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Abstract. 1858 OH satellite line (1612 MHz) maser sources associated with the IRAS counterparts were assembled
from the literature. Cross-correlation between collected OH/IR — IRAS sources and the recent catalogue of the
IRAS LRS spectra (Kwok et al. 1997) allows us to subdivide 1024 of them (after excluding OH sources with
uncertain IRAS associations) into 10 groups according to the Volk & Cohen (1989) classification scheme. We have
found that sources with silicate emission form the largest group (about 57%), followed by the group with silicate
absorption (only about 16%). For more sensitive individual OH maser surveys these numbers differentiate even
more and the ratio between silicate emission and absorption sources reaches a value close to 6. Surprisingly, we
found an association of OH maser emission with a small number of stars with carbon-rich atmospheres. The
distribution of these subgroups of OH/IR stars in the IRAS colour—colour and the period—colour diagrams as
well as histograms of some physical properties are presented. The galactic distribution of important parameters
(periods, IRAS colours, expansion and stellar velocities) for different classes of OH/IR sources is analyzed from
the point of view of the stars’ evolutionary status. The correlations among the periods, colours, expansion and star
velocities and the pumping efficiencies for selected subgroups of OH/IR stars are also investigated. These analyses
allow us to demonstrate that a significant fraction of silicate emission group sources do not form an evolutionary
sequence with the silicate absorption objects — as is suggested e.g. by the IRAS colour—colour diagram, but rather
form a lower initial mass sequence, i.e. these sources will never develop sufficient mass loss to manifest silicate

absorption.
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1. Introduction

The study of stellar maser sources, especially OH maser
sources is important in astronomy since it provides an in-
tense, collimated beacon that can serve as a probe of phys-
ical conditions for the sources in which OH maser emis-
sion has been generated. The high luminosity of the OH
masers, their weak interaction with the ambient medium
and transparency to interstellar reddening, allows for their
detection at great distances. Some of the source proper-
ties can be inferred even without modeling of the maser
process itself (Elitzur 1992). In such cases the stellar
maser radiation provides a general tool to study and to
examine many fundamental problems in astrophysics in-
cluding: distance measurements, properties of the Galaxy
(e.g. galactic rotation and galactic magnetic field), in-
terstellar scattering, the structure of circumstellar mat-
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ter and the galactic distribution and kinematics of the
Asymptotic Giant Branch (AGB) stars.

Following the first detection of astronomical masers by
Weaver et al. (1965) and the discovery of the OH maser
emission from circumstellar shells of four infrared (IR)
late—type stars by Wilson & Barrett (1968), investigations
in this field developed very rapidly. The characteristic dou-
ble peaked 1612 MHz OH emission was identified to re-
sult from an expanding envelope (Kwok 1976), and an
increasing number of OH sources were detected towards
many optically identified stars but also towards objects
with only IR counterparts or even without any counter-
part. The maser sources related to the sources with IR
excess soon acquired the name of OH/IR stars. Among
OH/IR sources the most numerous group is a group of
type IT OH/IR stars (see e.g. Wilson & Barret 1972) which
shows stronger satellite line emission at 1612 MHz than
main-line emission at 1665 and 1667 MHz. It is gener-
ally accepted that majority of OH/IR stars are highly
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evolved, low or intermediate mass AGB stars (initial mass
smaller than about 6-8 Mg). They are characterized by a
very wide range of mass loss rates from about 10~7 up to
10=* Mg yr~! which leads in the extreme case to the for-
mation of an optically thick dust shell around the source
(e.g. Baud & Habing 1983). These stars are likely to be
the progenitors of planetary nebulae (Herman & Habing
1985; Kwok 1987).

The comparatively high detection rate of OH emis-
sion among sources observed by Wilson & Barrett (1972)
was the motivation for the more systematic searches of
the sky on regular grids. Prior to the IRAS mission in
1983, such systematic 1612 MHz OH emission surveys
near the galactic plane revealed a moderate number of
OH/IR stars (e.g. Caswell & Haynes 1975; Winnberg et al.
1975; Johansson et al. 1977a, 1977b; Bowers 1978a, 1978b;
Baud et al. 1979a, 1979b; Caswell et al. 1981; Olnon et al.
1981; Habing et al. 1983). A complete data base of the
pre-IRAS observations has been compiled by te Lintel
Hekkert et al. (1989; hereafter tLVHW) with a total of
442 objects, of which only a few are without associations
with IRAS sources. Since most of the energy of OH/IR
stars is emitted by the circumstellar dust between 2 and
60 um (e.g. Kleinmann et al. 1981), a very successful ap-
proach in finding new OH/IR stars was to search the IRAS
Point Source Catalogue (1988, hereafter PSC) for sources
with colours resembling those of the AGB stars with
oxygen-rich envelops (see e.g. Olnon et al. 1984). Several
systematic surveys have been performed to detect OH
emission from sources selected according to their colours:
the Arecibo (hereafter AO) surveys (Eder et al. 1988;
Lewis et al. 1990; Lewis 1992a; Chengalur et al. 1993;
Lewis 1994); the Dutch—Parkes (hereafter tL-H) surveys
(te Lintel Hekkert 1990; te Lintel Hekkert et al. 1991); the
Nangay surveys (Sivagnanam et al. 1990; Le Squeren et al.
1992; David et al. 1993; te Lintel Hekkert & Chapman
1996) and others (e.g. Gaylard et al. 1989; Galt et al. 1989;
Likkel 1989; te Lintel Hekkert 1991; Silva et al. 1993).
At the same time, the “blind” OH surveys especially in
the galactic plane and the galactic center were continued.
They include: VLA surveys (Zijlstra et al. 1989; Lindqvist
et al. 1992; Blommaert et al. 1994) and the ATCA/VLA
surveys (Sevenster et al. 1997a, 1997b). The investigations
of a representative sample of mostly nearby Mira stars
by Sivagnanam et al. (1988, 1989) should be mentioned
as well. The intensive OH emission surveys cited above
and the availability of photometric and spectroscopic data
from the IRAS sky survey have made possible a compre-
hensive study of the physical properties and evolutionary
status for OH/IR stars.

In this paper, we have assembled from the literature a
general sample of OH/IR stars, as large as possible, that
have associations with the IRAS sources. The IRAS Low
Resolution Spectra (LRS) of these OH/IR stars are ex-
amined and the nature of the circumstellar dust classi-
fied. The distributions of these subgroups of OH/IR stars
in the IRAS colour—colour diagram and the period—colour
diagram are presented. The galactic and the velocity dis-
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tributions of these subgroups of OH/IR stars are investi-
gated to understand their evolutionary status. The corre-
lations among the periods, colours, expansion and stellar
velocities and the pumping efficiencies for different sub-
groups of OH/IR stars are analyzed to outline differences
and similarities between their physical properties.

2. Working sample of OH/IR stars

The first comprehensive catalogue of OH/IR stars with
1612 MHz emission is the tLVHW catalogue which in-
cludes 442 objects observed before the IRAS mission. The
infrared counterparts on the basis of positional informa-
tion from the IRAS PSC are given for 437 out of 442 ob-
jects, but for 165 sources the difference between IRAS and
OH positions is larger than 1’. This could be related to the
fact that a large fraction of OH sources detected in single
dish surveys do not have accurate positions but also that
a significant number of them are located in the IRAS con-
fused area (see tLVHW). Lewis (1992b) compiled an exten-
sive list that contained the OH/IR stars detected mainly
in 1612 MHz maser emission prior to 1992. For conve-
nience it is named here as the Lewis Catalogue, in which
all pre-IRAS detections from tLVHW, most AO detec-
tions, most objects from the Dutch—Parkes survey, most
of the Nangay detections and most detections from the lit-
erature before 1992 are included. In the Lewis Catalogue
there are 1522 OH/IR stars with IRAS associations. Of
these, 1515 were detected in the OH 1612 MHz maser
line. Note, however, that the attributed associations are
not always certain (see below).

We have searched the available literature to find
new OH/IR sources which were detected after the Lewis
Catalogue. We have also checked the Lewis (1992b) bibli-
ography to include any additional sources. In some cases
(Dickinson & Chaisson 1973; Engels 1979; Sivagnanam
et al. 1988; van Langevelde et al. 1992; Lindqvist et al.
1992; Tvison et al. 1994; Sjouwerman et al. 1998) we have
attributed TRAS associations to and included only such
objects for which the OH position differs by less than
1’ from the position of the nearest IRAS PSC source.
In consequence, we have included a further 343 OH/IR
sources with TRAS associations to give a total number of
1858 OH/IR stars with IRAS identification. These sources
have been cross—correlated with the recently published
catalogue for the IRAS LRS spectra (Kwok et al. 1997)
which contains 11224 spectra classified by eye according
to the scheme of Volk & Cohen (1989). Out of 1858 entries,
1065 sources have LRS spectra available and they compose
our working sample of OH/IR stars in this paper.

All 1065 OH/IR stars with the IRAS LRS spectra
are listed in Table1'. The sources are grouped by the
University of Calgary LRS classification scheme using

! Table1 is only available in electronic form at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or
via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/368/1006
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the letter codes defined by Volk & Cohen (1989) and or-
dered by right ascension within each group. The last two
columns of Table1 contain information about the quality
of the TRAS association and references for the OH maser
observations (the entry on the first position in the refer-
ence list shows the preferred data source). If the quality of
association is denoted by “1” it means that the difference
between OH maser and IRAS PSC positions is larger than
1’ and such sources are not taken into account for later
analysis. In our catalogue we have found 27 such sources in
the tLVHW compilation and 14 in the Australia Telescope
Compact Array (ATCA) survey (Sevenster et al. 1997a,
1997b). In consequence, only 1024 sources were used for
the investigation of statistical properties of OH/IR stars
in this paper.

Among 1024 OH/IR stars with the LRS spectra, 588
are in group E (silicate emission feature at 9.7 pm and/or
at 18 pm, mostly equivalent to the LRS number classifi-
cation 2n), 163 in group A (silicate absorption feature at
9.7 um, equivalent to the LRS number classification 3n),
60 in group H (red—continuum, as well as either 9.7 um
silicate absorption feature or the 11.3 um PAH feature,
mostly equivalent to the number classification 7n), 32 in
group P (spectra with relatively red continua from 13 to
23 pm and a sharp rise at the blue end of the spectrum
or else show the 11.3 or 12.5 yum PAH molecular features,
mostly equivalent to the LRS number classification 8n), 28
in group F (featureless dust continuum flatter than that
expected of a stellar atmosphere, mostly equivalent to the
LRS number classification 10-16), 9 in group C (show-
ing 11.3 um SiC emission), 1 in group S (stellar photo-
spheric continuum), 2 in group L (showing spectrum with
cool continuum and the 12.8 um [NelIl] line — see Volk
& Cohen 1990), 75 in group U (unusual spectrum) and
finally 66 in group I (noisy or incomplete spectrum).

With an attempt to make our sample uniform we
have taken the OH maser related data preferably from:
tL-H (462); AO (274); tLVHW (114) and ATCA surveys
(69 sources with IRAS association better than 1’) which
composes about 90% of the analyzed sample. Data for an
additional 105 OH/IR sources were taken from more than
20 papers. A complete bibliographical list together with
the abbreviations used is attached to the end of Table 1.

3. Data analysis and discussion

In this section the nature of the OH/IR sources from our
sample of 1024 sources in different LRS groups is inves-
tigated on the basis of their infrared colours, variabili-
ties, periods, galactic distributions, flux densities in the in-
frared and the 1612 MHz, envelope and stellar velocities.

3.1. Circumstellar features of OH/IR stars

In contrast to the early beliefs that OH/IR stars rep-
resent the very last stage of AGB evolution and there-
fore are associated with oxygen-rich AGB stars with sil-
icate absorption features, we found 57.4% of OH sources
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in our sample are associated with silicate emission (E)
objects, followed by silicate absorption (A, 15.9%). A
more careful inspection of our data in Table 1 shows that
our finding seems to not be related to the sample selec-
tion. The four most important surveys (tI-H, AO, tLVHW
and ATCA) provide about 90% of data for these two
groups with the relative numbers (counting detection in
each survey, independently) between E and A sources:
284/92(=3.07), 186/31(=6), 91/62(=1.47) and 30/5(=6),
respectively. Note that the ratio of 3.61 for the whole sam-
ple compiled by us is close to the ratio of 3.07 for the
IRAS colour-selected Dutch—Parkes (tL-H) survey. Since
the OH emission of E type maser sources is usually weaker
than A type ones it becomes clear that the blind pre—
IRAS observations (tLVHW), which had rather low sen-
sitivity, tend to show relatively low ratio (1.47) between
E and A objects. On the other hand, the higher sensi-
tivity surveys (about 0.03Jy) AO (IRAS colour selected
sample) and ATCA (blind observations of galactic bulge
and galactic disc) both detected 6 times more (!) E group
objects than A group sources. The change of the silicate
feature from emission to absorption is related to the in-
crease of optical depth inside the circumstellar envelope,
and this has been interpreted as increasing mass loss rate
sequence for the AGB stars (e.g. Bedijn 1987; Volk &
Kwok 1988; van der Veen & Habing 1988). However, Volk
& Kwok (1987) pointed out that the relative population
and galactic distribution of emission and absorption ob-
jects suggests that the absorption objects originate from
a higher mass main—sequence population and that not all
emission sources evolve into absorption ones. This very im-
portant statement will be further investigated in Sect. 3.3
and 3.4 using our larger sample.

A small number of OH/IR stars are in group H (5.9%).
As Volk & Cohen (1989) pointed out, these sources should
be either planetary nebulae (PNe), reflection nebulae, or
Hir region sources. It is generally accepted that at the
end of the AGB phase, the OH/IR star will stop pul-
sating and consequently the large scale mass loss rate
will cease as well. The OH/IR star will then evolve
through the proto-planetary nebula (PPN) stage to be-
come a planetary nebula (e.g. Kwok 1987; van der Veen
et al. 1987). After the star has moved off the AGB phase
the 1612 MHz OH maser line will remain observable
for a period of about 100-1000 yr until the OH col-
umn density becomes too low for the maser to be satu-
rated (Sun & Kwok 1987). Indeed, we have found that
17 OH/IR stars (about 28%) in group H are identified
as PPNe or PNe (these are indicated by an asterisk at
the last position in the corresponding row of Tablel).
OH maser emission is also expected during a short pe-
riod in the life of a compact Hil regions (e.g. te Lintel
Hekkert 1991; Elitzur 1992). Of the group H objects
IRAS 17439—2845, IRAS 18092—1742, IRAS 1934342926,
IRAS 2025543712 and TRAS22176+6303 are Sharpless
Hir regions; IRAS 17417—2851 is an ultra-compact HII re-
gion and TRAS 17574—2403 belongs to W 28.
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Fig. 1. IRAS colour—colour diagram for OH/IR stars in different LRS groups. Symbols used are described inside the plot
together with total number of sources plotted in each group in parentheses. One ultra-compact Hirl region IRAS 2014943440 is
identified by means of its number (866) from Table 1. Solid line shows the behaviour of the blackbody temperature with 4 values
(600, 250, 200 and 150 K) shown at the proper position in log Fas/Fi2

An even smaller number of OH/IR stars is found in
group F (2.7%) with featureless spectra. The status of
these objects is not clear because these sources are ex-
pected to be of two populations: sources with very low dust
optical depth and those with optical depth large enough
for the silicate feature to be intermediate between emission
and absorption (Volk & Kwok 1988). It is also of interest
that Omont et al. (1993) have argued that some sources
with featureless spectra, especially those with LRS num-
bers 11-12 are very cool carbon-rich stars rather than the
oxygen-rich ones.

Since almost all carbon for an oxygen-rich star is
locked in CO molecules, it is surprising that we found
9 OH/IR stars with LRS spectra which classify them
as C group objects on the basis of having 11.3 pm SiC.
Among them there are 3 sources (IRAS 0413043918,
TRAS 05373—0810 and TRAS1855140323) with associa-
tions in the CCGCS catalogue (Stephenson 1989). In
addition, TRAS17371-3021 and IRAS18551+0323 are
thought to be genuinely carbon-rich (Le Squeren et al.
1992; Volk et al. 1992). On the other hand, Zijlstra
et al. (1991) argued that IRAS 08304—4313 is possibly not
carbon-rich due to confusion.

Another group of stars with probable carbon related
chemistry is group P (3.1%). Spectra of some sources
in group P are very similar to silicate absorption spec-
tra, while some other sources are Population I Wolf-
Rayet stars (Volk & Cohen 1989). Sources in Tablel
with Wolf-Rayet type spectra include: IRAS 17459—3057,
TRAS 19327+3024 in group P (as the central star of a PN),

TRAS 18204—1344 in group E (as a companion of a symbi-
otic star) and IRAS 07027—7934 in group H (as the central
star of a PN).

A moderate number of OH/IR stars belong to group
U (7.3%). The nature of most of these sources is unknown
(Volk & Cohen 1989). However, some of the sources in
group U are the best candidates of the extreme carbon
stars (Volk et al. 1992). All sources with presence of both
(carbon- and oxygen-based) types of circumstellar chem-
istry (if proven) need a special attention. We will discuss
AGB and/or post-AGB sources with C, H, P and F spec-
tra in the forthcoming papers.

Note that there is one source (IRAS 185484-0637) in
group S. This source has log(Fa5/F12) = —0.39 (where F)
is the PSC flux at wavelength X in Jy) and is located on
the borderline between group S and group F in the LRS
data base, which means that the source has some circum-
stellar material. On the other hand, the SES1 flag equal
to 0000 in all IRAS photometric bands suggests that no
extended sources are associated with it. In the HST Guide
Star Catalogue (1989, hereafter HST GSC), there are two
visible stars with magnitude in V of 9.2 (V840 Aql) and
13.0 within the beam size of the Arecibo Telescope (about
3’) that was used to observe IRAS 18548+0637. Within 3’
radius from the position of V840 Aql there is no other
TIRAS source. It is not clear whether the OH maser origi-
nates in the envelope of V840 Aql or is produced around
another relatively faint star.
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3.2. The IRAS colour—colour diagram of OH/IR stars

The IRAS colour—colour diagram has long been proved to
be an efficient and simple tool for discussion of proper-
ties and evolutionary status of AGB stars (e.g., Olnon
et al. 1984; Zuckerman & Dyck 1986; Volk & Kwok
1988; van der Veen & Habing 1988; Kwok 1990). The
log(Fgo/Fas) versus log(Fas/Fi2) colour—colour diagram
for all OH/IR stars with the IRAS LRS spectra and good
quality (@ = 3 or 2) IRAS PSC fluxes is presented in
Fig. 1. For reference, the regions defined by van der Veen &
Habing (1988) are shown. We did not try to exclude known
Hi1 regions from our sample. For example, one such object
(IRAS 20149+3440) with an extreme position on this dia-
gram is marked by means of its number (866) from Table 1.
From a statistical point of view, however, most of the
OH/IR sources shown on the colour—colour diagram follow
the well known behavior established for oxygen—rich AGB
stars. This has been interpreted as continuous increasing
mass loss rates ranging from about 1077 Mg yr~! at the
lower left part of group E sources up to 10~* Mg yr—!
at the upper right part of the group A objects (Bedijn
1987; Volk & Kwok 1988). As a consequence of increasing
mass loss rate the silicate feature changes from emission
to the absorption due to increase in optical depth (Volk
& Kwok 1988) and the infrared colour increases and the
colour temperature declines. Our Fig. 1 implies that OH
maser activity is common during the AGB and post—-AGB
phase and all groups of objects can show this kind of ac-
tivity.

Sources in group E form a very tight group in the
lower left corner of the diagram with colour temperatures
around 600-300 K; sources in group A are quite well sepa-
rated from these in group E at log(Fb5/F12) = 0.1 and oc-
cupy an area to the upper right of the group E with colour
temperatures around 300-180K. Note that the group E
sources with log(Fa5/Fi2) < 0, in general, are known to
have the properties of Mira variables (e.g. van der Veen
& Habing 1988). Sources in group H are found in the
area to the upper right of the group A objects with wide
range of both colours but in general with lower temper-
ature (<180K). Between groups A and H there is also a
clear separation around log(Fs5/Fi2) = 0.5. During the
transition from the AGB to the PPNe and then to PNe
(transition from objects with A type LRS spectra to the H
type LRS spectra) the circumstellar dust shell moves away
from the central star and cools down, so more and more
energy will be radiated in the far-IR and colour tempera-
ture will decrease (e.g. Bedijn 1987; Kwok 1987; te Lintel
Hekkert 1990). Zijlstra et al. (1989) pointed out that the
large spread in colour for PPNe and PNe could be due to
some geometrical effects, different dust density and con-
tent in the envelopes, and different radiation fields around
the objects.

The sources from group P are mainly located in be-
tween group E and A, and this may indicate that at
least some of them are misclassified group A sources. It is
clearly seen also that among 8 group C sources plotted in
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Fig. 1 some of them are located in the visual carbon star
region (VII), and the remainder are in the infrared or ex-
treme carbon star regions (Chan & Kwok 1988, 1990; Volk
et al. 1992) which overlap with the positions of P stars.

Most of the sources in group F are located in the
group E region. In spite of the general properties of this
group (see Sect. 3.1) among objects selected here on the
basis of the OH maser presence there seems to be almost
no objects with intermediate optical depth, i.e. objects lo-
cated in between group E and A. As will be discussed fur-
ther, some of group F objects share other common physical
properties with sources of group E.

The scenario discussed above is based on the presence
of a definite colour sequence passing from OH/IR stars in
group E to group A then to group H in the IRAS colour—
colour diagram. This tendency could be interpreted as an
evolutionary sequence of the OH/IR stars evolving from
those with emission features to these with absorption fea-
tures, then to the planetary nebula phase. In this sce-
nario, mass loss continuously increases with time of evo-
lution and a given star occupies successively the regions of
the group E, A, and finally of PPNe and PNe (group H)
where the heavy mass loss ceases. On the other hand,
Volk & Kwok (1987), Likkel (1989) and Sivagnanam &
Le Squeren (1990) have argued that the observed colour
sequence could depend also on the initial mass of the star,
in such a sense that only the more massive sources can
attain the reddest colours. Probably, both these tenden-
cies play a role but it is impossible to distinguish between
them solely using the IRAS two—colour diagram.

3.3. Variability and period of OH/IR stars

During the IRAS mission in total three surveys were made.
After comparison of data from these three surveys, each
TRAS source was given a “variability number” (hereafter
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VAR) ranging from 1 to 99 to indicate the probability
of variability in the infrared. The larger the number, the
larger the probability that the source is variable in the
infrared. In general, if VAR > 80, a source is considered to
be a variable star (van der Veen & Habing 1988).

The histograms of the VAR distributions for OH/IR
stars from our sample (sources with VAR = 0 or —1 have
not been included) in groups E, A, P and H are pre-
sented in Fig. 2. It is obvious that sources in groups E,
A and P have very high probabilities of variability, while
sources in group H have much lower ones. Percentages of
the sources with VAR >80 are 71%, 68% and 76% for
groups E, A and P, respectively, and only about 30% for
group H. Note that PPNe and PNe from Table1 which
belong to group H have VAR <40 with the only excep-
tion of IRAS 07399—1435 with VAR = 99. Since mass loss
from AGB stars is driven by stellar pulsations, the vari-
ability is related to mass loss process (e.g. van der Veen
et al. 1987). Therefore OH/IR stars in groups E, A and P
are undergoing mass loss whereas most sources in group H
may have stopped losing mass according to the infrared
variability shown here.

The period, P, versus colour diagrams of OH/IR stars
from our sample are plotted in Fig. 3 at the top panel
for colour log(Fb5/Fi2) and in the bottom panel for
log (Feo/F2s). All sources in Tablel that have “good”
TIRAS association, known period and good quality fluxes
are included in this figure. Periods have been taken from
Herman & Habing (1985); Kholopov et al. (1985-88);
Whitelock et al. (1994); Wood et al. (1998). Numbers plot-
ted near the group name shows total number of sources
used. Some sources which do not follow the general trend
are identified by their numbers from Tablel. Three of
them are PPNe and 2 are ultra-compact Hil regions. The
sources in group E have periods which range between sev-
eral hundred and 1000 days with a mean of approximately
440 days, and sources in group A have periods from about
500 to over 2000days with a mean around 1150days. It
is clearly seen that for group E sources the periods of
OH/IR stars increase the infrared colour log (Fa5/Fi2)
increases as well, while for group A sources the correla-
tion between period and colour essentially breaks down.
For the same colour we can find periods with very dif-
ferent values (in general, larger than in group E). Since
especially log (Fo5/F12) colour is a measure of the opti-
cal depth (mass loss rate) for oxygen—rich AGB sources
(e.g. van der Veen & Habing 1988), then the above corre-
lation for group E objects shows that their mass loss rate
is a strong function of the pulsational period. Pulsational
period is expected to increase when mass of the star de-
creases but also when a star ascends the AGB due to an
increase in its radius (Kwok 1987). In consequence, the
increase of pulsational period with colour for group E ob-
jects is to some degree due to an evolutionary sequence.
However, as in the colour—colour diagram a possible ini-
tial mass dependence may be hidden in the period—colour
diagrams.
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Fig. 3. The P—colour diagrams of OH/IR stars from our sam-
ple: Total number of sources plotted in each group is shown in
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In an attempt to separate these two effects in Fig. 4
we have plotted the galactic latitude (|b|) as a function of
pulsational period for The top panel of Fig. 4 shows that
our sample splits into two subgroups: one at high galac-
tic latitude (|b] > 10°) composed mainly of E type sources
(note that 3 F type objects, for which we have P, belong to
this subgroup) with period not exceeding about 700 days
and the second one dominated by group A sources all of
which (with two exceptions) are located at |b] < 3° — see
lower panel of Fig. 4. The location of type A sources at
low galactic latitude shows that they have almost certainly
more massive progenitors. On the other hand, there are no
long period counterparts to the (very likely less massive)
high latitude sources. This means that they cannot reach
stellar periods above ~700 days in the course of their evo-
lution. The evolutionary status of E type sources located
at low galactic latitudes is not so clear (see lower panel of
Fig. 4). These could also be, similar to the high galactic
latitude sources, low mass stars or they could be higher
mass objects which form an evolutionary sequence with
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Fig. 4. The pulsational period—galactic latitude diagrams for
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A type sources. It is worth noting that only low galactic
latitude E type sources reach pulsational periods up to
about 1000 days. It is possible that higher metallicity can
play some role at least for some longer periods.

Note also that there is no clear period—colour rela-
tion for sources in group H. In fact, the PPNe and PNe
should be non-variables (Kwok 1987). This is also shown
by their VAR(<40). Among the known PPNe and PNe in
group H, only three: IRAS 07399—1435, IRAS 18135—1456
and IRAS 18276—1431 have known periods of 684, 450
and 890 days, respectively and it may indicate that these
sources are early in the pre—planetary nebulae phase.

3.4. Galactic distribution of OH/IR stars

The galactic distribution of all sources in the working sam-
ple is presented in Fig. 5, where symbols used for each
group are the same as in Fig. 1. It is obvious that sources

P. S. Chen et al.: Properties of OH/IR stars with the IRAS LRS spectra

in group E cover a wide latitude range, whereas except for
a few sources especially in group F the remaining sources
are located usually not more than 10 degrees from the
galactic plane as the disk or bulge population. This dis-
tribution implies that high latitude sources in groups E
and F are of different populations and must be relatively
nearby objects whereas the remaining sources are statis-
tically farther away. It is suggested that sources located
in the galactic bulge or near the galactic plane are intrin-
sically brighter than those with high latitudes and have
more massive progenitors (Volk & Kwok 1987). We also
noted that there is a sudden decline of the OH/IR star
population at longitudes of about +75 and —90 degree
along with the galactic plane in Fig. 5 (these directions
correspond to the local spiral arm), which is also seen in
the CO distribution (Dame et al. 1987).

As has been already discussed (see Sect. 3.3), high
galactic latitude group E sources apparently will never
evolve into the region containing the reddest sources in
groups A and H, since the latter ones are all located at low
latitudes near the galactic plane or in the galactic bulge.
However, by plotting galactic coordinates for all objects
from our working sample it becomes clearer that a sig-
nificant fraction of group E objects have very low galactic
latitudes. These sources also could have more massive pro-
genitors (like type A objects) and will be able to evolve
into objects with silicate absorption and then depart from
the AGB as H sources (evolutionary sequence A—E—-H for
more massive stars) or they, independently of their galac-
tic location, could be similar to lower mass high galactic
latitude objects.

Some additional evidence for the presence of evolution-
ary and mass sequences among our working sample can
be seen from the colour-latitude diagram in Fig. 6, which
shows that there is a clear dependence of colour on galac-
tic latitude. The group E objects have low log(Fbs/Fi2)
colour and a large range of galactic latitudes, which
demonstrates that our sample includes a significant frac-
tion of nearby sources with Mira—like mass—loss rates,
while type A source have larger log(Fa5/Fi2) colour and
are more strongly confined to the galactic plane. This
proves that the mass segregation is a function of infrared
colour for OH/IR stars. As Likkel (1989) pointed out that
the redder sources have a smaller scale height, and conse-
quently have a larger initial mass (Miller & Scalo 1979).
In consequence, this implies that at least partly the colour
sequence shown in Fig. 1 is a mass sequence (Likkel 1989),
but the evolutionary sequence (E-A—H) for more massive
stars cannot be ruled out.

3.5. Pumping efficiency of OH/IR stars

The correlated variations of OH and infrared flux den-
sities (e.g. Harvey et al. 1974; Fillit et al. 1977; Werner
et al. 1980) have shown that infrared radiation is the
pumping mechanism for OH molecules produced through
H>O photodissociation by interstellar ultraviolet radiation
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Fig. 5. The galactic distribution of OH/IR stars in different LRS groups. The used symbols are the same as in Fig. 1

(Elitzur et al. 1976; Goldreich & Scoville 1976). Although
there were no direct measurements available before the
Infrared Space Observatory (ISO) mission, it has been
generally accepted that 1612 MHz OH masers are pumped
by far infrared photons of dust thermal radiation mainly
at about 35 um with possible contributions from photons
at other wavelengths (e.g Elitzur et al. 1976; Bujarrabal
et al. 1980; Thai-Q-Tung et al. 1998). Recently, the ISO
Short Wavelength Spectrometer observations have indeed
proved that there is an OH absorption line at 34.6 ym
(e.g. Justtanont et al. 1996; Sylvester et al. 1997; Barlow
1998). Other OH pumping lines has not been detected by
ISO. Therefore, for the purpose of this paper, we consider
the line around 35 pum as the one which is the most im-
portant in creating the OH level inversion.

The pumping efficiency can be defined as €
nou,/nir, where noy is the number of OH photons emit-
ted per second and nir is the number of the infrared
photons absorbed per second in the 35um rotational
transitions. In the simplest case ¢ can be estimated by
ratio of the OH peak flux density (Son) and infrared flux
density (Fs5) at 35 um (Evans & Beckwith 1977; Werner
et al. 1980). Rottgering (1989) pointed out that the pump-
ing efficiency should be calculated by means of the inte-
grated fluxes. However, there is a strong correlation be-
tween the integrated flux and the corresponding peak flux
density of 1612 MHz maser emission (David et al. 1993).
Furthermore, many observational works present only the
peak flux densities (e.g. tLVHW, tL-H and most Nangay
surveys)7 so the equation:

€ = SOH/F35 (1)

is used here to estimate the pumping efficiency for our
sample of OH/IR stars. We have assumed that Sop is

the average value of both the peak flux densities in the
1612 MHz line. If only a single peak was detected, the
second peak was assumed to have a peak flux density of
zero. The infrared flux density at 35 pm has been obtained
(only when these fluxes had @ = 3 or 2) by linear inter-
polation of the logarithms of the IRAS fluxes at 25 and
60 um. The interpolated F35 and Soy flux densities in Jy
are listed in Table1 in Cols. 12 and 13, respectively. The
lack of entry for F35 in Table 1 means that PSC flux at 25
and/or 60 ym had @ =1).

The histogram of pumping efficiency distribution de-
fined by Eq. (1) for OH/IR stars in groups E and A is
presented in Fig. 7. In the last bin all values of € larger
than 0.45 have been accumulated. We do not consider here
other groups since we suspect that they are not so uniform
as groups E and A. For example, in group H we have ob-
jects which belong to different classes: PPNe, PNe and
Hir regions (see Table1 and Fig. 3), while group P and
C sources which are probably surrounded by shells with
carbon rich dust deserve special attention.

It is clear from Fig. 7 that pumping efficiencies for
sources in group A are higher than for sources in group
E. For most of the E group sources (about 98%) we have
€ smaller than 0.25, while in the case of A sources this
number is only about 86%. It means that OH maser emis-
sion for most of E type sources can be explained in terms
of infrared pumping model (where each maser photon re-
quires at least about 4 infrared photons), while probably
for some of the A group objects, either the predicted effi-
ciencies are too small (see e.g. Thai-Q-Tung et al. 1998),
or the €’s estimated by Eq. (1) are too large. There is al-
most no time-coincidence between the IRAS flux densities
and the OH data. It is easy to imagine that sources with
infrared flux obtained at the minimum and OH maser
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measurements close to the maximum will show observa-
tional pumping efficiency much larger than the theoretical
one.

In order to investigate the pumping efficiency for
sources from group A and E in more detail the log Sou
versus log F35 diagram is shown in Fig. 8 together with
the linear regressions computed for sources of each group.
We have found for sources in group E that the best fit
relation is

log Sou = 0.69 (£ 0.05) log F55 — 1.05(£0.06) (2)
and for sources in group A the relation is
log Sou = 1.13(£0.09) log F55 — 1.23(£0.15). (3)

This confirms that the pumping efficiency is larger
for sources from group A than for group E objects.
Furthermore, from Eq. (3) (group A) we can see that OH
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maser flux is almost proportional to the infrared flux at
35 um, while this is not the case for group E sources
(Eq. (2)). The large scatter of data seen in Fig. 8 may
be partly due to stellar and, related to it, OH maser
variations.

We note that observational estimates of the pumping
efficiencies are strongly biased towards higher values by
the detection levels in the OH surveys, i.e. it is easier to de-
tect strong OH sources with higher efficiencies. However,
in spite of the fact that the sample selected by us is rather
non-uniform in terms of the OH detection thresholds, we
are convinced that the size of our data base allows us to
determine average pumping efficiencies for different groups
and to attribute statistical significance to these values.
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The average value of pumping efficiency for A sources
is 0.10£0.03 and it is 0.03+0.02 for E objects. Here, errors
have been estimated using Egs. (3) and (2) for sources in
group A and E, respectively. With the above mentioned
bias, the true averaged efficiencies for the A and E group
will be probably somewhat lower than values calculated
from the assembled observations. Nevertheless, the ob-
tained result is likely to be statistically significant and
shows that sources in group A, on average, are more effi-
cient (about 3 times) than sources in group E in pumping
the 1612 MHz maser emission. This probably reflects the
larger thickness and higher optical depth for circumstel-
lar dust shell around group A sources. We note that the
results we obtained from the present sample (520 sources
from group E and 144 from group A) are in agreement with
previously published results using smaller samples. For ex-
ample, Dickinson (1987), using data for 163 OH/IR stars,
found an average pumping efficiency of 0.12 for sources
that have fluxes peaking in 12-80 um (sources with promi-
nent dust shell), and of 0.05-0.06 for sources that have
fluxes falling from 12 to beyond 80 yum (small contribution
from the circumstellar dust). Silva et al. (1993), using data
for 10 OH/IR stars, found an average pumping efficiency
of 0.11 by using the linear interpolation and 0.13 by using
the blackbody fitting, respectively. However after inspec-
tion of their sample, we found that 5 OH/IR stars have
the LRS spectra classifying them as objects of group A.
Recent theoretical results of Thai-Q-Tung et al. (1998)
predict pumping efficiencies from about 0.05 up to 0.17
for the saturated masers, which are in agreement with the
averaged values found in this work.

Finally, in Fig. 9 we present the pumping efficiency
versus colour diagram for sources in groups A and E. It
is clear that the pumping efficiency increases with the in-
frared colour. It means that the pumping efficiency be-
comes higher when the optical thickness of the envelope,
or the mass loss rate, reach larger values, i.e. for stars with
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Fig.10. The histogram of the envelope expansion velocities
for OH/IR stars in groups E (solid), A (dotted) and H (dashed
line). Numbers in parentheses show how many sources in each
group have been used to construct the histogram

silicate absorption feature at 9.7 um (A). Elitzur (1981)
has mentioned that when mass loss is high enough the far
infrared transitions become optically thick and the maser
flux is proportional to the far infrared flux, whereas in
the optically thin case the pump rate is proportional to
not only the infrared flux but also to the number of ab-
sorbing OH molecules. These theoretical predictions are
supported by our empirical relationships given in Egs. (3)
and (2), respectively.

3.6. Envelope expansion velocity of OH/IR stars

It is generally accepted that the presence or absence of an
OH maser depends on the local density of the envelope
at the radius of interest, which depends on both the mass
loss rate and the shell expansion velocity (Lewis 1989).
Assuming the classical picture of a spherical, thin and
uniformly expanding dust shell, the envelope expansion
velocity V. can be estimated as a half of the velocity dif-
ference between the two 1612 MHz peaks. The histogram
of the shell expansion velocities for OH/IR stars in groups
E, A and H is shown in Fig. 10, where in the last bin we
have accumulated all velocities larger than 32.5 kms~!.
From the inspection of this histogram we can see that
for most of the sources V; lies between 10 and 20 kms~!
(58.5, 77.6 and 61.4% for sources from group E, A and
H, respectively) as commonly found in the previous work
(e.g. Herman 1983; Le Squeren et al. 1992). Also it is found
that, on the average, V, for sources in group A is larger
than that in group E (34.6, 5.3 and 20.5% of the stars
have V, smaller than 10 kms™!, for sources from group E,
A and H, respectively). Note also that it is mainly sources
from groups A and H which have shell velocities larger
than 20 kms~".



1016

r 77— T
s x E(522) 1
A,(154) 794 a 778 a |
s H,(42)

e P,(25)

o F.(23)

m C,(5)

o 8.(1)

® L,(2)

@ U,(60)

* 1,(57) . o

78 A

L
L

T
1

40

T T T
L

T
1

30

v, [km/s]

M

T

*
$
|

20

T T T
L

T
1

10

T T T
L

log Fos/Fie

Fig.11. The V. versus log Fs5/F12 diagram for all OH/IR
stars. Some extreme expansion velocity sources are marked by
their numbers from Table 1. Total number of sources plotted
in each group is shown in parentheses

In order to quantitatively test this idea, we have plot-
ted in Fig. 11 the log Fb;/Fi2 colour-V, diagram for all
OH/IR stars. Although the data suffer from considerable
scatter, it is clear that the expansion velocity increases
with log Fbs/Fio for bluer colour objects (groups E and
F), whereas the expansion velocity is weakly dependent
(if at all) on the infrared colour for the redder sources
(groups A, P and H). This result is in agreement with
previous ones (e.g. Lewis 1989; Le Squeren et al. 1992;
David et al. 1993; Chengalur et al. 1993). Note also that
3 sources in group H (they are identified by their numbers
from Table1) have extremely high expansion velocities.
Zijlstra et al. (1989) suggested that such objects may be
post—AGB stars which will soon evolve into PNe. In fact,
one of them TRAS17347—3139 (794) is classified as PPN
object.

Similar patterns can also be seen in the period-V, di-
agram in Fig. 12. The expansion velocity gradually in-
creases with the period for sources in groups E, but at
period about 600 days it keeps a constant value of about
15 kms™! with a dispersion of +5 kms™"! for sources in
groups A and H. According to Baud et al. (1981) the ex-
pansion velocity is a measure of the main sequence mass
so that, on the average, the redder the envelope, the
larger the initial mass. Thus also from the V. behaviour,
sources in groups E would have a wider range of initial
masses whereas sources in groups A, P and H would all be
rather massive stars. Again this means that only massive
OH/IR stars can evolve to very red colour with very high
mass loss rate as proposed by Volk & Kwok (1987) and
Likkel (1989). The pattern of behaviour of the expansion
velocities presented in Figs. 11 and 12 can be understood
on the basis of the efficiency of photon momentum transfer
to the gas shell: when the mass loss is small any increase
causes a larger dust—gas coupling and so the momentum
transfer increases, while once a critical value of mass loss
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is reached the further increase in the momentum transfer
and thus gas acceleration is not possible (see e.g. Kwok
1975; Chengalur et al. 1993; Steffen et al. 1997, 1998).

From the galactic latitude versus V, diagram shown for
all OH/IR stars in Fig. 13, it is seen that sources with high
expansion velocity (over 15 kms™!) are located mainly
along the galactic plane, whereas in high latitude regions
(|b] > 10°) almost there are no sources with the expansion
velocity larger than about 20 km s~!. This again can be in-
terpreted as the signature of the shell velocity dependence
on the mass of the star: the former sources are thought to
be more massive OH/IR stars and many of the later are
sources with low initial mass.

Another interesting result is presented in Fig. 14,
where sources with (]b] < 10°) and (|I| < 15°) are taken
as galactic bulge objects (subsample includes 99 and
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44 objects of group E and A, respectively), and sources
with (]b] < 3°) and (|I|> 15°) (here 182 objects belong
to group E and 96 to group A) are taken as the galactic
disk objects. It is seen that, on the average, both group
of the sources have essentially similar distributions of the
V.. Metallicity in the galactic bulge is thought to be larger
than that in the disk so the expansion velocity should be
larger, but on the other hand the density of the interstel-
lar matter is higher as well so as a result both groups of
objects have similar V. values.

3.7. Galactic longitude-radial velocity distribution

The Local Standard of Rest (LSR) stellar velocities of
OH/IR stars are derived as the average velocity of the two
peaks of OH 1612 MHz maser emission. In the case when
only one peak is observed the peak velocity is treated as
the stellar radial velocity. The distribution of radial veloc-
ity with galactic longitude can be used to study galac-
tic kinematics by considering how closely OH/IR stars
follow the expected galactic rotation curve. However at
higher latitude the sample (mainly in group E) is domi-
nated by nearby stars with low initial mass, as previously
discussed. The following discussion is restricted to OH/IR
stars with galactic latitudes |b| < 10°. This includes almost
all galactic bulge and disk population objects but excludes
most nearby objects. The galactic longitude-radial veloc-
ity distribution for all OH/IR stars with |b| < 10° is il-
lustrated in Fig. 15, in which we can see the presence of
the counter-rotating OH/IR stars (especially in the bulge
region) which point to orbits that are not simply circular.
The galactic rotation is best represented by the CO emis-
sion, and the map of the radial velocity distribution of CO
has been given by Dame et al. (1987). It is found that in
general the shape of the distribution of most OH/IR stars

. Chen et al.: Properties of OH/IR stars with the IRAS LRS spectra
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is very similar to that of CO in Dame’s Fig. 6 which fol-
lows the galactic rotation curve. Further inspection shows
that OH/IR stars in group A are clustered in the molecu-
lar ring which exhibits strong CO emission, and which is
seen as the diagonal line within 30° of the galactic center.
In addition, outside the solar circle only 3 sources in group
A are seen. Finally, the sources in the galactic bulge follow
the rotation curve while the sources at the galactic center
indicate a mass concentration (Dejonghe 1993).

4. Summary and conclusions

In this paper we assembled 1065 OH/IR sources (mainly
AGB and post—AGB stars) with IRAS LRS spectra to in-
vestigate the properties of OH/IR stars by combining their
characteristics in the infrared and in OH 1612 MHz maser
emission. Among these sources 1024 have good IRAS asso-
ciations with a difference between the IRAS and OH maser
positions of smaller than 1’. Our sample has been created
by cross—correlation of OH satellite line maser data (from
predominantly four large OH surveys: tL-H, AO, tLVHW
and ATCA) with the recent catalogue of the IRAS LRS
spectra (Kwok et al. 1997) which have applied new clas-
sification scheme of LRS spectra developed by Volk &
Cohen (1989). About 90% of the analyzed sample come
from these surveys. Data for an additional 105 OH/IR
sources have been taken from more than 20 papers (see
Sect. 2 for details). The assembled data base is rather
non—uniform: the different surveys have different detection
thresholds and vary from inaccurate radio positions for the
single dish surveys (e.g. included in the pre-IRAS blind
observations catalogue — tLVHW) to highly accurate po-
sitions for the interferometric surveys. However, full anal-
ysis of the completeness and uniformity of our sample is
outside of scope of this paper. On the other hand, our
sample is sufficiently large that most (very likely all) our
conclusions of a statistical nature are probably correct.
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The majority of OH/IR stars at the AGB phase of
evolution have silicate features either in emission or in
absorption. However, we have also a significant number
of sources with OH maser emission for which classifica-
tion of their LRS spectra suggest that their circumstellar
envelopes are carbon rich. Recently, ISO discovered that
simultaneous appearance of oxygen— and carbon—rich ma-
terial around stars is quite common in different stages of
their life. Therefore, our finding is perhaps not so surpris-
ing but, nevertheless, these sources deserve special atten-
tion and work on understanding their nature is in progress.
In contrast to the common assumption that OH/IR stars
represent extremely evolved AGB stars, we found that
sources with silicate emission (group E) exceed in number
the sources with silicate absorption (group A). When we
examine data from separate OH surveys, we found that the
relative number between E and A group sources increases
significantly when sensitivity of survey is larger, indepen-
dent of the source selection criteria: AO (IRAS selected
sample) and ATCA (blind observations of galactic bulge
and galactic disc). Therefore, we are convinced that larger
number of OH maser detection in E group sources is real
and represent a true phenomenon: probably it is related to
larger number of the IRAS sources with silicate emission.
But it also shows that physical conditions in shells around
group E objects are sufficient to pump the OH masers.

Analysis of various diagrams relating different physical
parameters of OH/IR sources from our sample allowed us
to demonstrate that there is a clear mass sequence, espe-
cially, among type E and A sources. Most of the E sources
have a smaller initial mass than A group objects and
they will never evolve to develop circumstellar shells thick
enough to show the silicate absorption feature. The mass
sequence is hidden in data presented on the IRAS colour—
colour diagram as well as in the period—colour diagram but
is clearly seen in diagrams which relate different physical
parameters with galactic distribution (galactic latitude).
Since the IRAS colour—colour diagram has been frequently
used for discussion of properties and evolutionary status
of AGB stars it is obvious why an evolutionary sequence
(the silicate feature changes from emission to absorption
as mass loss of star increases) was the most “widely ac-
cepted”. We note that earlier works have suggested that
a mass sequence is probably mixed with an evolutionary
one. On the other hand, our results show that mass se-
quence is more prominent in many of the observed prop-
erties but also suggest the existence of an evolutionary
sequence (E-A-H) for more massive stars.

Let us summarize differences between the most nu-
merous objects in our sample (E, A and H — about 80%
of all sources — if not explicitly stated the discussed re-
sults refer to these groups). While most of the following
results were already known from previous studies, the size
of our sample allows to treat our results as more conclu-
sive. The most interesting result is a remarkable difference
in galactic location between OH/IR sources with the sili-
cate emission and absorption feature. We found only a few
sources of type A at galactic latitude >10°. Consequences
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of this finding were already discussed above. Note that
only OH/IR sources with |b|] < 10° follow the galac-
tic rotation curve and that OH/IR stars in group A are
clustered along with molecular ring which is seen as the
diagonal line within 30° of the galactic center. On the
IRAS colour—colour diagram OH/IR stars follow the well
known behaviour established for oxygen-rich AGB and
post-AGB stars. Sources in groups E and A have very
high probabilities of variability, while sources in group H
have much lower ones. This suggests that OH/IR stars
in groups E and A are undergoing mass loss whereas
most sources in group H may have stopped process of
intense mass loss and are evolving directly to the plan-
etary nebula region. Stellar pulsation periods for group E
objects increases with the TRAS colours while for group
A sources the correlation between period and colour es-
sentially breaks down and at the same colour we can find
periods of widely different values. The sources in group E
have periods of about several hundred days (with excep-
tion of low galactic latitude sources which could reach pe-
riods as high as 1000 or more days) and sources in group
A have periods from about 500 to over 2000days. Shell
expansion velocities for group A and H are rather uni-
form (concentrated around 15-25 kms™!) and statistically
larger than those for group E objects. In the case of sili-
cate emission sources the expansion velocity increases with
log Fy5/F12. Pumping efficiencies for group E and A
sources also increase with colour but they are statistically
higher for sources in group A. This probably reflects the
larger thickness and higher optical depth for circumstellar
dust shell around group A sources.
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