates X and Y to the equatorial coordinates a(right ascension) and
&(declination), vice versa,

a=ay+ax X +axyY

d=bp+bix X +box¥Y

The ag, a1, ag, by, by and bg are the coefficients to be fitted by the least square method. The
rms is always less than 1” and mostly less than 0.5” for the reference stars. Traditionally the
second-order correction of coordinate transformations should be added to the linear terms. It
was also tested by us and little was improved. One reason is that the first-order approximation
has reached the accuracy limit of the positions of reference stars as that of the GSC catalogue.
The other reason is that the reference stars which were added for second-order correction had
to be further from the center of the CCD frame than those used for only first-order fitting and
thus the second-order correction was compensated for the bigger deviation from the center.

In this way we first find the corresponding position in the CCD frame of given IRAS
PSC position (Epoch 2000.0). Searching for optical counterpart will then be constrained to
the elliptical area centered at the IRAS position with major and minor axes a little bigger
than that of the IRAS position uncertainty ellipse. After the optical counterpart is fixed by
examining the color and light variation which will be described in detail in next sections,
the equatorial coordinates(Epoch 2000.0) of the counterpart are transformed from its CCD
coordinates. The difference of equatorial coordinates (Epoch 2000.0) between the IRAS and
optical counterpart is calculated and is very small. normally less than 10”. This value is little
different in epoch 2000.0 and 1950.0 so it is offset to the IRAS position (Epoch 1950.0) to
calculate the optical-counterpart position(Epoch 1950.0). The position determined in this
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Fig. IV.1.— Position differences between optical counterpart and IRAS PSC coordinates for
the 47 identified variable stars. Both Aa and A# are in unit of aresec,

way is much more accurate than the IRAS PSC position and can be used for further study
instead of the IRAS PSC position.

IV.4.2. Red color

The TRAS objects we chose are mainly variable objects with cold circumstellar envelope
(CSE) (Van der Veen and Habing 1988). The strong absorption of stellar radiation by the
dust in CSE makes the object a) invisible in optical wavelengths when the CSE is optically
thick or b) visible and red in the optical wavelengths when the CSE is optically thin. In
case a), we can not identify the source in optical image while we can possibly identify it in
longer wavelength. In case b), we can identify the object optically as the task of the present
work and the source should be brighter at T band than at V band. So an object inside
the uncertainty ellipse of IRAS PSC position can be regarded as a candidate for the optical
counterpart only if it is brighter at I band than at V band.



CHAPTER IV. OPTICAL IDENTIFICATION 79

IV.4.3. Light variation

The sources in our sample have the IRAS variability indexes bigger than 50, i.e. the IRAS
satellite detected more than 10% change in fluxes at both 12 and 25,m consistently. Since the
IRAS flux densities of the selected sources are brighter than 3 Jy at 12um in high quality, the
mean IRAS photometric uncertainty for such sources is 7% (Beichman et al. 1985), smaller
than the percentage of variation. So these sources were surely detected variable at 12 and
26um. They are expected to be optically variable too unless the object stopped variation
after the IRAS mission.

The weather at Kiso during our observations was not always good enough to calibrate the
instrumental magnitude into standard system magnitude by correcting atmospheric extine-
tion as standard reduction, so we measured the light variation by comparing with neighbour-
ing stars. It is assumed that most of the stars are not variable in measurable amplitude as
is usually believed. First in a 5’ x 5’ square area which is centered at the object closest to
the IRAS PSC position, we choose all the stars that are detected above 4o level and in the
CCD linear response range. These stars are used as photometric references. The number of
the reference stars is usually more than 50 and varies with integration time and field. Their
instrumental magnitudes were calculated in a batch mode by the IRAF DAOPHOT (Stetson,
1987) package using the point spread function. Because the sky condition is quite uniform
in this small area, the atmospheric extinction can be regarded the same for all these refer-
ence stars in a frame when their colors are not very different. Then the IRAF instrumental
magnitudes of the reference stars in observations at two separate nights are compared to
calculate the shifts with magnitude for non-variable stars by least square linear fitting. The
light variation of the source is expressed as the deviation from the fitting line. The rms of
fitting is mostly less than 0.05mag. But taking into account the photometric error and the
error from stellar color, we assign the source as variable only when the amplitude of light
variation is bigger than 0.2mag.

IV.5. Result
IV.5.1. Variable stars

There are 47 IRAS PSC sources identified as variable stars. These stars have been observed
to become either brighter or fainter at both V and I band if they are visible at both V and I
band. If the source is only visible at I band, more than once the light variations have been
observed at I band. In any case, the amplitude of variation is bigger than 0.2 mag, more than
the photometric accuracy. The variables with small amplitude and short period (since our
observations were performed about once a month), for example the semi-regular and irregular
variables of small amplitude, might be missed and our identifications correlate mainly with
the characteristics of long-period variables with large amplitude. i.e. Miras.

Table 2 lists their IRAS PSC positions and optical positions with epoch of 1950. Column
1 gives the IRAS PSC name. Columns 2, 3 and 4 are right ascension « in unit of hour.
minute and second of IRAS position. Column 5 is « of optical counterpart in unit of second
only in which the difference happens between IRAS and optical positions. Column 6 is the
uncertainty of optical position. defined as the rms (the method of fitting was described in
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above section) of position reference stars. Column 7 gives the offset of optical & to IRAS a
as a(optical) - @(IRAS). Columns 8 to 13 are the same as columns 2 to 7 but for declination
4 and in angular units.

Some IRAS parameters of these sources are shown in table 3 in the order of IRAS PSC
name IRASNAME, Galactic longitude GLO, Galactic latitude GLA, flux at 12pm Fy9, colors
Cj2 and Ca3, IRAS variability index VAR and IRAS LRS type LRS if available.

Fig.IV.1 shows the position difference between the optical star position and the IRAS PSC
position of these sources. All the sources are located inside the area, 45" x 9", which was
used by the TRAS team to search for associations of the IRAS PSC sources with stars in
catalogue. Most of the sources have not been offset from IRAS position by more than 10” in
right ascension or 5" in declination. The object at the top is IRAS 02433+6345 and the object
at the most left is IRAS 0408545347, they are at the outside edges of the IRAS PSC position
uncertainty ellipses. The averages of offsets from the IRAS positions are -0.39"+4.3 and
0.49"+2.3 respectively for o and 8. The averages of position uncertainty, which is calculated
by the fitting residuals of position reference stars, are 0.24” and 0.23" for & and 4. Although
these sources are located at various parts in the sky, the distribution is still similar to the
uncertainty ellipse of the IRAS PSC position, i.e. longer at a direction and shorter at &
direction.

The finding chart, with size as 5'x 5’ centering at each optical counterpart, is shown in
Fig.IV.2 with south at the top and west to the left. In order to show the color clearly, the
CCD images at both V and I bands taken in the same night are shown as the I image on
the left and V image on the right. The optical counterpart, or the position where the optical
counterpart should be in the case of invisible counterpart in V frame, is labeled by two bars.
At the upper-left of the chart is the IRAS PSC name and at the upper-right is the date in the
format date/month/year when the images were taken. In order to avoid CCD pixel saturation
and to get high signal to noise ratio, the exposure time varies with stellar brightness so that
the T image sometimes does not show faint objects which are shown in V image.

As an example, Fig.IV.3 exhibits the light variation of IRAS 0211745559, The CCD images
were taken both at I band on December 10, 1994 and March 21, 1995. This star was 3.57™
brightened in 101 days.

TRAS 0243346345, 0509144639 and 0617043523 had ever been identified by Jiang &
Hu (1993) in which their positions at K band were different from that of present optical
counterparts. Since the present optical counterparts were checked light variation that was
not done before, we think they are more potential to be IRAS objects. Further near infrared
CCD imaging will be helpful to solve the discrepancy.

Although we have not yet converted the instrumental magnitudes accurately into standard
magnitudes, a rough estimation from casually taken standard star fields showed that most
of these variable stars have color V-I > 3 indicating that they are late-type such as M, S,
C-type stars. Information on light curve and amplitude is necessary in order to distinguish
Mira, semi-regular and irregular variables.

The first three volumes of fourth edition General Catalogue of Variable Stars (GCVS)
collects about 28435 variables (Samus 1992) of all kinds in all the sky so that the average
density of variables with amplitude bigger than 0.2 mag is less than 1 per square degree. The
density of variables with amplitude bigger than 0.2mag in the outer disk where the stars are
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object (Molinari et al. 1993 and references therein). In the CCD images, IRAS 0257046028
is crab like and IRAS 2138145000 is butterfly like. Among the other sources, only IRAS
0103645924 has an optical counterpart. But they were all detected in CO (Wouterloot &
Brand 1989) and undetected in HoO (Palla et al. 1991, 1993) except IRAS 01036+5924 which
has not been searched for HoO emission. These sources are possibly associated with young
stars in molecular clouds.

IV.5.4. Unidentified objects

In addition to 47 variable stars, 3 non-variable stars and 9 sources associated with nebu-
losity, there are 43 IRAS PSC sources for which we could not find any optical counterparts.
For some of these sources, there are stars inside the IRAS position uncertainty ellipses, but
they are usually not red or they are very faint that the photometric results were unreliable.
At present we think they have not yet been identified. Table 7 lists the infrared properties
of these sources in the same form as table 3. These sources have optically thick CSE and
are possibly bright in near-infrared. The study at near-infrared will probably disclose their
identifications.

IV.6. Discussion
IV.6.1. IRAS color

The distribution of all these sources in the IRAS color-color diagram is shown in Fig.IV.6
in which # stands for variable star, ® for non-variable star, e for unidentified source and
* for association with nebulosity. The dash-dot line shows the colors of a blackbody with
temperatures between 220K and 550K (cf. van der Veen & Breukers 1989). They are divided
into three regions I, IT and IIT separated by solid lines. All the 47 identified variable stars
are located in region I, i.e. Cjg is bluer than -0.03 and Cs3 is bluer than -0.3. There are
27 unidentified sources in this region. All the 9 associations with nebulosity are located in
region III, i.e. Ca3 redder than -0.3, where 4 other sources are unidentified. In region II no
one of the 12 sources are optically identified.

In the divisions of IRAS color-color diagram by van der Veen & Habing(1988), these objects
mainly locate in IIIa, ITIb or IV and they are late-type stars with CSE. As model calculations
of continuous mass loss showed that the optical depth is an increasing function of the ratio
Fa5/F12 for oxygen-rich late type stars(Bedijn 1987), the unidentification of sources in region
IT can be explained as that these sources are optically thick due to denser CSE in relatively
later stage of stellar evolution than the stars in region 1. A rough estimation from the models
given by Hashimoto(1995) shows that the late-type stars with Cjs >-0.2 may be fainter than
19 mag at I band at a distance of a few kpc. But starlate-type with Cy2 <-0.2 in should
be brighter than 19 mag at I band as far as interstellar extinction is not so serious in the
direction of the objects.

The mixture of identified and unidentified sources in region I means that the optical depth
is not only the function of Cy2. Because late type stars are divided into oxygen-rich and
carbon-rich groups, the abundance is the first parameter to be investigated. The IRAS Low
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Fig. IV.6.— IRAS color-color diagram for all the 102 sources. The mark * stands for the
variable star, the © for the non-variable star, the e for the unindentified object and the
for the source associated with nebulosity. Three regions, I, I and III, are divided by the
borderlines. The dot-dash line is for the blackbody of temperatures between 550K and 220K.
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Fig. IV.7.— IRAS color-color diagram for the sources with known IRAS LRS class in region
I of Fig.IV.6. The symbols are the same as in Fig.IV.6 while the size of the symbol stands
for the IRAS LRS class of the source. The biggest is for the LRS 4n source, the moderate
for the LRS 2n source and the smallest for the LRS 1n source.

Resolution Spectra (LRS) are classified based on the slope of the spectrum and the presence
of band features between 8 and 23um(Olnon & Raimond 1986). They are tools to distinguish
oxygen-rich and carbon-rich sources by the silicate or SiC features. The sources in region I
with known LRS class are plotted in the color-color diagram again (Fig.IV.7). In FigIV.7,
the symbols have the same meaning as that in Fig.IV.6, furthermore the sizes of the symbol
stand for the LRS class of the objects, i.e. the biggest is for LRS 4n source, the moderate for
LRS 2n source and the smallest for LRS 1n source. The numbers of LRS class 1n (featureless
spectra), 2n (silicate emission) and 4n (SiC feature) sources are shown in table 8 for both
variable stars and unidentified sources. The three 2n sources among the unidentification
group are IRAS 03313+6058(LRS 22), 0601240726 (LRS 22). 06181+0406(LRS 23). Their
LRS spectra did not show clear silicate feature(Olnon & Raimond 1986). So in region I there
is no unidentified oxygen-rich star among the sources with known IRAS LRS class while there
are eight 4n sources, possibly C-rich objects.

For the sources having the same Cj2 color. the C-rich sources may have bigger optical depth
than O-rich sources. However it is not always the case by noting that there are eight IRAS
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LRS 4n sources identified as variable stars. Willems & de Jong(1988) suggested there are
two groups of carbon stars and Chan & Kwok(1988) furthermore divided them into optical
and radio carbon stars. If the identified and unidentified sources are optical and radio carbon
stars respectively, CO emission from identification group should be rare. But among the
optically identified 4n sources, three out of five, which were searched for CO emission, IRAS
0319245642, 2053245554 and 21449+4950, were detected in CO and two, IRAS 03557+4404
and 05405+3250 were not(Loup et al. 1993 and references therein), i.e. 60 percent. In the
unidentification group, four sources were successfully searched for CO emission and there
was no negative result. The small number of sources make the statitics not so significant.
Nevertheless as well as the CO detection percentage is not as expected, the random location
in the color-color diagram of these two groups also suggests that they can not simply be
interpreted as optical and radio carbon stars. Maybe to identify optically whether they are
really C-rich stars or not will make the situation clear.

IV.6.2. IRAS variability and flux at 12um

The averages of the IRAS variability index are 90.1, 90.2 and 86.8 and the averages of
Fi9 are 29.9, 33.4 and 20.9Jy for variable stars, unidentified objects and sources associated
with nebulosity respectively. Because these values do not differ much for identification and
unidentification groups, these parameters are irresponsible for the unidentification under our
selections. About 96% (47/49) of the identified stars are variables. The selection of the IRAS
variability index bigger than 50 works efficiently to find an optical variable star once there is
an optical counterpart.

IV.7. Summary

The optical CCD imaging observation at both V and I bands were used to identify objects
whose IRAS colors indicate the existence of CSE. There are three criteria, coincidences of
optical position with IRAS position, red color and light variation, to judge if an optical object
is the TIRAS counterpart. The optical position is derived from several position reference stars
in GSC catalogue and the light variation between two observations is calculated by comparing
the shift of instrumental magnitudes of the stars in the same CCD frame as the object. Out
of the 102 observed sources 47 are identified to be variable stars with variation amplitude
bigger than 0.2 mag. They are probably Mira type variables. Light variation have not been
detected in 2 stars and 1 identified star has not been checked light variation. There are 9
IRAS sources associated with optical nebulosities, some of which are young stellar objects in
star formation regions. The 43 unidentified sources are optically thick resulting from dense
CSE and maybe the C-rich dust in the CSE.

In order to clarify the classes of variables, we will continue the CCD photometry at V and
I bands to plot light curve which can tell us their natures. Furthermore, searching for SiO
maser emission and optical spectroscopy will be performed to distinguish O-rich and C-rich
stars. Near-infrared imaging will be devoted to the controversial identifications and optically
unidentified sources.
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TABLE 1. Observational log of the sources. The IRAS name and Julian Dates are listed

IRASNAME Observation Date (Julian Date - 2400000.0)

0007046503 49606 49697 49726 49741

0033646744 40661 49687 49700 49726 40741 497590

00459+6749 49661 49687 49726 49741 49759

0053446031 49610 49628

0055446524 49661 49687 49726

0058945743 49607 49628 49659 49686 49700 49726 49741 49759

0103645924 49565 49697
0155745759 49565 49687
0211745559 49607 49697 49725 49726 49742 49759 49798
0217346322 49565 49660

0227246327 49607 49628 49660 49686 49700 49726 49742 49759 49798
02408+5458 49628 49697 49759

0243346345 49565 49606 49697 49725 49742 49759 49708
02470+5536 49565 49606 49627

0253545555 49565 49606 49658 49686 49700

0257046028 49606 49628 49658 49760

0302245400 49610 49628 49697 49725 49742 49759 49798
0307846046 49610 49628 49697 49726

0309645936 49607 49628 49658 49686 49725 49743 49759 49798
0319245642 49607 49628 49658 49686 49700 49725 49742 49759 49798
0320646521 49607 49697 49726 49760

0323846034 49628 49658 49686 49700 49726 49742 49750 49798
0329346038 40628 40607 49726 49760

0330145658 49607 49690 49700 49726 49760

0331346058 49610 49628 49658 49726 49760 49799

0335345550 49628 49726

0337144932 49628 49658 49726 49742 49759 49799

03385450927 49660 49686 49700 49726 49742 49759 49760 49799
(0343445818 49660 49686 49726 49760

0344844432 49607 49690 49760

0346945833 49660 4968649700 49725 49742 49759 49799
0352545711 40628 49658 49686 49700 49725 40726 49742 49759 49799
03557+4404 40628 49697 49726 49743 49760 49799

0408545347 49628 49658 49686 49705 49726 49741 49757 49797
0420944800 49660 49687 49697 49726 49741 49757 409797
0425445255 49628 49658 49686 49726

0425644435 49660 49661 49687 49726

0434044623 40628 40658 49742 49757 49760

0440243426 49661 49686 49700 49726 49741 49757 49798
0447043002 49660 49686 49705 49726 49741 49757 49799
0500144639 49660 40686 40700 49741 49757 49797

0513144530 49660 49686

0514642521 49660 49686 49705 49743 49758 490797

0520443227 40661 49686 49743 49758 49797

0527342019 49687 49706 49725 49743 49758 49797

0540543240 49661 49686 49743 49758 49797

0542342905 40660 49686 49706 49725 49741 49757 49799
0545242001 49687 49706 49726 49743 49758 49709
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TABLE 1. (continued)

IRASNAME Observation Date (Julian Date - 2400000.0)
0548443521 49661 49686 49725 49743 49758 49797

0555241720 49687 49706 49726 49743 49759 40760 49799
0601240726 49687 49706 49743 49799

0606942142 49687 49743 49800

0617043523 49660 49686 49705 49725 49741 49757 49797
0618140406 49687

0624141025 40687 49706 49725 49743 49799

0624242830 49687 49725 49726 49743 49800

0628341028 49687 49743

0636440450 49686 49705 49726 49743 49800

0644740817 49686 49743 49758 49798

0644841639 49686 49705 49743 49798

2047945336 49565 49606 49697

2052345302 40565 49606 49697 49726 49741

2053245554 49562 49607 40658 49687 49697 49726 49742
2104645110 49565 49606 49707

2108645238 49562 49606 49627 49658 49690 49701 49726 40742
2112244900 49565 49628 49707

2114745110 409562 49606 49707

2121645536 49565 49606 49628 49658 49690 49701 49726 49742
2122345114 49565 49606

2126943030 49610 49707 49726

2129044919 49565 49606 49707

2129745251 49562 49610 49707

2137745042 49562 49707 49726 49743

2138145000 49565

2141545025 49562 49607 49628 40658 49690 49706 49726 49743
2144445053 40562 49628 49690 49708

2144944950 49562 49708

2145345959 49565 49607 49659 49726

2148945301 49562 49628 49708 49726

2150946234 49563 49628 49639 49690 49706 49708 49726 49741 49760
2153345844 49565 49708

2156345630 49565 49606 49628 49659 49690 49706 49708 49726 49741 49760
2204546306 49661

2210343120 49661

221304-5634 49565 49607 49659 49690 49706

2214745048 49659

2217745936 49565 49628 49659

2222445736 49562 49607 49708

2224146005 49562 49628 49659 49690 49706 49726 49741 49760
2236745537 49562 49628 49708

2239445623 49661 49726 49741 49760

2239446930 49661 49726 49741 49760

2245146154 49661

2246646042 49565 49610 49628 496590 49686 49706 49726 49741 49760
23030435719 49661

2318346151 49661 49726
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TABLE 1. (continued)

IRASNAME

Observation Date (Julian Date - 2400000.0)

23361+6437
2338946520
2349146243
2350746230
2351646430
2359246228

49562 49606 49658

40562 49690

49562 49690

49565 49606 49690 49726
49565 49680

40565 49690
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TABLE 2. Positions of the TRAS PSC source and its optical counterpart for the 47 identified
variable stars. The meaning of each column is explained in text.

IRASNAME a a afs) als) ala) Ao b & 8"y 8"y al8) Ad
(h)  (m) (IR) (Op) (s) (s (0 () (R) (©p) () (")

0033646744 0 33 375 3792 002 042 <467 44 430 4959 040 6.59
00459+6749 0 45 9.4  59.26 007 -014 <67 49 25.0 2664 019 164
0053446031 0 53  27.1 2646 0.01 -0.64 <60 31 1.0 -3.60 016 -4.60
00589+5743 0 58 575 5697 0.02 -0.53 457 43 430 4117 030 -184
02117+5559 2 11 458 45.60 0.01 -0.20 +55 59 5.0 6.43 003 1.43
022724-6327 2 27 175 17.81 0.02 031 463 27 0.0 3.70 058 3.70
0243346345 2 43  21.0 23.26 006 226 +63 45 420 50.76 0.28 B.76
0247045536 2 47 5.7 5.65 0.02 -0.05 455 36 36.0 3887 0.22 2.87
0302245409 3 2 13.0 12.50 0.02 -0.50 454 9 200 1836 015 -1.63
0309645936 3 9 3rz 3671 003 -049 439 36 52.0 5233 033 033
0319245642 3 19 13.8 1371 0.04 -0.09 436 42 3.0 3.88 0.24 0.88
03238+6034 3 23 52.3 5237 0.06 007 <460 34 300 3153 026 153
0337144932 3 37 11.9 12.08 005 018 +49 32 160 15.04 020 -0.96
0346945833 3 46  59.0 58.42 0.02 -0.58 +58 33 230 2308 023 0.08
0352545711 3 52 33.4 3341 0.01  0.01 437 11 45.0 4712 062 212
0355744404 3 55 421 4231 0.01 0.21 +44 4 390 3975 0.07 0.75
0408545347 4 & 305 27.76 0.02 -2.74 453 47 25.0 2456 019 -0.44
0420944800 4 20 587 5891 0.02 021 +48 0 320 3215 016 015
0440243426 4 40 121 1240 001 030 <434 26 43.0 4333 010 033
0447043002 4 47 3.1 291 0.01 -0.19 +30 2 3%9.0 3791 0.09 -1.09
0509144639 3 9.0 9.46 001 046 +46 39 30.0 3001 017 0.01
0514642521 3 14 385 3877 001 027 425 21 49.0 4935 021 035
0520443227 b 20 247 2425 0.01 -045 <432 27 32.0 3074 012 -1.26
0527342019 5 27 195 1992 0.01 042 <420 19 47.0 4586 0.19 -L14
05405+3240 5 40 331 33.26 002 016 432 40 48.0 4844 007 044
0542342905 9 42 189 19.16 001 026 +29 5 54.0 54.93 0.09  0.93
0545242001 5 45 176 17.71 0.01 011 420 1 1.0 1.23  0.08 0.23
0548443521 b 48 255 2336 002 -0.14 +35 21 36.0 3589 006 -0.11
0555241720 5 55 139 1296 0.03 -094 417 20 440 4406 032 0.06
0617043523 G 17 0.2 0.43 001 023 435 23 420 4197 0.27 -0.03
0644740817 6 44 425 41.80 0.01  -0.70 +8 17 18.0 1850 0.12 050
06448+1639 6 44 537 53.93 002 023 416 3% 55.0 54.08 035 -0.92
20523+5302 20 a2 196 19.23 002 -037 +353 2 32,0 3228 0.08 0.28
20532+5554 20 53 15.8 1597 0.03 -0.03 455 54 6.0 4.24 0.08 -1.76
2108645238 21 8§ 392 39.21 005 001 +52 38 40 4641 026 241

2121645536 21 21 37.8  37.70 0.01 -010 +55 36 200 2051 012 051
2137745042 21 3T 469  47.02 0.02 012 +50 42 490 51.72 036 2.72
2141545025 21 41 31.8 31.62 0.05 -0.18 450 25 220 2717 061 5.7
2144944950 21 44  56.2 55.66 001 -0.55 +49 50 8.0 323 032 497
2145345959 21 45 23.1  23.06 0.04 -005 +59 59 330 5244 012 -0.56
2150946234 21 a0 54.5 5447 0.01 -003 462 34 30.0 3062 008 062
2156345630 21 a6 196 19.31 0.08 -0.20 +56 30 28.0 2798 023 -0.02
2224146005 22 24 7.1 6.82 0.06 -0.28 <+60 d 31.0 26.54 0.22 -4.46
2239446930 22 39 276 27.50 0.10 -0.10 +69 30 32.0 3252 065 052
2239445623 22 39 27.7  27.86 0.07 016 +36 23 26.0 2676 0.33 0.76
224666942 22 46  37.1  36.90 0.07 -0.20 +69 42 37.0 3599 040 -1.01
2349146243 23 49 9.1 8.93 0.05 -017 +62 43 7.0  55.43  0.22 -1.57
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TABLE 3. IRAS parameters for the 47 variable stars. From left to right are IRAS name,
Galactic longitude, Galactic latitude, flux density at 12pm, IRAS colours Ci(log(Fa5/F12)),
Cs3(log(Feo/F25)), IRAS variability index and IRAS LRS class if available.

IRASNAME GLO GLA Fia Cia Caza VAR LRS
() (o) (J¥)

0033646744  121.5 5.2 6.373 -0.20 -0.77 65
0045046749  122.7 5.2 8.069 -0.28 -D.77 80
0053446031 1235 -2.1 4.691 -0.20 -0.46 a8
0058945743 124.3 -4.8 4.284 -0.23 -0.73 59
0211745559 1344 -4.8 7.399 -0.04 -0.86 78
0227246327 133.7 2.9 8.261 -0.29 -D.62 95
0243346345 135.2 3.8 20.080 -0.08 -0.85 99 29
02470455636  139.2 -3.2 29.280 -0.20 -0.92 76
(0302245400 141.8 -3.5 11.160  -0.17 -0.87 72 29
0309645936 139.9 L 16.330 -0.21 -0.54 99 14
0319245642  142.6 -0.1 16.880 -0.25 -0.40 99 pe
0323846034 1409 3.5 70.430 -0.27 -0.67 a7 43
0337144932 1488 -4.5 2420 -0.27 -0.62 92
0346945833 1445 36 7.343 -0.26 -0.72 99
0352545711  145.9 3.0 7.132 -0.21 -0.70 99
0355744404  154.8 -6.7 36.300 -0.09 -0.56 99 43
040854-5347  149.9 1.9 20.530 -0.26 -0.78 99 27
0420944800  155.3 -0.9 24,870 -0.11 -0.77 99 27
0440243426  167.7 -7.5 3.394 -0.23 -0.65 73

0447043002 1721 -9.2 5.950 -0.12 -0.73 99
0509144639  161.6 4.4 i7.210 -0.17  -0.77 99 27
0514642521  179.6 -7.1 19.960 -0.22 -D.87 99 29
0520443227 1744 -2.0 23010 -0.17 -0.89 99
0527342019 1854 -7.5 5.242 -0.17 -0.60 99
0540543240 176.6 1.6 196.000 -0.19 -0.57 89 42
0542342905 179.8 0.1 49.810 -0.10 -0.57 99 29

0545242001  187.9 -4.1 15.740 -0.21 -0.69 99 15
0548443521 175.1 4.4 B.001 -0.29 -0.55 99
0555241720 191.4 -3.4 8.673 -0.10 -0.72 99
0617043523 177.9 9.5 22.840 -0.20 -0.91 90 28
0644740817  205.1 29 21.250 -0.28 -0.65 83
0644841639  197.7 6.7 5.756 -0.30 -0.58 97
2052345302 91.8 54 11.070 -0.09 -0.70 o7
2053245554 94.1 7.1 58.530 -0.12 -0.63 99 42

2108645238 93.1 3.3 54320 -0.28 -0.69 94 14
2121645536 96.6 4.0 11.410 -0.19 -0.69 51 29

2137745042 95.0 -1.2 94.400 -0.20 -0.95 09 13
2141545025 95.3 -1.8 8.293 -0.21 -0.63 93

2144944950 95.3 -2.6 67.070 -018 -0.71 68 42
2145345959  101.9 4.1 24380 -0.11 -0.69 8 23
2150946234 104.0 6.7 23.990 -0.22 -0.72 96 27
2156345630 100.8 1.5 84300 -0.21 -0.66 99 26
2224146005 105.8 2.4 181500 -0.23 -0.62 52 41
2239446930 112.0 9.7 3.606 -0.26 -0.71 80

2235445623  105.7 -1.8 6.833 -0.26 -0.67 &3

2246646942  112.7 9.6 16.180 -0.19 -0.79 a1 29

2349146243 116.2 0.9  40.610 -0.27 -0.48 04 43
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TABLE 4. Positions for three non-variable stars. The columns are the same as Table 2.

IRASNAME o o als) afs) eolo) Aa & & &' 8"y e(8) Ab
(h) (m) (R) (Op) (s) (s) (o) () (IR) (Op) (M) ("
0624141025 6 24 6.7 5.92 001 0.22 410 25 41.0  40.44 0.26 -0.56

0636440450 i 36 272 2746 001 026 44 50 270 2972 045 272
2210345120 22 10 200 2022 0.05 022 451 20 120 1199 043 -0.01

TABLE 5. IRAS parameters for the 3 non-variable stars. The columns are the same as
Table 3.

IRASNAME GLO GLA Fi2 Ciz ©Caa VAR LRS
(o) (o) (Iy)

0624141025 2009 -0.6 37120 -0.26 -0.84 99 29
0636440450  207.3 -0.5 6.633 -0.27 -0.57 95
2210345120 99.4 -3.9 15.780 -0.20 -0.73 92 29

TABLE 6. IRAS parameters for the 9 associations with nebulosity. The columns are the
same as Table 3.

IRASNAME GLO GLA Fin Cua G VAR LRS
(o) (o) (J¥)

0055446524  123.7 2.8 4574 029 111 95
0103645924 1249 -3.1 3693 010 1.32 T
0257046028 138.2 L7 4.823 0.23 098

0335345550 144.9 0.5 3.721 022 1.26 a3
0628341028  201.3 0.3 35.000 0.29 022 83 a0
2104645110 91.6 2.7 7.183 0.21 1.12 99
2138145000 94.6 -1.8 114.200 0.28 023 7 32
2245146154  109.0 2.7 5910 014 121 99

2350746230 116.3 0.7 9.288 0.22 1.05 96 14




CHAPTER IV. OPTICAL IDENTIFICATION 102

TABLE 7. IRAS parameters for the 46 unidentified sources. The columns are the same as
Table 3.

IRASNAME GLO GLA Fia Ciz Caa VAR LRS
(o) (o) (I¥)

0007046503  118.6 2.8 4203 022 121 a7
01557457568 131.8 -3.5 5.236 -0.24 -0.60 71
02173+6322 132.7 2.5 9.849 -0.07 -0.59 99
0240845438 138.6 -4.2 11.700  0.25 -0.46 83

0253545555 1399 -2.6 11.850 -0.26 -0.59 93 15
0307846046  139.2 26 13640 0.05 -0.53 69 13
0320646521 138.0 7.3 95.760 0.14 -0.35 98 34
0329346038 141.5 39 46200 -0.23 -0.69 99 43
0330145658 143.6 1.0 15120 -0.01 -0.39 99 43
(0331346058 141.5 4.3  30.870 015 -0.46 50 22
0338545927 143.1 3.6 59410 -0.21 -0.77 99 42
0343445818 1443 3.1 4199 -0.11 -0.61 82

0344844432 1529 -7.6 130,300 -0.14 -0.63 a9 42
0425445255  152.3 31 3124 -0.15 -0.44 a7

0425644435 158.3 -2.7 14260 -0.24 -0.59 a9

0434044623 158.0 -0.4 38600 -0.09 -0.538 95 42

0513144530 163.0 4.3  27.800 024 -0.52 99 42
0601240726  200.8 -7.0  319.600 -0.15 -061 81 22
0606942142  189.0 1.1 7.740  0.25 0.16 79

06181+0406  205.8 -49 35280 -0.04 -0.63 99 23
0624242830 184.9 7.8 17.770  -0.20 -0.66 99 14
204794-5336 91.8 6.3 5.085 -0.02 -D.81 99
2112244900 90.9 0.4 14.430  0.06 -0.53 93 13
2114745110 92.7 1.6 656.610 -0.14 -0.60 87 42
2122345114 93.6 0.8 69.980 -0.16 -0.40 81 42
2126945030 93.6 -0.2 4459 -0.07 -0.39 96
2129044919 93.0 -1.3 5.373 -0.20 -0.63 a3
2129745251 935.5 1.2 7.985 -0.30 -0.70 91

2144445053 95.9 -18  17.160 -0.04 -0.67 98 43
2148545301 97.8 -0.6 110900 -0.07 -0.54 99 42

2153345844 101.9 3.5 7.298 -0.22 -0.65 93
2204546306  105.6 6.2 11.6%0 0.06 -0.63 97
2213045634  102.7 0.2 10,960  0.08 -047 99
2214745948 104.7 2.8 3418 0.22 1.25 99

2217745936 104.9 24 123.200 0.27 -040 82 38
2222445736 1044 0.4 3215 017 1.32 92
2236745537 105.1 -23 10170 -0.22 -0.72 81

2303045719 109.1 -2.4 14.430 -0.25 -0.73 93
23183+6151  112.5 1.1 8.106 -0.27 -0.48 a7
2336146437 115.3 3.1 4075 0.03 -0.54 T4
2338046529 115.8 3.9 10.180 -0.22 -0.57 79
23516+6430 116.9 2.6 41.600 -0.12  -0.56 TG 14

2350246228 117.3 0.4 23.180 -0.16 -0.38 79 14
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TABLE 8. Statistics on the number of different LRS classes of the sources in Fig.IV.7.

LRS classes 2n 1o 4n

variable and non-variable stars 13 5 a
unidentification 3 3 B
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ABSTRACT

Near infrared imaging and photometric observations at J, H and K (or K') bands were
performed toward 95 TRAS sources in the outer disk of the Galaxy, most of which had been
searched for SiO maser emission and are candidates for variable late-type stars with cold
circumstellar envelopes. Low resolution optical spectroscopic observations were made to 19
stars of them for classifying the spectral types. Thirty-eight of them, for which there are no
counterparts found at I band brighter than 19mag, were taken near infrared images for iden-
tification. All are identified in the near-infrared brighter than 16 mag at K’ band except two
that could be in the faint phase of variation when observed. So most of the IRAS late-type
stars perhaps have a near-infrared counterpart although many have no optical counterpart.
In the near-infrared color-color diagram, the stars with O-rich and C-rich circumstellar en-
velopes(CSEs) are separated from each other. The stars with C-rich CSE are redder than
those with O-rich CSE in general but there are three very red stars in this sample being SiO
maser sources, i.e. with O-rich CSE. By combining the near-infrared colors and infrared spec-
tral energy distribution shapes, the two types of circumstellar envelopes are discriminated.
48 percent are stars with C-rich CSE in the entire sample and the number ratios of C-rich
to O-rich stars are 14:43 and 32:6 for the optically identified and unidentified groups respec-
tively. This indicates an increasing proportion of C-rich stars with galacto-centric distance
and stellar evolutionary stage. The result is applied to explain the low detection rate of SiO
maser emission in a physically similar and bigger-scale sample in the outer disk of the Galaxy.
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V.1. Introduction

The InfraRed Astronomical Satellite (IRAS) surveyed about 96 percent of the sky in bands
centered at 12, 25, 60 and 100pm. More than 250,000 point sources were detected and
their flux densities and positions are listed in IRAS Point Source Catalogue (IRAS PSC)
(Beichman et al. 1988). About 70,000 of the IRAS PSC sources are associated with objects
in astronomical catalogues. In the IRAS PSC sources, a large population are Asymptotic
Giant Branch(AGB) stars that are low- and intermediate-mass stars losing mass in the late
stage of evolution. The AGB star is embedded in the cold gas/dust circumstellar envelope
which absorbs the light from stellar photosphere and re-emit in infrared. IRAS measured
their flux densities at four bands and took Low Resolution Spectrum (LRS) ranging from 7
to 23 pm for some sources bright at 12um. However, the sources of different types can have
the same IRAS colors and even show very similar profiles in LRS (see e.g. Noguchi et al.
1993). More observations are necessary to clarify their nature.

‘We observed 35 IRAS PSC sources whose IRAS colors are of late-type stars. The sources
are picked up according to the following criteria. First, they are confined to be in the second
quadrant, of the Galactic plane, i.e. 90° <! < 180° and |b| < 10°. Second, the IRAS colors
are as —0.3 < Cj2 < 0.3 and Caz < —0.4 (where Cjs = logig (Fas/F12), Caz = logig (Fgo/Fas)
and F) is the flux density at ). These sources are mostly in the IIIa and IIIb regions of the
IRAS color-color diagram divided by van der Veen & Habing(1988) (hereafter VH). The study
of IRAS PSC sources by VH concluded that these are variable stars with evolved and/or thick
O-rich circumstellar shells. But some IRAS LRS 4n sources that exhibit SiC features have
similar colors, the stars with thick C-rich circumstellar shells may be included in the sample
besides the stars with O-rich CSEs. Third, the IRAS variability index (cf. Beichman et al.
1988) is > 50. Fourth, Fy2 > 3Jy. The sources satisfying the third and fourth criterion are
variable within the accuracy of IRAS photometry. There are 92 sources complying with the
above criteria. Seventy-eight of them are included in the present observations and 14 (6 M-
type, 3 C-type and 5 unknown) are not due to observational restrictions. Instead additional
17 sources (9 M-type, 4 C-type and 4 unknown), which slightly deviate from the above criteria
such as in the third quadrant of the Galaxy other than in the second, are complemented.
The sources consist an almost unbiased subsample of IRAS PSC sources in selected IRAS
color ranges in the Galactic outer disk. They are very possibly variable stars in the AGB
evolutionary stage.

Optical identification of these sources was already made by using the 105¢cm Schmidt
telescope with a CCD detector at Kiso Observatory, The University of Tokyo (Chapter IV).
The optical counterparts were looked out based on the coincidences with IRAS observations
in three aspects, i.e. position, color and light variation. 48 sources were identified as optically
variable stars and 40 sources were un-identified. According to the optical identifications, a
star with C-rich CSE tends to be more optically thick than a star with O-rich CSE of the same
IRAS colors and thus is less likely to have an optical counterpart. So more C-rich stars are
suspected to be included in the optically unidentified group than in the optically identified.
But it is difficult to tell whether a CSE is C-rich or O-rich from available optical and TRAS
data. Near-infrared observations would be helpful to investigate their specific nature. Here
we report the results of observations mainly in near-infrared.
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V.2. Observations
V.2.1. Near-infrared imaging observation and data reduction

The Near-InfraRed (NIR) imaging observations were carried out on November 08-12, 1995,
The NIR detector OASIS with a 256x256 NICMOS3 array(Yamashita et al. 1994) was
attached at the Cassegrain focus of the 188cm telescope at Okayama Astrophysical Observa-
tory(OAQ). The field of view was about 4.2'x4.2". Because of strong background radiation
in NIR, every imaging frame was exposed for no longer than 60s, 158 and 10s at J, H and
K'(cutoff at 2.2um) bands respectively. In order to improve the detection limit and to avoid
the effect of bad pixels, 9 frames were taken for every source at each band by shifting the
center position of image little by little. The observations were as deep as 18mag, 1Tmag and
16mag at J, H and K’ bands respectively at 50 level. The atmospheric seeing varied from 1”
through 2.5".

The NIR images were at first corrected for dark current. Since the NIR sky background is
bright and varies in sites and with time of observation, the flat field correction was performed
individually for each object at each band by combining the 9 frames. But when the object
(e.g. the standard star) was so bright to cause saturation in array pixels, the observation had
to be done by defocusing so that caused unflatness by the artificially extended morphology.
In such case, the flat field extracted from the context sources was adopted.

FPlate scale and rotation angle

Because the field of view of OASIS is about 4.2 arcmin square and there are usually less
than 4 stars listed in HST-GSC catalogue(Russel et al. 1990) in a so small area, the method
used for the optical identification(Paper 1), i.e. to take stars in the same frame listed in
HST-GSC catalogue as position references, can not be fulfilled of conditions. So the plate
scale and rotation angle of OASIS are first determined in order to calculate the equatorial
positions of the NIR counterparts from their array coordinates.

Five fields inside which there are more than 5 reference stars in the HST GSC catalogue
taken in different nights are selected for calculating the plate scale and rotation angle. The
equatorial coordinates (e, 8) of the reference stars are extracted from the HST-GSC catalogue.
The positions at OASIS imaging frames (x,y) are measured by the IRAF package. From
such measurements it is possible to fit the transformations between pixel and equatorial
coordinates (Hunt et al. 1996). The results of the linear fit give the plate scales in the array
z— and y—axis, as well as the coupling between the two directions. If (A, Ad) are the
offsets in equatorial coordinates with respect to some reference point, then the coefficients
C11,C2, Ca1, Cys in following equations are obtained:

A= Cl]-"': + Cuy + OQ(E]

Ab = Cnz + Cry + 05(2)

With neglecting the second order terms, the coefficients are derived for each of the five
fields and the results follow as:

Ch1 = —0.969(+0.004): Cy2 = 0.006(=£0.008)

Cy1 = 0.007(20.004); Cas = 0.957(0.001)

So the plate scales along the a- and é- axis. the angle between the x-axis and the negative-



CHAPTER V. NEAR-IR OBSERVATION AND OPTICAL SPECTROSCOPY 108

RA axis are then drawn from the relations between the coefficients:

Sa = (Cfy + Chp)/?

ss = (C3, + CH)'/?

tan(w,) = (C12/C11 — C21/C22)/2

The results are s, = 0.969" & 0.004/pixel. 55 = 0.957" £ 0.001/pixel and w, = —0.325° =
0.307. The quite small standard deviations from the five fields indicate the stability of the
telescope system.

Calculation of the positions of NIR counterparts

These results are applied to derive the equatorial coordinates of the other objects for
which there are not enough position-reference stars. One reference star, whose equatorial
coordinates can be extracted from HST-GSC, is measured the coordinates in an OASIS
frame. Then according to above formula, the corresponding position in the same frame of
the IRAS PSC object is calculated by the known offsets of the object from the reference
star in equatorial coordinates. Hereafter the NIR identification is made easily because these
objects are so red that they are much brighter at K’ band than at J band. After its IRAS
PSC position in the imaging frame is determined, the object can be recognized by eyes. Once
the NIR counterpart is fixed, the offsets in equatorial coordinates from the reference star
are transformed from its offsets in the imaging frame coordinates. The uncertainty of this
method mainly originates from the measurement of coordinates of stars in the imaging frame,
which is about 0.5 pixel or 0.5".

Results

Thirty-eight stars are found to have NIR counterparts at K’ band and their equatorial
coordinates are derived in the way discussed in previous section. The average offsets from
IRAS PSC positions are 0.52"(%5.08") in Right Ascension and 1.73"(£3.30"”) in Declination
which are on the similar magnitude of optical identifications (Chapter IV). There are still
2 sources for which identifications could not be figured out: TRAS 0240845458 and IRAS
22045+6306. However, they are not peculiar in that they are brighter than 10Jy at 12um with
IRAS colors of late-type stars. Since the stars were chosen to be variables by IRAS variability
index and some of then were confirmed variable by the optically identified stars(Chapter IV),
these two sources were probably at a so faint phase of light variation when observed that they
could not been detected at the observational sensitivity. They may be identified in brighter
phase. On basis of this NIR identification, IRAS late-type stars with Fy» > 3 Jy are mostly
(98% in this sample) brighter than 16mag at K’ band.

In Table 1 we list the positions of NIR identified counterparts and the offsets from IRAS
PSC peositions in epoch of 1950.0. Column 1 gives the IRAS PSC name. Columus 2, 3 and 4
are right ascension « in sequence of hour, minute and second of IRAS PSC position. Column
5 is the second part of a of NIR counterpart. Column 6 gives the offset of NIR o to IRAS
e as @(NIR) - a(IRAS) in unit of second. Columns 7 to 11 are the same as columns 2 to 6
but for declination ¢ and in angular units. Each identification chart. centering on the NIR
counterpart with size of 2'x 2'. is shown in Fig.V.1 with north up and east to the left. In
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TABLE 1. Positions of NIR identified counterparts.

IRASNAME a a afs) afs) Aa & & (") 8(") Adb
(h) (m) (IRAS) (NIR) (s) (¢) (') (IRAS) (NIR) (")
0012745437 0 12 44.6 45.3 0.7 o4 37 35.0 42.5 7.9
0155745759 1 33 43.7 434  -0.3 57 59 42.0 42.8 0.8
0217346322 2 17 221 21.7 04 63 22 33.0 36.2 1.2
0253545555 2 53 32:7T 32.5 -0.2 55 52 14.0 14.1 0.1
0307846046 3 7 52.1 52.3 0.2 60 46 4.0 4.7 0.7
0320646521 3 20 41.6 41.8 0.2 63 21 31.0 324 1.4
0329346038 k] 29 21.6 21.7 0.1 60 38 20.0 214 1.4
0330145658 3 30 11.4 11.4 0.0 56 58 42.0 43.0 1.0
0331346058 3 31 20.0 20.8 0.8 60 a8 49.0 52.8 3.8
0338545927 3 38 34.1 33.1 -1.0 59 27 30.0 279 -21
0343445818 3 43 26.5 27.2 0.5 o8 18 52.0 56.4 1.4
(3448+4432 3 44 49.2 47.5 -1.7 1 32 al1.0 1.6 13.6
0425445255 4 25 249 25.3 0.4 52 33 43.0 46.0 1.0
0425644435 4 25 38.1 353.0 -0.1 +1 s 33.0 33.2 0.3
0434044623 4 34 1.2 2.8 1.6 46 23 27.0 32.4 3.4
0513144530 5 13 6.6 7.0 0.4 43 30 48.0 49.6 1.6
0528441945 3 28 27.2 275 0.3 19 45 8.0 8.0 0.0
0601240726 6 1 17.1 17.8 0.7 7 26 3.0 24 -06
0618140406 6 18 7.3 7.1 -0.2 4 6 36.0 33.7 -23
0624242830 6 24 15.2 15.3 0.1 28 30 20.0 130 -1.0
20479+35336 20 47 54.4 54.4 0.0 a3 36 49.0 2.6 3.6
2112244900 21 12 16.3 16.5 0.2 49 1] 17.0 20.5 3.5
2114745110 21 14 45.8 46.0 0.2 a1 10 2.0 12.5 7.5
2122345114 21 22 21.7 215 -0.2 51 14 3.0 43 -0.7
2126945030 21 26 59.8 0.1 0.3 50 30 23.0 24.8 1.8
2129044919 21 29 3.0 26 -04 49 19 37.0 3.7 -2.3
2129745251 21 29 42.8 42.7 -0.1 22 al 35.0 35.5 0.5
2144445053 21 44 26.8 26.9 0.1 50 33 33.0 34.8 1.8
2148945301 21 48 99.2 59.2 0.0 a3 1 23.0 23.4 0.4
21533+5844 21 53 20.2 20,0 0.2 58 44 52.0 51.8 -0.2
22130+5634 22 13 0.4 0.4 0.0 o6 34 20.0 21.4 1.4
2217745936 22 17 43.1 43.0 -01 59 36 16.0 16.4 0.4
2236745537 22 36 46.9 47.1 0.2 55 37 58.0 2.5 4.5
2303045719 23 3 4.3 4.1 -0.1 5T 19 17.0 17.7 0.7
2318346151 23 18 23.4 233 0.1 61 3l 45.0 45.0 0.0
2338946520 23 38 59.6 0.2 0.6 65 29 35.0 3.2 8.2
2351646430 23 51 41.8 41.4 -0.4 G4 30 48.0 459 -1.1

23592+6228 23 59 12.2 120 -0.2 62 . 23 16.0 136 -24
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order to show the color of the identified counterpart directly, the OASIS images at both J
and K’ bands (in case that K’ band image is defocused, H band image replaces) are presented
with the filter type labelled in the up-right corner. The NIR counterpart, or the position
where the NIR counterpart should be is labelled by two bars. At the upper-left of the chart
is the IRAS PSC name.

V.2.2. Near infrared photometry

Observation and data reduction

While the OASIS array imagings were aiming at the identification as described above, they
were also used to measure the brightness of objects at JHK' bands. Besides the imaging ob-
servation at OAQ, some more photoelectric observation at JHK bands was done at XingLong
observational station, Beijing Astronomical Observatory(BAO). By using the InSb detector
attached to the 1.26m infrared telescope. 37 sources brighter than 8 mag at K band were
detected on October 26 and 29, 1995.

For the BAO data, correction for the atmospheric absorption was made by comparing
the object with a standard star which was located at close position. The accuracy is about
0.1mag. While during the OAO observations, several standard stars in the Elias list (Elias
et al. 1982), ranging the zenith of program stars, were used to correct for atmospheric
absorption. The following equation of instrumental magnitude m;, and standard magnitude
m, is solved for the observational data of standard stars:

myx =myy — kx* X + 2
where ky, X, and Z, are the atmospheric absorption coefficient, airmass and instrumental
zero point at A.

The parameters were calculated by interactive fitting to ky and Z, simultaneously night
by night except that of Nov. 10. Because only the late half night of Nov. 10 was fine
for observations and only three calibration observations were made in that run. So the
instrumental zero point was fixed based on its stability of about 0.05mag during the other
4 nights, then only the atmospheric absorption coefficient was independently calculated.
The results with standard deviations are shown in table 2. The atmospheric absorption
coefficients changed from night to night and the instrumental zero point was stable at the

TABLE 2. Atmospheric absorption coefficients and instrumental zero points for OAQO

OASIS observations.
Nov08 Nov09 NovlDd Novll Novl2
| 0.086+0.069 0.153840.004 0.3154+0.043 0.24310.065 0.16420.047
Z; 5.95940.088 5.896%0.117 5.950 5.91240.077  6.015£0.060
ku 0.14240.082 0.057+£0.000 0.2604+0.027 0.114x0.049 0.109+£0.042
Zy  5.913+£0.109 6.017+0.113 5.950 6.02040.058 6.043+0.054
kyr  0.14040.117  0.15140.086 0.231+0.010 0.191+0.077  0.184+£0.043
Zgr 6.54140.153 6.505+0.108 6.040 6.542+0.093 6.541+0.054
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outer cutoff (only 1kpc beyond the solar circle) of the disk AGB stars. Later Jura et al.(1989)
found there are C-rich AGB stars in further area and concluded that the cutoff may be only
applicable to O-rich AGBs. However, one very red SiO maser source. IRAS05284+1945 is
located at further than 9kpc (cf. Table 3) away from the sun according to the distance
estimation from IRAS colors and flux. So it is doubtful if such cutoff exists and where is the
spatial boundary of AGB stars if it exists.
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TaBLE 3. Photometric results in NIR and by IRAS
IRASNAME K  erK JK  e(JK) HEK er(HK) Fi2 Ca Cu CSE  Dikpe)
0012745437 4.747  0.013 2.921 0.016 1.202 0.015 53.970 -0.15 -0.86 O 1.332
00336+6744  4.821 0.009 1.605 0.012 0.699 0.011 6.373 -0.20 -0.77 O 3.350
0045946749 4.554 0.012 2.000 0.020 0.872 0.015 8.069 -0.28. -0.77 O 2.257
0053446031 5.230 0100 1.580 0.150 0.520 0.150 4.691 -0.20 -0.46 O 3.904
0058945743 4.560 0100 2.230 0.150 0.530 0.130 4.284 -0.23  -0.73 O 3.689
0155745759 8459 0.016 5.165 0.024 2.430 0.027 5.236 -0.24  -0.60 C: 7.398
0217346322 8.069 0.004 5.160 0.020 2.368 0.040 9.849 -0.07  -0.39 C: 5.450
0227246327 6.740 0.100 1.500 0.150 1.560 0.150 8.261 -0.29 -0.62 O: 5.792
0243346345 4.320 0004 2.313 0.014 0.986 0.014 20,080  -0.08 -0.85 0 2.746
024694-5646 2.410 0.100 1.800 0.150 0.510 0.150 90.580 -0.06 -0.72 O 1.367
0247045536 4313 0.006 2.312 0.026 1.015 0.011 20.280 -0.20 -0.92 O 1.563
0253545555 8.628 0.008 5.368 0.053 2.412 0.044 11.850 -0.26 -0.59 C: 4.893
0302245409 5172 0.009 2.140 0.028 0.867 0.011 11.160 -0.17 -0.87 O 2.796
0307846046 11.670 0.037 6.33L s 4.04 0.105 13.640 003 -0.53 C: 4.633
0309645936 6.077 0.012 4.720 0.076 2.096 0.013 16.330 -0.21  -0.54 c 4.209
0319245642 4804 0.018 4.097 0.027 1.712 0.019 16.880 -0.25 -0.40 C 4.111
0320646521 9.396 0.017 8.291 0.136 3.670 0.030 95.760 0.14 -0.53 18] 1.933
0323846034 5.277 0.011 4.733 0.019 2.096 0.016 70.430 -0.27 -0.67 C 2.001
0329346038 9.013 0.010 6.212 0.031 2.857 0.021 46.200 -0.23 -0.69 C 2.495
0330145658 10.386 0.023 6.915 0.081 3.360 0.051 15.120 -0.01 -0.59 C 4.400
0331346058 15.640 0.140 2.36L res 1.36L “s's 30.870 0.15 -0.46 C 3.080
0337144932 9.488 (0.049 4.718 0.062 2.251 0.069 2.420 -0.27 -0.62 C: 7.212
0338545927 T7.689 0.004 5.600 0.023 2.768 0.040 59.410 -0.21 077 C 2.206
0343445818 B.688 0.012 2.610 0.028 1.441 0.027 4.199 -0.11  -0.61 OF 5.503
0344844432 8459 0.002 5.998 0.050 3.054 0.068 130.300 -0.14 -0.63 C 1.497
(1346945833 5410 0.100 1.410 0.150 0.540 0.130 T.343 -0.26  -0.72 O 2.539
0351344827 3.480 0.100 2.520 0.150 0.940 0.130 18.630 -0.26 -0.74 O 1.593
0352545711 4.620 0.100 1.700 0.150 0.460 0.150 7.132 -0.21  -0.70 O 3.061
0355744404 7.804 0.000 5.700 0.049 2.648 0.039 36.300 -0.09 -0.56 C 2.838
0357245509 2.740 0.100 2.340 0.150 0.530 0.150 45.330 -0.12 -0.81 O 1.625
04085+5347 3474 0015 1712 0.017 0.704 0.016 29.530 -0.26 -0.78 (9] 1.266
0420944800 4.304 0.007 2.771 0.017 1.140 0.011 24.870 -0.11  -0.77 0 2.261
0425445255  12.980 0.047 6.02L e 3.58 0.200 3.124 -0.13  -0.44 C: 9.662
0425644435 10.209 0.046 G6.672 (0.098 3.451 0.093 14.260 -0.24 -0.59 C: 4.483
0434044623 8735 0.012 6921 0.036 3.173 0.022 8600 -0.09 -0.38 C 2.753
0440243426 4902 0.013 1.914 0.019 0.733 0.013 3.394 -0.23  -0.65 O 4.145
0447043002 5.352 0.005 1.710 0.011 0.699 0.008 5.950 -0.12 -0.73 Q 4.485
0509144639 3.629 0.016 1.578 0.024 0.698 0.016 17.210 -0.17 -0.77 O 2,252
0513144530 5.602 0.007 5.575 0.025 2.376 0.007 27.800 0.24 -0.52 c* 3.245
0514642521 4.790 0.100 2.100 0.150 0.920 0.150 19.960  -0.22 -0.87 O 1.769
0520443227 5.204 0.009 2.531 0.017 0.967 0.012 23.010 -0.17 -0.89 O: 1.947
0528441945 10.500 0.073 7.50L view 4.01 0.080 4,174 0.33 -043 O 9.817
0532542351 3.100 0.100 2.810 0.150 0.640 0.150 25.510 -0.34 -0.72 (8] 1.024
0535442458 0.340  0.100 2.180 0.150 0.580 0.150 104.200 -0.25 -0.70 O 0.698
0536743736 1.4530 0.100 1.380 0.150 0.560 0.150 134.000 -0.28 -0.84 O 0.517
0536842841 2,310 0.100 1.050 0.150 0.630 0.130 31.350 -0.32 -0.65 O 0.993
0538443854 0.57 0.100 0.730 0.150 0.260 0.150 61.430 -040 -0.69 8] 0.530
0540543240 6.322 0.010 6.017 0.020 2.758 0.013 196.000 -0.19 -0.57 C 1.217
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V.2.3. Optical spectroscopy

All the sources were searched for SiO maser emission except the IRAS LRS 4n sources
which are possibly with C-rich circumstellar shells. The observational results are reported in
a separate paper(Chapter II). Since the SiO masers are from O-rich CSEs. they have O-rich
CSE in spite that there are a small number of S stars with SiO maser emission. In order
to unveil the SiO non-detections, spectra were taken of 19 sources brighter than 15 mag at
I band at XingLong observational station. Beijing Astronomical Observatory by using the
UNIVERSAL spectrograph at the Cassegrain focus of the 2.16m telescope on October 24, 25
and 26, 1995. The 1024 x 1024 CCD detector was used with a grating resulting in a dispersion
of 193A/mm and a wavelength coverage from about 4900A to 9200A. The weather was fine
and atmospheric seeing was about 2-2.5”. The width of slit was chosen as 3” to match the
seeing. All the spectra were corrected for bias and flat-field, transformed to linear wavelength
and, with the help of observed flux standard star, calibrated to absolute flux. Based on the
presence of CN bands at 7945, 8125 and 8320A or TiO band at 7667A, the objects are
classified into C-type or M-type stars. The M-type stars are further sub-classified according
to the absorption depth of VO group around 7900A and with reference to the standard stars
for MS classification in the same wavelength range by Lundgren(1989). The sub-classification
is about 1 sub-type uncertain. The C-type stars are not further divided into sub-classes. No
attempt is made to clarify their luminosity classes because spectral resolution is low and all
the atomic lines are blended with ubiquitous molecular bands. As can be seen from table 4,
all the 8 SiO maser sources are late M-type stars. In the SiO non-detection sources, 4 are
C-type stars and 7 are late M-type stars. The spectra of 4 C-type stars and. as an example,
of 1 M-type star are shown in Fig.V.2 with their IRAS PSC names and prominent molecular
bands. Only the part of spectra from 6000A to 9000A is presented because the stars are very
faint at the shortward of 6000A.

V.3. Discussion

V.3.1. Discriminations of stars with C-rich and O-rich CSEs

It has been known that there are two groups of red giants. M-type and C-type. both char-
acterised by strong molecular absorption bands in red spectral region. A similar dichotomy
also exists in stellar CSE with silicate or carbonaceous dust. We divided the CSE of some
stars in our sample into C-rich and O-rich groups based on three kinds of observations. First
is the observations in molecular lines. Molecular maser or thermal emissions are found abun-
dant in late-type stars. OH, SiO, H20 maser lines are detected in O-rich CSEs and HCN line
in C-rich CSEs(cf. Bujarrabal 1994). The sources detected in SiO maser lines (Chapter II)
are classified as O-rich and sources detected in HCN lines(Loup et al. 1993) are classified as
C-rich. Second is the mid-infrared IRAS LRS spectra(Olnon et al. 1986). The LRS 2n and
3n sources exhibiting silicate feature at 9.7um are classified as O-rich and LRS 4n sources
with SiC feature at 11.3um as C-rich. In our sample. an LRS 2n source is classified as O-rich
only when its LRS class is >25 if no SiO maser emission was detected. Third is the optical
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TABLE 3. (continued)
IRASNAME K ertK JJK  err(J-K) H-K  err(H-K) Fia Cia Caa CSE  D(kpc)
(542342905 2.808 0.010 2.320 0.015 1.015 0.011 49.810 -0.10 -0.57 O 1.646
0544342707 2.840 0.100 1.060 0.150 0.820 0.150 19.680 -0.33 -0.83 O 1.208
0545242001 6.194 0.000 4.565 0.044 1.981 0.001 15.740 -0.21 -0.69 G 4,287
0548443521 7.218 0.003 4.278 0.021 1.934 0.015 8.001 -0.29 -0.55 C: 5.886
0535241720 5402 0.006 2.651 0.017 1.116 0.012 8.673 -0.10  -0.72 0] 3.944
0555943825 3.420 0.100 - 2.130 0.150 0.970 0.150 117.800 -0.23 -0.87 0 0.704
0601240726 6.207 0.010 7.194 0.055 3.180 0.011 319.600 -0.15 -0.61 C 0.955
0617043523 5.086 0.004 2.883 0.011 1.183 0.008 22840 -0.20 -0.91 0] 1.769
0618140406 11.390 0.020 6.61L es 3.760 0.030 35.280 -0.04 -0.63 C: 2.880
0624242830 11.422 0008 5.001 0.053 2.303 0.033 17.770 -0.20 -0.66 & 4.039
06346+1444 3.600 0.100 1.250 0.150 0.450 0.150 16.100 -0.19 -0.68 O 2,179
0644740817 7.050 0,010 5.161 0.050 2.346 0.011 21.250 -0.28 -0.65 C: 3.628
0644841639 6.741 0.024 3.657 0.034 1.647 0.025 5.756 -0.30 -0.58 C 6.901
2047945336 7.481 0.020 3.633 0.022 1.446 0.021 5.085 -0.02  -0.81 O 6.388
2108645238 1.880 0.100 2.850 0.150 0.890 0.150 54.320 -0.28 -0.69 0] 0.870
2112244900 12.770 0.027 6.23L v 3.22 0.150 14.430 0.06 -0.53 C: 4.508
2114745110 7.882 0.012 7.054 0.027 3.217 0.021 65.610 -0.14 -0.60 L & 2.109
2121645536 4500 0.100 1.730 0.150 0.760 0.150 11.410 -0.19 -0.69 8] 2.989
2122345114 T.423 0.001 6.012 0.046 2.785 0.052 69.980 -0.16 -0.40 C 2.041
2126945030 12.267 0.027 5.202 0.192 2.469 0.056 4.459 -0.07 -0.39 C: 8.100
21290+4919  9.586  0.040 5.965 0.087 2.486 0.079 3.37%  -0.20 -0.63 C: 7.343
2129745251 8.763 0.025 5.915 0.041 2.727 0.041 7.985 -0.30 -0.70 C: 5.859
2134145101 2.740 0.100 1.870 0.150 0.480 0.130 24.830 -0.27  -0.77 O 1.333
21377+5042 4407 0.012 4.596 0.021 1.981 0.015 94,490 -0.20 -0.95 C 1.751
214154-5025 3.036 0.008 1.475 0.013 0.541 0.011 8.293 -0.21  -0.63 0 2.839
21444450563 6.115 0.006 3.796 0.038 1.790 0.006 17.160  -0.0¢ -0.67 C 4.130
2144944950 6.168 0.011 5.348 0.028 2475 0.013 67.070 -0.18 -0.71 C 2.082
2145345959 5.880 0.100 1.560 0.150 1.320 0.150 24.380 -0.11  -0.69 (8] 2.284
2148945301 8.506 0.006 6.698 0.037 3.138 0.030 110,200 -0.07 -0.54 C 1.624
2150946234 3470 0.100 1.900 0.150 0.360 0.150 23.990 -0.22 -0.72 O 1.613
2152246018 3.150 0.100 1.830 0.150 0.760 0.150 13.200 -0.28 -0.78 O 1.7569
21533+5844 8.526 0.006 5.307 0.047 2.571 0.074 7.208 -0.22  -0.65 C: G.287
2156345630 1.655 0.019 1.899 0.019 0.755 0.022 84.300 -0.21 -0.66 O 0.890
2210345120 5.390  0.100 1.870 0.150 1.230 0.130 15.780 -0.20 -0.73 O 2.129
2213045634 13.180 0.073 4.82L v 3.82L e 10.960 0.08 -047 C 5.169
2217745936 5.920 0.007 8.450 0.077 3.618 0.014 123.200 0.27 -0.40 O 1.815
2224146005 4.114 0.006 5.366 (0.036 2.396 0.012 181.500 -0.23 -0.62 C 1.259
2236745537 2426 0.006 5438 0.067 2.386 0.062 10.170 -0.22 -0.72 C: 5.326
2239445623 3.730 0.100 0.930 0.150 0.550 0.150 6.833 -0.26 -0.67 O 2.632
2239446930 4.804 0.000 2.211 0.018 0.887 0.007 5.606 -0.26 -0.71 (6] 2.906
2246646942 3.760  0.007 1.649 0.009 0.671 0.011 16.180 -0.19 -0.79 O 2174
2303043719 8.539 0.012 6.106 0.054 2.847 0.064 14.430 -0.25 -0.73 C: 4. 446
2318346151 7.629 0.020 4.887 0.052 2.543 0.105 8.106 -0.27  -0.48 C: 5.887
2338946520 8238 0.005 5.936 0.121 2.508 0.047 10.180 -0.22 -0.37 c: 5.324
23491+6243 5.856 0.019 5.361 0.025 2.424 0.025 40.610 -0.27 -0.48 C 2.635
23516+6430 0477 0.035 6.338 0.071 3.033 0.068 41.600 -0.12  -0.56 C: 2.650
2359246228 9.830 0.054 6.249 0.130 3.030 0.085 23.180 -0.16 -0.38 C: 3.546

*e.f. Section 3.3 for discussion on the C-rich or O-rich nature of this object.
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Fig. V.2.
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TABLE 4. Spectral classes of 19 stars

IRASNAME  S5i0* Spectral Type

0033646744 Y M8
0045946749 Y M8
0058945743 N M6
0211745559 N M8
0243346345 Y M9
0302245409 N M6
0309645936 N C

0440243426 N M8
0447043002 N M8
0545242001 N C

06448+1639 N C

2137745042 N C

2141545025 N M35
2150946234 Y M8
2156345630 Y M8
2210345120 Y M8
2239445623 Y M6
2239446930 N M8
2246646942 Y M6

*cf Chapter II, Y is for detection and N
for non-detection
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spectra. Stars with TiO bands are classified as O-rich and stars with CN bands as C-rich
(cf. Section 2.3). If one of the above three features has been found for a star. its CSE is
clear of C-rich or O-rich. If more than one kind of observations was performed, the priority
first goes to optical spectrum, then SiO/HCN line and finally IRAS LRS class. As a result,
45 stars have O-rich CSEs and 24 have C-rich CSEs. In the column 'CSE’ of Table 3, they
are represented by O and C respectively. The stars with unknown chemical type of CSE are
then 26 SiO maser non-detections for which no observational data like these three types are
available to classify their CSEs.

V.3.2. Near Infrared color-color diagram
This sample

Because stars with C-rich and O-rich CSEs are entangled together in IRAS Color-Color
(CC) diagram, hard effort is devoted to distinguish them by ground-based NIR observations.
By a great deal of observations, Epchtein et al.(1990) found the solution to this problem by
using the NIR colors relating to L band. Noguchi et al.(1991) drew the same conclusion from
observations towards a number of M-type and C-type stars. But the photometry at L band
is usually difficult and inaccurate due to strong background radiation, only the photometries
at JHK bands were made during our observations and hereafter the NIR color-color diagram
refers to the J-K vs. H-K plot.

The NIR colors of all the observed sources are shown in Fig.V.3 where a cross denotes an
O-rich star, a lozenge denotes a C-rich star and a circle denotes an SiO non-detection with
unknown CSEs (the symbol convention is kept in Fig.V.4.1 and Fig.V.4.2). The blackbody
line as a reference is also plotted indicating the color temperatures ranging from 4000K to
500K. The arrows mark the lower limits of colors in the case of stars that can be detected at
only K’ or K’ and H bands. The two color indices, J-K and H-K. correlate linearly well.

The CC diagram is divided into three regions bordered by the dot-dash lines in Fig.V.3.
It can be seen that (1) in region I most stars are with O-rich CSEs though there are 4 SiO
non-detections and 1 star with C-rich CSE that could be in region II since its colors are given
in lower limits; (2) in region II are all except one C-rich stars and most of SiO non-detections;
(3) in region III there are 2 O-rich stars (which are SiO maser sources IRAS 0320646521 and
22177+45936). Qutside the three regions, there are stars potentially in region III after taking
the lower limits of colors into account: 1 51O maser source TRAS 0528441945, 1 C-rich star
and 2 SiO non-detections. The C-rich and O-rich stars mostly have different NIR colors,
i.e. in general the O-rich stars have relatively bluer NIR colors than the C-rich stars. But
the presence of three very red O-rich stars in region III can not be accidental and it seems
irreasonable that the NIR colors of O-rich stars have some gap between region I and region
IIT shown in this figure. There should be some O-rich stars in region IT if the color sequence
of O-rich stars is continuous. The lack of O-rich stars in region IT of this figure can be caused
by the few proportion of O-rich stars having such colors and the small number of objects
in the sample. Anyway the O-rich and C-rich stars are clearly separated as O-rich stars in
region I, C-rich stars in region II and few of both in region III.
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Fig. V.3.— Near infrared color-color diagram of the stars in our sample, a cross denotes an
O-rich star, a lozenge denotes a C-rich star and a circle denotes an SiO non-detection.
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The other samples

Because the present sample is not big, statistical fluctuation may be able to affect the
results. Whether the discrimination between O-rich and C-rich stars in NIR CC diagram is
true or not should be attested by larger sample. Though there are a lot of NIR photometric
observations of late-type stars in references, many are not clear if the object is C-rich or
O-rich. Here we give two systematic and representative samples as examples.

Since IRAS LRS sources are bright and readily classified into O-rich or C-rich stars, many
of them have been observed in NIR before. For example, the IRAS LRS 2n and 3n sources,
whose LRS spectra exhibit silicate features, in the northern sky were observed by Jiang et
al.(1992) and Wang et al.(1994). The IRAS LRS 4n sources, whose LRS spectra exhibit
SiC feature, in the southern sky were observed by Epchtein et al.(1990). The locations of
these sources are plotted in the NIR color-color diagram Fig.V.4.1 where there are 82 O-rich
and 207 C-rich stars. The divisions of three regions in Fig.V.4.1 are quite similar to that in
Fig.V.3. Only because interstellar reddening is not corrected for the IRAS LRS 2n and 3n
sources, the boundary between region I and region II is slightly shifted to red side. Different
from Fig.V.3, in region I there are C-rich stars besides O-rich stars. But it is the same as
Fig.V.3 that in region II, there is no O-rich source intruding into this territory of C-rich stars,
1.5< H—- K < 3.5and 4.0 < J — K < 8.0. In region III no source is present, which can be
attributed to the sensitivity limit of BAO NIR telescope(cf. Jiang et al. 1992).

Blanco et al. (1980) made the grating-prism survey of selected fields in the Magellanic
Clouds(MCs) and bifurcated the C-type and later-than-M5-type stars. The succeeding broad-
band NIR photometry towards some of those red stars was done by Cohen et al.(1981). From
that observational data (Cohen et al. 1981), the NIR CC diagram of 74 late-type stars in the
MCs is shown in Fig.V.4.2. Here the diagram is divided into two regions. As in Fig.V.4.1,
in region I there are also C-type stars though M-type stars are dominants. But there is no
difference from Fig.V.3 and Fig.V.4.1 that region II is occupied completely by carbon stars.
Comparing Fig.V.4.2 with Fig.V.3 and Fig.V.4.1, one can easily find that the MCs C-type
stars are not so red in NIR colors as the Galactic C-type stars. The reason could be difference
in metallicity or that they are in different stages of stellar evolution. This question will not,
be discussed further in this paper because more scrutiny has to be made. Though we do not
show result here, the sample of OH/IR stars in the southern hemisphere (Lepine et al. 1995)
exhibits the same tendency that the stars with O-rich CSEs are conserved in region 1.

Both the two samples indicate that in region I of NIR color-color diagram not only O-rich
stars are seen but also C-rich stars. It has been known that the NIR colors of optically visible
C-type stars are not quite different from that of M-type stars. For example, the observations
by Noguchi et al.(1991) towards the optically visible C stars in solar neighbourhood show
that their H-K colors are < 2.0. However, the mixture of C-rich stars with O-rich stars in
region I is not seen in the sample we observed. Our sample is composed of stars with few
catalogue associations and mostly optically faint (Chapter IV). Therefore the stars with
C-rich CSE could be more evolved or at further distance than the optical C stars listed in
catalogues. On the other hand, region IT only sees the C-rich stars in all the three samples
even its boundary is different for C-type stars in the MCs. The stars with C-rich CSEs that
have the similar IRAS colors as O-rich CSE yet have redder NIR colors so that they can be
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separated out based on NIR colors. In light of this criterion, 22 of the 26 SiO non-detections
are with C-rich CSE. By far region III has objects only in our sample. This could be caused
bv the detection limit of nrevions ohservations. A svstem can detect a sonrce in region TTT

10

J-K

H-K
Fig.V.4.1 The IRAS LRS sources.

Fig. V.4.— Near infrared color-color diagram

V.3.3. Near-mid-IR color-color diagram

As is seen in Fig. V.3 that the near-IR colors J-K and H-K correlate linearly, either can
represent the near-IR color of the objects. It will be more informative to combine the near-IR
color with IRAS color. So Fig. V.5 is a plot of all the stars with their colors H-K and Cj2,
where the symbols obey the same conventions used in Fig. V.3. The separation of C-rich
stars from O-rich stars by color H-K is repeated here for stars in region I and region II even
they have quite similar IRAS color Cy3. The new result from this figure is that the O-rich
stars in region III of Fig. V.3 stand out from the C-rich stars by their redder IRAS color
Ci2. A further investigation of the spectral energy distribution between 1.2pm and 60um
revealed that the O-rich stars in region III actually show the radiation excess at 25um while
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Fig.V.4.2 The MCs late-type sources.
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the C-rich stars with similar near-IR colors do not show such excess. There is one exception,
IRAS 05131+4530 that was classified as C-rich according to the TRAS LRS class, having
emission excess at 25um. This object is also an OH maser source(te Lintel Hekkert et al.
1991) so that it may be an O-rich star and a misclassified IRAS LRS 4n source. Meanwhile,
IRAS 0513144530 locates in region II of Fig. V.3. So if it is an O-rich star, there is one
object between bluer (region I) and redder (region III) groups of O-rich stars in Fig. V.3.
But the conclusion drawn from previous section holds on, that is, the possibility to find an
O-rich star in region II is very low. Again the SiO non-detections assemble in region IT where
the C-stars reside and only 4 of them are in region I as O-rich candidates. This population
of the 26 SiO non-detections is the same as drawn from Fig. V.3.

5 F'_'_rl I L L LI | l LI B | L l L L L] L] I n L Ll l L] L L LI I L L] L L l | LI I-

L ' ) -

L. | o

4 r oii 1

L o] B R + . F -

! o o i

3 s %0 o0 o 11 -

2 [ 0%00 ¢ i
1 [ O o -
I - &b5Be o & 1

2 ]
..... 9 _-o_.g_o,_-_._._'?+-_,_-¢,,_.,_-_,_
1 ° +i N $+ ¥ -
i $$++++44= ' b
" Wt ¥ 0+ ‘
P PN T P PRI P FETTE P P
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4

c12

Fig. V.5.— Near-mid-IR color-color diagram. The convention of sysmbols is the same as in
Fig. V.3.

V.3.4. Implication on stellar population

According to the above discrimination between O-rich and C-rich CSEs of SiO non-
detections on the basis of IR colors as well as molecular lines and optical spectroscopic
observational data, the sample is composed of 49 stars with O-rich CSEs and 46 stars with
C-rich CSEs. Forty-eight percent of them are C-rich stars. In this sample for NIR observa-
tion, the number ratio of stars with C-rich to O-rich CSE is almost unity. Here we would like
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to emphasize the features of this sample: (1) in the second quadrant of the Galactic plane
and (2) late-type stars with cold (about 660K to 200K) circumstellar envelopes. The half
proportion of C-rich stars is 10 times that of C-type stars in the solar neighbourhood which
is only 10 percent of M-type stars(Westerlund 1965).

To know why the high proportion of C-rich stars occurs in this sample of late-type stars,
it is further divided into optically identified and optically unidentified groups(Paper I). The
number ratios of stars with C-rich to O-rich CSEs (hereafter C:O ratio) are found to be 14:43
and 32:6 respectively. This result is consistent with the implication from optical identification
(Paper I) as mentioned in Introduction that an optically unidentified object is more likely to
be C-rich than O-rich. Though there are more O-rich stars in optically identified group among
which C:O is 0.35, the number of stars with C-rich CSEs is 5 times that with O-rich CSEs in
the optically unidentified group. The optical unidentification of the object can be caused by
two reasons. One is that the source is too far to be detected. Then the increase of C:0O ratio
in the optical unidentification group means the increasing proportion of C stars with distance
from the sun as well as from the Galactic center. The study of late-type stellar content of
galaxies shows that the C- to M-type star number ratio anti-correlates with metallicity, i.e.
the ratio is high in low metallicity environment(Pritchet et al. 1987). In our Galaxy, the
observations of globular clusters found the decreasing gradient of metallicity in the disk with
increasing Galactocentric distance (Friel 1995). So the higher proportion of C stars in the
optically unidentified group could be caused by the lower metallicity at further distances.
The other reason for optical unidentification is that the source has so thick CSEs not to be
seen optically. In this case, the change of C:O ratio with optical identification status means
there are more C-rich stars in the later stage of stellar evolution if CSE becomes thick with
evolution. This conclusion is supported by the theory that some of the O-rich stars evolve to
C-rich stars due to dredge-up of stellar core materials to the surface(Iben & Renzini 1983).
In the IRAS LRS sample (Omont et al. 1993) that are generally bright at 12um and thus
close to the sun, the ratio of C-rich to O-rich CSEs is 0.29 for the stars with similar IRAS
color Cy3 as those in our sample. In one hand, 0.29 is slightly lower than the value (0.33) for
optically identified group in our sample, which could be attributed to the inclusion of inner
disk sources in the IRAS LRS sample. On the other hand, 0.29 is much bigger than the value
(0.1) for the optical C- to M-type stars in the solar neighbourhood too. It means there are
more C stars in the IRAS LRS sample than in the optical visible late-type stars even both
are in the solar neighbourhood. The main difference between these two samples is that the
TRAS LRS sources are in later stage of evolution with cold CSEs. So the difference might
be explained by that some of the IRAS LRS sources may have experienced the third dredge-
up phase to become C-rich in their photospheres or CSEs, which could also be the case of
many optically unidentified stars in our sample. The two reasons for optical unidentification
both exist and the high proportion of stars with C-rich CSEs can be due to both the low
metallicity in the outer disk and objects having experienced the third dredge-up in late stage
of evolution.

This high value of proportion of C-rich stars can explain the low detection rate of SiO
maser surveys in a similar color-selected IRAS PSC sample. A survey in SiO maser lines to
a sample of late-type stars in the outer disk resulted in a much lower detection rate than
the survey to a bulge sample(Jiang et al. 1996b), even though the SiO-surveyed samples in
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the outer disk and bulge were picked up under quite similar criteria and both observed by
the 45m telescope at Nobeyama Radio Observatory. So more inclusion of C-rich stars in the
outer disk was suspected to be the reason for lower detection rate. Because SiO maser survey
towards the bulge (Izumiura et al. 1994, 1995a and 1995b) (1) looked almost only O-rich
stars in that less than 0.3% C-type stars are found by optical grating-prism survey of the
bulge (Blanco & Terndrup 1989), and (2) resulted in 66% detections. the detection rate of
Si0 maser in the bulge is then the possibility to detect the SiO maser emission in a group
of stars with O-rich CSE, i.e. ~ 66%. The non-detection of SiQ maser in an O-rich star
may be caused by: (a) that the SiO maser intensity of the star is lower than the sensitivity
limit of the telescope or (b) that the star has no SiO maser emission intrinsically. But in
the outer disk sample, there are 48% stars with C-rich CSEs, much higher than the bulge
sample. Therefore, the detection rate of SiO maser emission in the outer disk IRAS sample
should be ~ 66% x 52% = 34% where 52% is the percentage of stars with O-rich CSE. In
fact, the detection rate is 39%(63/161) (Jiang et al. 1996b). If we consider the fact that the
outer disk 5i0 maser survey was biased to bright O-rich stars (Jiang et al. 1996b), the two
values (34% and 39%) are quite close. The differences in SiO maser detection rates can then
be explained by the differences in C stars proportion in the samples for bulge and outer disk
surveys.

The half proportion of C-rich stars in the AGB stars in the outer disk is also in agreement
with the result of Arecibo OH maser survey. The OH maser survey at Arecibo in IRAS
PSC sources with colors of late-type stars showed that the OH detection rate towards the
Galactic center is 4 times that towards the anticenter. Lewis(1994) explained most of the
difference is attributable to ultra-violet intensity changes. Except some bluer objects, the
OH maser survey(Eder et al. 1988; Lewis et al. 1990; Chengalur et al. 1993; Lewis 1994)
searched the objects with similar IRAS colors of the stars in present NIR observation sample.
According to above analysis on population of O-rich and C-rich CSEs , there must be many
stars with C-rich CSE in the Arecibo OH maser survey sample towards the anticenter as well.
So the much lower OH maser detection rate towards the anticenter should be at least partly
attributed to the inclusion of a numerous star with C-rich CSE since OH maser emission is
not seen in stars with C-rich CSE.

V.4. Summary

Near-infrared identification and photometry are made to 95 IRAS sources with colors of
late-type stars in the outer disk of the Galaxy. These sources had been searched for SiO
maser emission. For most of them there is a counterpart of very red color and brighter than
16mag at K’ band in the near-infrared images taken by using a NICMOS3 array detector.
Their accurate positions are calculated based on the array scalar factors in reference to a star
with known equatorial coordinates. The stars with O-rich and C-rich CSEs show difference in
NIR colors. This characteristics is also attested by the IRAS LRS sample in the Galaxy and
the late-type stars in the Magellanic Clouds. Besides in the NIR colors. the stars also exhibit
some differences in the infrared spectral energy distribution between a C-rich and O-rich
CSE. Both the near-infrared colors and spectral energy distribution shape are used to clarify
whether the CSEs are C-rich or O-rich for stars without SiO detection. By combining together
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with the observational results in optical spectroscopy, molecular lines and IRAS LRS, stars
with C-rich CSE compose as high as 48% of the sample. This can explain main difference
in SiQ maser detection rate between the IRAS color selected samples in the Galactic bulge
and outer disk. Meanwhile, the number ratios of C-rich to O-rich stars are very different for
optically identified and unidentified groups, which can possibly be caused by more C stars at
further outer disk or in later stage of stellar evolution.
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Chapter VI

Summary

Asymptotic Giant Branch(AGB) stars are low- and intermediate-mass stars that have de-
veloped an electron-degenerate C-O core after the exhaustion of central helium. They are
detected in large amount by IRAS due to the strong middle- and far-infrared radiation from
their cold circumstellar envelopes which are resulted from the mass loss at a rate of about
10~7 to 10~° Mg yr~'. The third dredge-up process in AGB phase digs out the newly pro-
duced C (and/or N) in the burning shells and transforms some stars into C-rich. Because
these stars play an important role to recruit the interstellar medium as well as the evolution
to the end of a stellar life, observations in multi-wavelength and by versatile methods have
been made. This thesis puts emphasis on these AGB stars in the outer disk of the Galactic
plane.

The survey in S5i0 maser lines was performed to the IRAS PSC sources in the outer disk
of the Galaxy, which are candidates for AGB stars according to their IRAS colors. In May of
1994, 1995 and 1996, 244 AGB stars in the second and third quadrants of the Galactic plane
were searched for the ?8SiQ J=1-0, v=1 and v=2 transitions and the isotopic ??Si0 J=1-0,
v=0 transition simultaneously by taking the wide-band advantage of the 45m telescope sys-
tem. The Si0 maser emission stronger than 1Jy was detectable at 5 sigma level and at a
velocity resolution of 0.3 km s~!. 76 stars were detected the 2*Si0 maser emissions with 64
new detections. It’s found that the v=1 and v=2 lines appear simultaneously in most cases
as also shown in the bulge SiO maser emitters. The ?*Si0 maser emission was detected in 12
stars, adding 10 new members to the previously known 20 such rare stars partly due to that
the 29Si0 is only about 1-20th abundant as 28Si0 in the circumstellar envelopes of AGB stars.
The isotopic maser lines are found to be detectable only in strong SiO maser sources, located
at the same velocity and about 1-10th to 1-100th strong in terms of integrated intensity as
the normal SiO maser lines. '

The SiO maser sources are mostly associated with long-period large-amplitude variables.
Except several of them, the others are all optically identified in the observations made at V
and I bands by using the Kiso Schimdt telescope. By taking the CCD images about once a
month for more than one year that started from 1994 August, these stars are found to be
asred as V' — I > 2mag and their amplitudes of variability are > 2mag at I band. The low
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resolution spectra taken by using the 216cm telescope in 1995 October at Beijing Astronom-
ical Observatory (BAQ) showed that all the 10 observed SiO maser sources are late-M5-type
stars. They could be Mira-type or semi-regular variables as the bulge SiO maser stars are. In
spite that there is no clear difference in the properties of SiO maser spectra or SiQ maser stars
when compared with that in the bulge, the survey in the outer disk was out of expected high
detection rate. Previously a survey in the 5i0 maser lines towards the bulge direction vielded
the historically highest detection rate (66%) and it’s attributed to the good sensitivity of the
45m telescope system at Nobeyama Radio Observatory and appropriate selection of sources
in TRAS colors, The sample of the outer disk survey was selected under similar criteria and
the same sensitivity was reached as in the bulge survey. However the detection rate, 31%, is
less than half that of the bulge survey.

The outer disk sample was suspected to be consisted of more C-rich AGB stars responsible
for the much lower detection rate. As is known that the non-detection of SiQ maser emission
in AGB stars can be caused by the weakness of Si0 maser line beyond the detection limit
or no emission intrinsically as in case of a C-rich AGB star. While the former reason could
not bring about big difference since the same detection limit was achieved in both the bulge
and the outer disk surveys and the outer disk sample stars are even averagely closer. In
order to investigate how much proportion of C-rich AGB stars is in the AGB stars in the
outer disk, optical spectroscopy and near-infrared photometry were carried out to 19 and
95 sources respectively, a subsample of the SiO maser-searched. The optical spectroscopy
to 9 5i0 non-detections revealed 4 C-rich stars. Because many of the stars are optically
invisible, near-infrared identification and photometry were supplemented by using the 126cm
infrared telescope at BAO and the 188cm telescope at Okayama Astrophysical Observatory
in the fall of 1995. Combining the data of molecular lines, IRAS LRS spectra and optical
spectroscopy, we found that the separation of C-rich from O-rich AGBs is feasible based on
their near-infrared colors J-K and H-K. About half of the stars are then of typical near-
infrared colors of C-rich AGB stars. Though this proportion of C-rich stars is quite high
compared with the value of 10% among the neighbourhood late-type stars, it is consistent
with the low metallicity in the outer disk since the proportion of C-rich stars is high in metal
poor environment as seen in external galaxies. The content of 50% C stars can explain the
major difference in SiO maser detection rate between the outer disk sample and the bulge
sample. It is also in agreement with the results of Arecibo OH maser survey towards a similar
sample of AGB stars in the outer disk.
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