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Summary. OH emission, primarily in the 1612 MHz satellite line
but also in the main lines, is detected in a number of young
planetary nebulae. These objects form a direct observational link
between the evolved OH/IR stars and planetary nebulae. In this
paper we present the observations and discuss the implications for
various aspects of Post—-Asymptotic Giant Branch evolution. Life
times and birth rates of this evolutionary stage are calculated. We
propose a scheme for classifying pre-planetary nebula objects.
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1. Introduction

One of the least understood phases of stellar evolution occurs at
the tip of the Asymptotic Giant Branch (AGB) and immediately
following the AGB. The envelope ejected during the AGB
contains a large amount of dust, which completely obscures
the central star. The visual extinction can be in excess of 100
magnitudes. Some time after the mass loss phase has ended
the star becomes hot enough to ionize the nebula and the
object emerges again as a planetary nebula. Only a few objects
are known to be in the transition phase between the AGB
and planetary nebula. Such objects are commonly called proto—
planetary nebulae (PPN) or post-AGB stars; a recent compilation
of nearby candidates can be found in Burrajabal et al. (1988). A
review of observations concerning the post-AGB evolution can
be found in Kwok (1986).

The stellar population at the tip of the AGB consists mainly
of OH/IR stars and carbon stars, distinguished by an oxygen
rich or a carbon rich envelope respectively. Both kinds of
stars presumably evolve from Mira variables, and both can be
progenitors of planetary nebulae (PN), though the details of
the evolutionary process are not known. Oxygen rich stars are
most easily detected, because their envelope can produce an OH
maser line detectable throughout the galaxy. The maser line at
1612 MHz shows a characteristic double peaked shape, which is
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explained as arising in a spherical, uniformly expanding shell.
Maximum amplification occurs along the line of sight through
the center of the nebula, where the longest path length at a
constant velocity is found. The blue shifted peak comes from the
front of the nebula, the red shifted from the rear. Herman and
Habing (1985), Habing et al. (1989) and Jones (1987) give recent
reviews of observations of these OH/IR stars.

During the post-AGB evolution the objects are expected to go
through a phase where the inner part of the envelope is already
ionized while the outer regions are still neutral. If the envelope
is oxygen rich, such an object could exhibit OH emission from
the neutral region as well as radio continuum emission from the
ionized gas, and would thus resemble both an OH/IR star and
a planetary nebula. Until recently only one candidate for this
phase was known, the compact planetary nebula Vy2—2. The
OH maser of Vy2—2 was found by Davis (1979), and the nebula
was studied further by Seaquist and Davis (1983). Extensive
surveys to detect either radio continuum emission from OH/IR
stars (Herman et al., 1985; Rodriguez et al., 1985a), or OH maser
emission from PN, yielded only one more candidate: NGC 6302
(Payne et al., 1988), a bright and well-studied nebula.

Recently the IRAS satellite has opened a new window on
PPN. Both young PN and OH/IR stars are strong far infrared
emitters, because the absorbed stellar light is reradiated by
the dust at infrared wavelengths. PPN appear to be readily
identifiable in the IRAS point source catalogue (e.g. Olnon et
al.,, 1984). The measured colour temperatures form a continuous
sequence from about 800K for the warmest OH/IR stars to
about 80K for the coldest PN (Pottasch et al., 1988; Chapman,
1987). This value refers to the average temperature of the dust,
since the envelope contains a range of dust temperatures, being
warmer closer to the central star (Phillips and Mampaso, 1988).
Some OH/IR stars have colour temperatures within the range
of PN, significantly colder than shown by ordinary OH/IR stars.
They probably are in a phase where the mass loss has stopped
and the envelope has become detached from the central star
(Sun and Kwok, 1987). Depending on how fast the temperature
of the central star is rising they are prime candidates to have
entered the phase of OH emitting PN. The ionization must start
within a few times 10° year after the massloss ends, otherwise
the envelope will have dispersed and the OH emission stopped
before the nebula becomes detectable in the radio continuum.
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After the onset of ionization, the nebula is expected to be fully
ionized within 103 yr (Spergel et al., 1983).

The IRAS database has resulted in the discovery of large
numbers of OH/IR stars (te Lintel Hekkert et al, 1989b; te
Lintel Hekkert et al, 1989c; Eder et al, 1988), as well as a
group of PN which are in an earlier phase of evolution than had
been observed before (Ratag et al., 1989; Pottasch et al., 1988).
We have used these new samples to find more OH emitting
PN. Firstly, selected OH/IR stars were observed in the radio
continuum with the Very Large Array (VLA): preliminary results
of this continuum survey have been published in Pottasch et al.
(1987) and Zijlstra and Pottasch (1988). Secondly, a number of
the newly found young PN were observed in the OH transitions
using single-dish telescopes. Ten additional objects are found to
exhibit both an OH maser line and radio continuum emission,
bringing the total to twelve. These objects, called OHPN in the
remainder of the paper, bridge the observational gap between
the AGB and optically identifiable PN.

2. Sample selection and observations

In this paper we identify three different samples of possible PPN.
The first sample (section (2.1) is a selection of OH/IR stars
observed with the VLA for continuum emission. The presence of
continuum, which is not normally seen in OH/IR stars, indicates
that the inner envelope is already ionized and a planetary nebula
has formed. The second sample (section 2.2) is obtained by
searching for OH emission from the vicinity of known PN. We
were able to find OH emission from a number of young PN,
even though such emission has rarely been detected in the past.
Finally, we have correlated existing catalogues of OH/IR stars
and PN (section 2.3).

2.1. VLA survey of known OH/IR stars
2.1.1. Sample selection

The sample of 66 OH/IR stars is selected from “A catalogue
of stellar 1612 MHz maser sources” (te Lintel Hekkert et al,
1989a; hereafter OH/IR star catalogue), which contains about
400 known OH/IR stars and close to 1400 new OH/IR sources
discovered by follow-up observations of IRAS sources. Two
selection criteria are used:

1. The 25 um IRAS flux density, Sys, has to be greater than
1.25 x Sy, which defines an IRAS colour temperature within the
range shown by young PN. This criterium selects against young
OHY/IR stars, since most of these have significantly higher colour
temperatures.

2. The red shifted OH peak has to be weak or absent. This
indicates that the ionization of the circumstellar envelope may
have started. Because of the high densities in the inner envelope
the ionized region will rapidly become optically thick at 18 cm,
and thus the red shifted 1612 MHz line, which comes from the
far side of the shell, will be affected by absorption.

Some objects which do not satisfy the second condition are
still included in the sample.

2.1.2. VLA continuum observations

The 66 selected OH/IR stars were searched with the VLA
of the National Radio Astronomy Observatory (NRAO) for
continuum emission at a wavelength of 2cm in September

1986 and April 1987. During the first observing run the VLA
was in the B configuration, which gives a resolution of 1”
at 2cm. The second observing run was carried out while the
VLA was in D configuration with a resolution of roughly
6”. All observations were carried out with 3 minute on-source
integration time. Although the receivers have a somewhat higher
system temperature at 2 cm, this wavelength was chosen instead
of 6cm because (1) optically thick sources will have a higher
flux density at 2cm and (2) confusion with extragalactic sources
is less of a problem. The flux calibration was done using 3C286,
adopting a 2cm flux density of 3.45 Jy. We estimate the error in
the flux calibration to be less than 10%.

The positions of most OH/IR stars have only been measured
with single dish radio telescopes, and generally are uncertain to
several arcminutes. We used the positions of the associated IRAS
sources, which are accurate to better than 60”. OH/IR stars are
strong far infrared emitters and most fields show only one IRAS
source within the error box with the right colours, so there is
little doubt about the identification of the OH maser with the
IRAS source.

All fields which showed radio continuum sources consistent
with the IRAS position were reobserved at 6cm, in order to
eliminate the non-thermal background sources. In three cases we
found a radio continuum source with a thermal spectrum within
the error box of the IRAS position. A fourth star, OH24.8—0.0,
which had a possible detection at 2 cm, could not be confirmed at
6cm due to confusion from a nearby HII region. The complete
list of all observed OH/IR stars is given in Table Cl in the
appendix.

2.1.3. VLA OH line observations

The three stars with a 6 cm confirmation were subsequently
observed at 1612MHz (July 1987) and 1665 MHz (January
1987) in right circular polarization with the VLA, in order
to determine the precise position of the OH maser emission
(see also Table 1). Thirty two channels were used with a
velocity resolution of 1.1 km/s. The rms noise per channel was
approximately 35mJy/beam. All three sources were detected at
the correct position, although the emission from OH 349.36-0.20
is weak and needs confirmation. OH 0.9+1.3 was detected at both

Table 1. Parameters of the 18 cm observations

Parkes 64 meter radiotelescope

beam size 12/5 x 12!5
velocity range —250. to 250. kms™!
velocity resolution 0.9 kms™!
rms 0.08 Jy
Nangay radiotelescope
beam 3/5 x 18!
velocity range -270. to 270. kms~!
velocity resolution 0.8 kms™!
rms 0.04 Jy
VLA
synthesized beam 107
velocity resolution 1.1 kms™!
number of channels 31
rms 0.035 Jy
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transitions; OH 349.36-0.20 was only detected at 1665 MHz . OH
349.36-0.20 emits about 90% of the 1612 MHz maser emission
in the left circular polarization. The absolute flux calibration for
the 1612 MHz of OH 0.9+1.3 is unknown, due to an error in
the on-line application of the system temperature correction. All
other amplitudes were calibrated using 3C286.

2.2. Sample from recent surveys at Parkes and at Nangay
2.2.1. Sample selection

Young PN show a large spread in IRAS colour temperatures
which are not necessarily related to their ages (e.g. van der Veen,
1988), therefore the colour temperatures cannot be used to select
the youngest objects. Instead we use the InfraRed Excess (IRE),
which is defined as the ratio of the total observed far infrared
flux density over the expected flux density (see appendix A).
The IRE is a measure of the stellar temperature for young PN,
as will be shown below. Recent VLA and WSRT observations
have found PN with much higher IRE values than had been
observed before (Pottasch et al., 1988; Zijlstra et al., 1989). From
a total list of 16 PN with such large IRE (larger than 3), 14
were observed in the 1612 MHz OH line. All selected sources lie
in the direction of the galactic bulge, since the VLA and WSRT
surveys were limited to sources in this direction.

2.2.2. Observations

From the sample of PN with high IRE, 14 sources were observed
at the 18 cm OH lines either at Parkes or at Nangay. During May
1987 and September 1988 we observed with the Parkes 64 meter
radiotelescope, using a dual-channel cooled FET receiver (Table
1). The system temperature was typically 38 K. The calibration
is relative to Hydra A (PKS 0915-118) assuming an 18 cm flux
of 36 Jy (18 Jy in each sense of linear polarization). The 1024
channel autocorrelator was split into two bands of 512 channels
each, measuring the two linear polarizations simultaneously. We
observed the 1612 MHz satellite line of the OH radical using
the total power technique. Owing to the use of new and not yet
completely tested software, the absolute velocities are uncertain
by as much as 1 kms—!.

The observations in Nangay were carried out during Decem-
ber 1987 (Table 1). The 1612 MHz and 1667 MHz transitions
were observed simultaneously by splitting the 1024 channel au-
tocorrelator into four banks, each bank observing the left or
right circular polarization of one of the frequencies. We used a
frequency switching technique. Each bank observed the velocity
range —13 to 280 kms~!, after which the central frequency was
switched to cover the “negative” velocity range. The ratio of flux
to antenna temperature was taken to be 1.1 Jy/K.

All quoted velocities are with respect to the Local Standard
of Rest.

The observations of the 1612 MHz transition were seriously
hampered by interference caused by the GLONASS satellite
system (see also Carter, 1986). We were ultimately able to obtain
interference free data.

Seven sources were detected (six at Parkes (# 3, 5, 6, 7, 10 and
11 from table 2) and one, PK 356+2° 1, with the radiotelescope
at Nangay). PK 356+2° 1 was also observed at 1667 MHz , but
not detected with an estimated 3 ¢ upperlimit of 0.16 Jy. Some of
these detections can possibly be attributed to confusing sources
within the telescope beam; this problem is addressed below.
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2.3. Correlations between OH and PN catalogues
2.3.1. OH observations of known PN

We have used preliminary results of the OH survey of IRAS
sources to see whether any of the OH observations included in
the beam a known planetary nebula. All OH/IR stars in the
described in the literature were also included in the search. We
selected from the survey all positions which had a known PN
within the primary beam of the telescope. The PN positions
were taken from the catalogue described by Acker (1983).
The difference between the observed (IRAS) position and the
planetary nebula position had to be less than one third of the
HPBW of the telescope. In these cases a non-detection at the
(IRAS) position corresponds to a meaningful non-detection of
the planetary nebula as well. Table C2, in the Appendix, lists all
PN for which we have upper limits on 1612 MHz maser emission.
About half of the number of sources come from the present
correlation; the remainder are taken from Payne et al. (1988).

In a few such cases 1612 MHz maser emission was detected
from a position close to a planetary nebula. In these cases the
OH emission is possibly associated with the planetary nebula
instead of the IRAS source. Table C3 lists the IRAS sources
for which 1612 MHz emission was detected close to a planetary
nebula. In the cases where the velocity of the optical nebula is
known, it differs by more than 50 km s~! from the velocity of the
1612 MHz maser emission. Some of the PN (e.g. PK 358+3° 1
and PK 358+3° 3) are in highly confused areas in the sky: more
than one OH/IR star was detected at the IRAS positions. High
positional resolution measurements are needed to either prove
or disprove the association between the PN in Table C3 and the
OH emission.

2.3.2. Known OH sources near the new PN

The OH/IR catalogue was used in a similar way to find known
OH sources near the recently found high IRE PN, which are not
yet in the Acker catalog. Three sources were found, all from the
survey described by Olnon et al. (1981). (The results of the Olnon
et al. survey will be published in the OH/IR catalogue.) Two of
these sources were also in the Parkes OH survey (section 2.2; #
S and 7 in Table 2). A third source (OH 358.518+40.322, #8 in
Table 2) coincided with a very weak source found by Ratag et
al. (1989).

Olnon et al. carried out their survey using a rectangular
grid in galactic coordinates. From the relative strength of an
OH source at neighbouring grid positions they derived positions
accurate to within 2/ The PN (VLA) positions are identical to
the positions of the three OH sources within these errors.

3. Confusion

All of the presently discussed sources lie in the direction of the
galactic bulge. Due to the strong concentration of OH/IR stars
in this direction, confusion becomes an important problem for
single-dish 1612 MHz OH observations. In this section we will
try to quantify the expected detection rate due to confusion.
We use the survey by te Lintel Hekkert et al. (1989b), which
was carried out with the same observational parameters as the
observations described in section 2.2.2 .
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Table 2. The sample of OHPN stars: positions

# Name VLA: continuum position IRAS position OH position Ref.
l b a § a § a § Ao  AS
1 NGC 6302 3492509 19056 17h10™21%.3  -37°02'43"  17R10™21%.7  -37°02'45" 1,3
PK 349+1° 1
IRAS 17103-3702
2 OH 349.36-0.20 349.351 —0.211 17 15 04.0 -37 54 54 17 15 04.2 -37 54 53 17015M04%.0  -37°54'53" 0%6 10" 4,8,9,11
IRAS 17150-3754
3 IRAS 17207-2856 357.396 3.971 17 20 44.7 -28 55 52 17 20 45.5 -28 56 48 9,11
4 PK 356+2°1 356.154 2.766 17 22 06.1 -30 38 05 17 22 05.9 -30 38 06 9,11
IRAS 17221-3038
5 IRAS 17347-3139 356.801 —0.055 17 34 45.9 -3139 11 17 34 46.5 -3139 15 10,11
6 IRAS 17371-2747 0.326 1.565 17 37 11.8 -27 48 38 17 37 11.6 -27 47 38 17 37 08.4 -27 48 30 2%6 43" 9,13
7 IRAS 17375-2759 0.210 1.406 17 37 29.4 -27 59 29 17 37 31.6 -27 59 35 17 37 26.7 -28 00 04 2%0 40" 9,13
8 IRAS 17375-3000 358.509 0.326 17 37 32.6 -30 00 29 17 37 32.2 -30 00 36 17 37 34.8 -3000 10 1%9 25" 10,13
9 OH 0.9+1.3 0.892 1.342 17 39 24.7 -27 27 02 17 39 23.8 -27 27 05 17 39 24.8 -27 27 03 0%3 5" 4,911
IRAS 17393-2727
10 IRAS 17443-2949 359.446 —0.840 17 44 23.8 -29 49 44 17 44 23.3 -29 49 56 17 44 23.3 2949 52 0%06 17 10,11
11 IRAS 17580-3111 359.796 —4.072 '17 58 08.0 -31 10 27 17 58 05.2 -31 11 19 10,11
12 Vy2-2 45 .498 —-2.703 19 21 59.3 0948 00 1921 59.0 09 47 58 4,6,12
PK 45-2° 1

IRAS 1921940947

References used for the position information and continuum observations :

1: Payne et al. 1988; 3: Pottasch 1984; 4: Pottasch et al. 1987;
6: Seaquist and Davis 1983; 9: Pottasch et al. 1988; 10: Ratag et al. 1988;

References used for the information on the OH data :

12: Clegg and Walsh 1988

8: Caswell et al. 1983; 9: Pottasch et al. 1988; 11: this work; 13: Olnon et al. 1981

The detection probability of 1612 MHz maser emission from
selected IRAS sources in this survey is approximately 50% in the
region of the galactic bulge (within 15° of the galactic centre),
and 33% in the galactic disk area outside the Bulge. Assuming
there is no difference in the nature of the IRAS sources found in
the bulge and the disk (for which there are no direct or indirect
indications known to the authors), the difference in detection
probability must be due to the higher density of OH sources in
the bulge. So we estimate a confusion level in the galactic bulge
of about 20%.

The survey of te Lintel Hekkert et al. (1989b) includes a
number of known PN. Generally these are not expected to show
OH 1612 MHz maser emission (e.g. Payne et al., 1988; Rodriguez
et al., 1985a). The actual “detection” rate is approximately 20%
in the galactic bulge, and less than 5% elsewhere. Attributing all
these coincidences to confusion, which is also indicated by the
large difference between the 1612 MHz velocity and the optical
velocity of the PN in those cases where the velocity of PN is
known (see also Table C3), we again expect a confusion level of
20%.

Note that the confusion level will depend upon position in
the bulge, with the highest levels being found in the plane near
the galactic centre. The derived number of 20% is an average
for the bulge. In addition, the confusion level also depends on
parameters like sensitivity, HPBW of the telescope and velocity
coverage.

The actual detection rate in our sample of known PN (as
mentioned in 2.2.2) is 7 out of 14. We expect that about three of
these may be due to unrelated sources within the field of view.

This calculation does not take into account the fact that in
a few cases the identification of the IRAS source with the radio

continuum source might be wrong. Since the high IRE sources
do not have known optical counterparts, their classificaton as
PN is based on the detection of radio continuum emission. We
have found one source where this classification turned out to be
wrong, namely IRAS 17374—3013. The continuum source found
by Pottasch et al. (1988) is identical to the pulsar PSR 1737-30
(Braun et al.,, 1989), while the IRAS source is offset from this
position by 2/ We did find OH emission in the field as well,
but the position as determined by Olnon et al. (1981) is a few
arcminutes displaced both from the continuum and the IRAS
source. We expect that most of the high IRE PN are correctly
identified, but possibly not all. The problem can only be resolved
by high-resolution OH observations, to determine the precise
position of the OH maser emission.

4. Description of the detected sources

4.1. OHPN

We have found a total of ten new sources which, within our
positional accuracy, show both radio continuum emission and
OH 1612 MHz maser emission. We will call these objects OHPN.
Two other terms are in use for objects in transition from AGB-
star to planetary nebula: PPN and post-AGB star. Post-AGB
star has been used for (super)giants with large circumstellar
envelopes at high galactic latitude (Parthasarathy and Pottasch,
1986; Waelkens et al., 1987). The term is preferable to PPN
when, as in these cases, it is not known for certain whether they
will evolve into a visible planetary nebula. These objects may
evolve too slowly to ever ionize the envelope. The term PPN, on
the other hand, has been defined differently by various authors
(for a review see Rodriguez, 1987). We define the term OHPN
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as objects which show an OH maser line as well as detectable
radio continuum emission. Because of the significant ionization
they are a subset of the PN.

The sample of proposed candidates for PPN has increased
significantly in recent years (e.g. Likkel et al., 1987). They show
a wide range of observational characteristics. The core mass
(related to the ZAMS mass of the progenitor) and the metal
abundance of the stellar atmosphere are probably the main
discriminators between the different types of PPN. The field
would greatly benefit from a better classification scheme and
terminology.

In Fig. 1 the OH spectra of all 12 likely OHPN, including
Vy2—2 and NGC 6302, are plotted. The relevant observational
parameters are listed in Table 1. Table 2 and 3 list the observed
properties for all sources. The individual sources are discussed in
the following sections. In each case we comment on the positional
accuracy of the IRAS, OH, and radio continuum measurements,
and on the possibility that the inclusion of the object in the
sample of OHPN is due to confusion.

4.2. OHPN 1 (NGC 6302)

The spectrum of NGC 6302 in Fig. 1 confirms the results of
Payne et al. (1988). The absorption seen in the 1667 MHz line
appears to be real. The 1612 MHz profile is highly irregular,
showing many different components closely spaced in velocity,
instead of the regular two-peaked spectrum of common OH/IR
star. The OH emission is seen projected unto the ionized region.

4.3. OHPN 2 (OH 349.36-0.20)

In the recent literature there is some confusion about the name of
this source, due to the erroneous galactic coordinates in Pottasch
et al. (1987). We propose to use the name suggested by Caswell et
al. (1981), who first observed the weak 1612 MHz emission. The
peak flux density of the strongly circularly polarized emission
( =~ 80-90%) is about 0.6 Jy. The VLA observations detected
1665 MHz emssion within a few arcseconds of the position of the
continuum source. Emission at 1667 MHz , shown in Fig. 19, was
already reported by Caswell et al. (1981), although they did not
publish a spectrum. The 1667 MHz is somewhat stronger than
the 1612 MHz , and shows with a peak flux density of about 0.8
Jy. The main lines are not detectably (circularly) polarized, less
than =~ 10%. All lines show plateaus of emission, although not
covering a large velocity range. Such plateaus can indicate that
the emitting shell is thin, as opposed to the very thick envelopes
of ordinary OH/IR stars. In such cases the maser emission is
possibly unsaturated (Alcock et al., 1986).

4.4. OHPN 3 and 4 (IRAS 17207-2856 and PK 356+2° 1)

These two sources are the weakest 1612 MHz emittors in Table
3. Both sources show profiles not uncommon for OH/IR stars.
OHPN 4 is the only source discovered at Nangay. No accurate
positions are known for the OH masers. The IRAS position
for OHPN 3 deviates about 1/ from the continuum position.
Although this is a fairly large deviation, it is not unusual that
IRAS sources in areas with high source densities, like the galactic
bulge, have large uncertainties in their position. It is also possible
that the IRAS point source reduction has missed the IR source
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associated with OHPN 3 in favour of the IRAS source we now
quote. Confusion with unrelated OH/IR stars is a possibility for
both these sources.

4.5. OHPN 5 (IRAS 17346-3139)

The 1612 MHz spectrum shows two groups of emission; one
between —50 and 0 kms™!, and the other near —125 kms™!.
Recent VLA observations of this object confirm that the OH
emission at —125 kms~! coincides with the continuum source
(Likkel, te Lintel Hekkert and Zijlstra; preliminary result). The
nature and position of the other emission lines is not (yet) clear
from these observations.

4.6. OHPN 6 (IRAS 17371-2747)

This source shows a 1612MHz spectrum with a flat-topped
component(s), which is unusual for OH/IR stars. The IRAS
position is about 1/ off from the continuum position. The same
remark about the uncertainties in the IRAS position holds as
given for OHPN 3. The OH position (given by Olnon et al,
1981) and the continuum position are in good agreement. The
peak OH flux density of this source has not changed significantly
since February 1975. The observations by Olnon et al. (1981)
do not have enough sensitivity to allow for detailed comparison
between the profiles.

4.7. OHPN 7 (IRAS 17375-2759)

The 1612 MHz profile resembles the blue shifted velocity peak
of profiles of common OH/IR stars, similar to what is seen in
Vy 2—2. Linear polarization is not detected. The positions for the
OH emission (from Olnon et al., 1981), continuum, and IR are
all consistent within the uncertainties. The peak flux density and
general shape of the profile has not changed substantially since
February 1975, when the Olnon et al. observations were carried
out.

4.8. OHPN 8 (IRAS 17375-3000)

The 6cm continuum source detected by Ratag et al. (1989)
needs confirmation. The OH source found by Olnon et al. (1981)
shows a typical, bright (> 1 Jy) OH/IR profile. The epoch of
this measurement is June 1979. A second, unrelated, OH/IR star
(OH 358.436+0.439) was also in the beam of the Bonn telescope.
The position of the continuum emission and the IRAS position
are in good agreement. The position of the OH emission is also
in agreement with the continuum and IRAS position, within the
uncertainties given by Olnon et al.

49. OHPN 9 (OH 0.9+1.3)

This source, discovered by Kerr and Bowers (1974), is probably
one of the intrinsically strongest 1612 MHz emitters in the galaxy.
The spectrum shows three, possibly four, separate peaks around
~120 kms™!. The VLA OH-line measurements, obtained in J uly
1987, show an excellent positional agreement with the continuum
source. The absolute calibration of the VLA 1612 MHz profile
is uncertain due to on-line computer problems during the
observations. In February 1988 we obtained additional Nangay
observations with the same parameters as described in section
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222; an additional (weak) component at -93.3 kms~!was
discovered. The maser spikes around —120 kms™! are circularly
polarized to about 15 %.

The spectrum has changed considerably since Kerr and Bow-
ers first observed the source. Comparing the Nangay spectrum
with the result from Kerr and Bowers shows that the two peaks
at —123.5 and —122.3 kms~! (the two outer most ones) have
doubled in strength since 1974, as has the weak component at
—116 kms~'. The component at —121.2 kms~!still shows the
previous strength of 24 Jy.

A more detailed comparison between the right circular
polarization measurement from Nangay and the VLA spectrum
shows still larger differences between the spectra. The VLA
spectrum does not show the spikes at —122.3, —121.2 and at
-119.1 kms~!. A 1612MHz spectrum (although the observed
position is off by 6!) obtained with the Parkes telescope in
November 1985 shows a profile shape similar to the July 1987
VLA result. Therefore the change occurred between July 1987
and January 1988. During this time the three spikes regained
their previous strength from 1974. We conclude that the source is
variable on time scales as short as months. Unlike OH/IR stars,
parts of the same maser group showed different time variation.
This phenomenon is discussed further in section 8.3,

The 1667 MHz spectrum shows a (weak) plateau of emission
covering the same velocity range as the 1612 MHz emission. An
absorption feature is seen at —125.9 kms™!, coinciding with the
edge of the 1612 MHz profile. Apparently part of the OH is seen
in absorption against the galactic continuum background.

The emission spikes in the 1667 MHz spectrum are coincident
in velocity with emission features in the 1612 MHz spectrum.
At the time of the 1665 MHz VLA observations the 1667 MHz
plateau and the —93 kms~!1612MHz component had not
yet been discovered. So, unfortunately, the band chosen to
observe the 1665 MHz emission did not cover the range —85 to
—110kms~! ; we do not know whether the 1667 MHz plateau
or the 1612 MHz maser component at —93kms~—' have any
1665 MHz counterparts.

Mauersberger et al. (1988) have detected CO emission from
this object. The emission peaks at —107 kms™!, midway between
the two main OH components. The total velocity width is
45kms~!, almost identical to the OH. While it is not clear
whether the CO and the OH trace the same positions in the
shell, the kinematic structure of regions where the two molecular
species are found is quit similar.

4.10. OHPN 10 (IRAS 17443-2949)

The spike in the spectrum of this source resembles the blue
shifted peak of other OH/IR stars. The 1612 MHz spectrum
shows wide absorption near 8 kms~!. The low galactic latitude
(~ —0°8 ) and near zero velocity suggests that the OH absorption
is interstellar in nature, and not associated with OHPN 10. The
positions of the IRAS source and the continuum source are
consistent with each other. Preliminary results from recent VLA
observations show that the OH emission coincides with the
continuum source.

4.11. OHPN 11 (IRAS 17580-3111)

This is the only OHPN with more than two groups of spikes in
the 1612 MHz spectrum. VLA observations are needed in order
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to show whether the four groups all belong to the same object.
Multiple maser groups can, in general, not be produced in an
envelope with a purely spherical geometry, but can be caused
by strong bipolar outflows (see also Chapman, 1988). There is
about 1/ difference between the continuum and IRAS source.

4.12. OHPN 12 (Vy2-2)

Seaquist and Davis (1983) have observed this well-known source
with the VLA. Their map shows a slightly elongated continuum
source. The OH emission is seen projected unto the ionized
region, but is displaced from the centroid of the continuum
source in the direction of the major axis. This is indicative of a
nonspherical morphology of the OH emitting shell.

5. Sources with uncertain classification

In this section we will discuss a number of sources which possibly
also belong to the group of OHPN. For various reasons their
classifications are uncertain, and the objects described here will
not be included in the discussion to follow.

5.1. OH 24.8—0.0

The 2 cm VLA map shows a possible detection at the 3mly
level. At 6 cm this could not be confirmed due to two bright
HII regions located about 5! to the south. The 1612 MHz profile
published by Caswell and Haynes (1983b) shows the familiar
one-sided profile. Since the possible continuum detection could
not be confirmed, we have not included this source in the list
of OHPN. Follow-up observations both at 2cm and 6cm are
needed.

5.2. OH 5.89-0.39

This source is described in Zijlstra and Pottasch (1988) and
Harvey and Forveille (1988). Its classification is not clear. The
1612MHz line has rapidly decreased in strength, indicating
possibly fast evolution of the central object. At the same time the
main lines have not changed in intensity (Caswell and Haynes,
1983b). The central source is a strong continuum source with a
bipolar morphology. A high velocity outflow is apparent from
CO data presented by Harvey and Forveille. OH 5.89-0.39 is thus
one of the rare sources known to exhibit both CO and strong
1612 MHz OH emission. H,O emission is also present (Genzel
and Downes, 1977). Since OH 5.89-0.39 could be a peculiar HIT
region instead of an OH/IR star, we have not included it in the
present sample. The object clearly deserves more study to clarify
its nature.

53.K 3-35

Engels et al. (1983) report strong 1612 MHz OH emission from
this object, but also mention that the classification is not clear.
Its association with a dark cloud, both in position and velocity,
suggests it is a compact HII region. However, the OH line ratios
are atypical of HII regions, since the 1612 MHz is much stronger
than the 1667 MHz emission, and no 1665MHz emission is
observed. Caswell and Haynes (1983a) find 1612 MHz emission
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from 9 out of 85 masers believed to be associoated with HII
regions. In almost all these cases, however, the 1612 MHz is at
most comparable in strength to the main lines. In section 9.5 we
will comment on the classification of K3-35.

6. Physical characteristics of the nebulae

In Tables 2 and 3 the observational characteristics of the
detected sources are listed, such as, position, radio flux density,
1612 MHz flux density and velocity, etc. NGC 6302 and Vy2-2
are also included. The position is always that of the radio
continuum source, which is accurate to within 10”. The position
of the OH emission has been measured with the VLA for four
sources (Vy2—2, NGC 6302, OHPN 2 (OH 349.36-0.20; only at
1665 MHz ) and OHPN 9 (OH 0.9+1.3)); the OH positions agree
to within a few arcseconds with the continuum positions. For the
remaining sources we have only single-dish OH measurements.
The possibility of confusion for these sources is non-negligible,
as shown above. VLA observations are desirable to confirm the
positional association.

We have listed the velocities of the OH maser spikes. In
the case of single peaks, i.e. complete absorption of the red
shifted emission, this will be blueward of the actual stellar ve-
locity. OH/IR stars generally have expansion velocities of 20
to 25kms~!. In these cases the expected stellar velocity is the
quoted velocity plus 20 km s~ . The actual central nebular veloc-
ity is unknown except for Vy2—2 and NGC 6302 (—71kms~!
and —56 kms™! respectively). Some of the newly found objects
show a high radial velocity and are probably part of the galactic
bulge. These objects are therefore expected to be close to the
galactic centre, at a distance of approximately 8 kpc.

We expect that most of the OHPN have significant optical
depth at 6 cm, possibly even at 2 cm. At the distance of the
galactic centre a spherical ionized region will have a 6 cm radio
flux density:

s —25( Te )( R )2(1 ~t) mJ 1
bem = =210~k / \105em ¢ my M

Table 3. Measured quantities of the sample of OHPN stars

where T, is the electron temperature in degrees Kelvin, R is
the radius in cm and t the optical depth. For T, = 10*K and
T6em = 1, the source will be detectable at 6cm if R > 10'° cm.
The OH emission in OH/IR stars normally occurs at radii of
10'6-10'7 cm. The ionized region can be larger than 10!5cm
without destroying the OH emitting region, and thus the object
could have lower optical depth and still be detectable, even
at the distance of the galactic centre. Therefore the possibility
that the objects are optically thin at 6cm cannot be ruled out.
For four objects multiple frequency measurements are available;
three have significant optical depth at 6 cm.

From the data we can derive a number of other quantities,
listed in Table 4. The total far infrared flux is determined by
summing over the IRAS bands in which the source was detected.
No bolometric correction is applied. With a maximum of only
four points along the far infrared spectrum, the total flux cannnot
be determined very accurately. However, the values should be
accurate to within a factor of two. No colour correction has been
applied to the IRAS data. We assume that the objects with a
high radial velocity (|V aq| > 50kms™!) are part of the galactic
bulge. For those source the far infrared luminosity has been
calculated. For NGC 6302 we assume a distance of 1 kpc. Its
total far infrared flux density precludes a much larger distance:
the luminosity would exceed the maximum luminosity allowed
for PN (= 2 x 10* Lg: Kippenhahn, 1981). For the other sources
no luminosity is given. The far infrared luminosity probable
accounts for most of the stellar luminosity.

The IRE is also listed, calculated as given in appendix A. We
have used the flux density at the shortest observed wavelength.
Since the nebulae might still be optically thick at this wavelength,
the values given for the IRE should be considered as upper limits.
This effect can be expressed in terms of the parameter a, defined
as the ratio of the optically thin radio flux density (extrapolated
to the observed frequency) to the measured flux density (Pottasch
et al., 1987). The IRE is proportional to 1/a.

In most cases the sources are unresolved, with upper limits
to the angular size of 1-3”. An order of magnitude estimate of
the true size can be obtained if we assume an optical depth of

# Name Fecm IRAS fluxes Fir velon Fi612 Ref.
12 pm 25 pm 60 pm 100 ¢#m x101%
[mly] [Iy] [Jy] [Iy] [yl  [Wm™] [ kms™!] [ Iy ]

1 NGC 6302 3500. 32.2 334.0 846.0 535.0 48.6 -38. —47. 0.5 0.2 1,3

2 OH 349.36-0.20 40. 2.5 19.8 104.0 4.04 -126. 0.5 4,8,11
3 IRAS 17207-2856 8.2 < 25 8.0 7.6 0.61 ~18. 0.4 9,11

4 PK 356+2° 1 14.3 1.3 8.7 3.7 0.72 18. -15. 0.4 0.2 9,11

5 IRAS 17347-3139 52.0 19.2 100.0 125.0 19.7 -120. (-20.) 0.6 (0.3) 10,11
6 IRAS 17371-2747 8.1 2.1 10.6 14.6 1.21 115. 0.8 9,11,13
7 IRAS 17375-2759 2.6 < 4.4 6.4 < 10.5 1.21 21. 1. 9,11,13
8 IRAS 17375-3000 0.8 < 5.0 19.8 < 37.2 1.02 -36. -16. 2.8 2.6 10,13
9 OH 0.9+1.3 1.4 1.8 17.8 37.0 2.12 -124. -93. 54. 0.5 4,11
10 IRAS 17443-2949 0.9 15.8 39.3 34.3 5.04 -15. 1.2 10,11,13
11 IRAS 17580-3111 8.9 3.3 15.4 7.8 1.43 15. 2.7 10,11
12 Vy2-2 48. 15.5 94.0 42.3 10.1 8.13 -62. 5. 4,6,12

References continuum observations :

1: Payne et al. 1988; 3: Pottasch 1984; 4: Pottasch et al. 1987;

6: Seaquist and Davis 1983; 9: Pottasch et al. 1988; 10: Ratag et al. 1988; 12: Clegg and Walsh 1988

References used for the information on the OH data :

8: Caswell et al. 1983; 11: this work; 13: Olnon et al. 1981
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Table 4. Derived parameters of the OHPN
# name IRE Lir 6 size (FWHM) Ne M; T
[10°Lo ] (n] fTb=10°K [10%cm™®] [107°Me] [10°K]
[a7!] [a?] [a?]
1 NGC 6302 1.6 3.5¢ 2. 7.3% > 80
2 OH 349.36-0.20 5.4 10. 0.4 0.3 40. 1.9 35
3 IRAS 17207-2855 7.9 1.5 1.6 0.4 2.3 7.0 33
4 PK 356+2°1 5.4 1.8 < 15 0.8 9.2 3.0 35
5 IRAS 17347-3139  118. 493 < 1. 0.1 15
6 IRAS 17371-2747 15.9 30 < 1. 0.2 7.8 0.2 27
7 IRAS 17375-2759 49.6 2.3 0.1 20
8 IRAS 17375-3000  209. 0.1 16
9 OH0.9+1.3 75. 53 < 1. 0.1 120. 0.02 18
10 IRAS 17443-2949  611. < 1 0.1 13
11 IRAS 17580-3111 17.2 < 1. 0.2 24
12 Vy2-2 4.3 0.2%* 0.3 100. * 35

Notes to Table 4:

& Clegg and Walsh 1988

O Seaquist and Davis 1983

Q Based on flux densities at higher frequencies
& Pottasch 1984

unity at 6cm. The brightness temperature T} of a spherical HII
region can be written as

Ty =T.(1—e ) = 70.7 Sgg’" @)

(Kwok 1985), where Sgcm is the radio flux density in mlJy,
and 6 is the angular diameter in arcseconds. We assume a T, of
10* K. The assumption of ¢ = 1 at 6 cm thus yields an estimate to
the angular size. When no direct size determination is available,
this model size is given in Table 4 together with the measured
upper limits.

The model of a spherical source with uniform density also
yields the electron density and ionized mass, if the distance
is known. For NGC 6302 and Vy2-2 the density has been
determined from optical observations (Pottasch, 1984 (hereafter
referred to as P84); Clegg and Walsh, 1989). Table 4 lists this
density for these two sources, and model densities for the sources
thought to be in the galactic bulge.

7. The temperatures of the central stars

The IRE can be used to derive the stellar temperature. We make
two assumptions: (1) all photons with energy above the Lyman
continuum limit will ionize one and only one hydrogen atom;
(2) all energy emitted by the star will eventually be absorbed by
dust and reradiated in the far infrared. The second assumption
implies that only a negligible fraction of the total energy comes
out in forbidden lines such as oxygen and nitrogen. Especially
for low excitation nebulae this assumption is reasonable. Thus
we limit the application to low temperature central stars.

Starting from these assumptions, the formulae are derived in
appendix B. They are given in terms of 7%/G;(Tx), where G;(T%)
is a function of temperature arising from the conversion between
stellar temperature and total number of ionizing quanta.

To apply this method one needs to know the optically thin
radio flux density. Since we don’t know whether our objects are
optically thin at the observed wavelength, the derived IRE must
be considered an upper limit, and the stellar temperature a lower
limit. However, within the range of interest the temperature
varies only slowly with T%/G;(T«) and thus with the IRE. If, for
instance, the IRE has been overestimated by a factor of five, a
temperature found to be 17,000 K should have been 23,000K.
At higher temperatures the effect becomes more severe. For
Vy2-2 the IRE would have been overestimated by a factor of
five, had the 6 cm flux density been taken instead of the (known)
optically thin value. Most of the uncertainty in the derived stellar
temperature arises from this problem.

Taking the average between the low and high density case,
and combining formulaec A4 and B5 in the appendices, the
relation between the IRE and 7« /G;(T«) becomes:

T+/Gi(T«) = 1.4 x 10* x IRE 3)

Table 4 lists the results for our sample of OHPN. In all cases
the radio flux density is taken from the highest frequency point
available, in order to get a better approximation to the optically
thin flux density. No temperature has been determined for NGC
6302. The central star of this well-studied nebula has never been
discovered, most likely because it has a very high temperature.
In one case, Vy2—2, we can immediately compare our result
with stellar temperatures derived by other methods. The Zanstra
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method gives about 42,000K (Clegg and Walsh, 1989). Our
result is slightly lower, but the nebula is probably already too far
evolved for application of the IRE method: a significant fraction
of the nebular luminosity is radiated in forbidden lines, which
are ignored in our method.

The derived temperatures are much lower than normally
found for central stars of PN. They seem to fill in the range
between post-AGB stars, which range up to 10,000K, and full
blown PN, which start at 30,000 K. The general scenario inferred
from this result will be discussed in section 8.

8. Peculiar phenomena in the OH spectra

8.1. Line locking

Fig. 1" shows both the 1612 MHz and 1665 MHz spectrum of OH
0.9+1.3. A clear correlation is seen, with the peak of 1612 MHz
corresponding to a dip in the 1665 MHz profile. The two profiles
are not on the same scale. The peak in the 1665 MHz profile is
almost 100 times weaker than the 1612 MHz . Fig. 2 shows the
energy scheme for the relevant transitions. Both lines have the
same upper level, but different ground levels. Since the 1665 MHz
line needs higher excitation energies than the 1612 MHz , the
1665 MHz probably originates closer to the central star, though
a large volume of overlap is possible. Field (1985) has calculated
the effects when the two lines are competing for the same
inverted OH population, a process called “competitive gain”.
Since the 1612 MHz maser is expected to be strongly saturated,
the population inversion between its ground and upper state
is near zero. Through the equalization of these populations
the 1665 MHz transition can be pushed into absorption. Each
1665 MHz photon which gets absorbed by OH will be rapidly
picked up by the 1612 MHz maser. This line locking between the
two maser lines can explain the correlation in the two spectra.
The process requires a redistribution mechanism between the two
lowest states to keep the absorption of the 1665 MHz going. Since
the direct transition is not allowed, this has to work through
higher rotational or vibrational levels of the OH molecule.

8.2. Polarization

For OHPN 1, 2, 4, 9, 12 we measured the circular polarization
of the 1612 MHz maser emission. The amount of polarization
is about < 10%, > 80%, < 30%,~ 10%, < 15% respectively.
The 1667 MHz maser emission of OH 0.9+1.3 also is circularly
polarized. The velocity resolution is insufficient to identify Zee-
man pairs. The magnetic field is presumably in the order of
few mGauss. Circularly polarized 1612 MHz and/or 1667 MHz

1720
1665 —|------|--~ —
v
1 1720MH21667MH2z166 5MHZ16 12MHz
53 — t .
0

Fig. 2. The OH transition ladder

emission is not usually observed in OH/IR stars, with the excep-
tion of objects (PPN’s ?) like OH231.8 +4.2, IRAS16342-3814
and TRAS15405-4945 (Morris et al., 1987; te Lintel Hekkert et
al.,, 1988; Likkel and Morris, 1988). In these objects the masing
molecules are assumed to be located in a thin shell around the
star or ionized region, just as is indicated by the plateaus of
maser emission in the OHPN. Whether detectable polarization
can only be produced by such a thin emitting shell is not known:
an alternative possibility is the existence of a velocity gradient in
the shell.

8.3. Multiple components

Many of the OHPN show OH spectra with multiple components,
significantly different from thhe regular two-peaked spectrum of
normal OH/IR stars. Chapman (1988) shows that these can be
caused by strong bipolar outflows. Alternatively, the emitting shell
may have an irregular density structure, where each individual
line corresponds to a density enhancement. This could be the
case for instance in NGC 6302 (Payne et al., 1988). Recently
Nedoluha and Watson (1988) have proposed that a velocity
gradient in the emitting shell can also cause multiple components
in the maser spectrum, as well as circular polarization in the
individual components. This is an attractive possibility in the
case of OH0.9+1.3, where the shell is likely to be quite thick,
in view of the very high intrinsic luminosity of the 1612 MHz
lines. Possibly this model can also explain why some components
show identical time variability, while other components covering
the same velocity range vary differently. Notice that the velocity
gradient would in principle need to be positive, to ensure that
a gradient exists for any line of sight through the nebula. This
problem may be overcome when the maser is stimulated by
the radio continuum background from the inner ionized region,
which would favour line of sights through the central region.
Nedoluha and Watson mention that if there is no significant
velocity redistribution of the OH between pumping and masing,
the resulting spectrum will be broad and featureless. This could
be the explanation of the plateaus of emission seen in some of
the OHPN.

9. Discussion

In the following discussion we compare the observational prop-
erties of the OHPN with both ordinary OH/IR stars and PN.
We exclude from the OH/IR catalogue all Mira variables and
supergiants, to limit the comparison to the immediate progenitors
of PN. Sources like OH231.8 + 4.2 and Vy 2—2 are also removed.

9.1. OH/IR stars versus OHPN

One way of comparing the OHPN with OH/IR stars is by
the characteristics of the 1612 MHz line profiles. Most of the
OH/IR stars in the OH/IR catalogue display a regular two-
peak profile with steep outer and shallow inner slopes. The
large majority of the remaining objects are so-called single-
peaks, some of which were selected for the VLA survey (see
sections 2.1.1 and 2.1.2). Most OHPN for which a good signal
to noise spectrum is available show irregular profiles, with
many different components. A number of the OHPN show
polarization at 1612 MHz , which is non-existent (e.g.Chapman
and Cohen, 1988; Reid and Moran, 1981) for the stars from the
OH/IR catalogue. The high velocity outflow objects, mentioned
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in section 8.2, do show these characteristics, but show emission
from a much larger velocity range. On the other hand, HII
regions also show irregular profiles (though mainly in the main
lines, Caswell et al, 1983b), but their emission comes from a
much smaller velocity range. All this suggests that the geometry
of the envelopes of OHPN differs significantly from OH/IR
stars; as discussed above, their envelopes could resemble high
velocity objects like OH231.8 + 4.2and TRAS15405-4945.

9.2. PN versus OHPN and the importance of IRE

In order to compare the physical parameters of the OHPN
and PN we plotted the distribution of the IRE for the two
groups (Fig. 3). We only used the PN from Table A2. Most
PN show an IRE between 1 and 3. The OHPN, on the other
hand, have IRE almost ten times as high. The high IRE’s imply
very high visual extinction, which in turn indicates that many
of the OHPN will be difficult to observe optically. Indeed most
of the OHPN were first observed as infrared sources and do
not have optical counterparts. The previously known PN were
always first detected in the optical, either as nebulosities or as
emission line objects. About 30% of the PN with IRE > 3 show
1612 MHz maser emission. Only one OHPN, NGC 6302, has
IRE < 3. NGC 6302, however, is much closer than the galactic
centre; at 8 kpc distance its OH emission would not have been
detectable. We suggest that by the time a planetary nebula
becomes optically visible, in most cases the OH maser has died
either because the dust shell has diluted or the OH radicals have
been dissociated. The IRE appears to be a good indicator of the
age or evolutionary phase for young PN. The derived relation
between the IRE and the stellar temperature points to the same
conclusion.
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Fig. 3. Histogram of the PN, OHPN, detection of OHPN as function of
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9.3. The IRAS colour—colour diagram

In the last few years a number of authors (Bedijn, 1987 and 1988;
Rowan—Robinson et al., 1986) have used the IRAS colour—colour
diagram to describe the evolution from the AGB to planetary
nebula. Fig. 4 shows a colour—colour diagram for the three groups
of objects. From the OH/IR and PN catalogue we selected the
sources with |b| > 2.2, |l| > 10.° ; the distance between the IRAS
position and object position had to be less than 09005 . In this
way we made sure to select objects which have the most reliable
flux densities and IRAS association. To make a complete picture
of the evolution we also included sources like OH231.8 4+ 4.2 and
TRAS15405-4945; the so-called high expansion velocity sources.
The evolutionary status of these objects is not well known, but
supposedly they are post-AGB stars which will soon evolve into
PN.

The curve drawn in Fig. 5 is from Bedijn (1987) for his model
3¢, which describes the evolution of an oxygen rich dust shell
around a star with a temperature of 2500 K, a luminosity of
10* Lo, and with increasing mass loss.

The IRAS colours show a significantly different distribution
for the different groups, but they do not clearly define an
evolutionary sequence from the OH/IR stars to OHPN to the
PN. The OH/IR stars are situated in a well defined area of the
diagram, although there are a few very cool objects among this
group. The spread in colours among PN and OHPN on the
other hand is very large. Four PN are located in the part of
the diagram occupied predominantly by Mira variables. Two of
them (pk258-3.1 and pk312-2.1) are misclassified symbiotic stars,
according to Acker et al. (1987). The other two (pk274+2.1 and
pk346+8.1) are poorly studied emission line objects; we suggest
that they also are symbiotic stars. The large spread in colour for
the remaining PN, however, is clearly real. Geometrical effects
(e.g. differences in inclination of PN with a bipolar morphology),

77—
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Fig.4 . The IRAS colour—colour diagram. We plotted three groups of
objects:
e OH/IR stars (| b |[> 2%, | I |> 10° ) from the OH/IR star
catalogue;
B OHPN;
A PN (|b|=2%,|1|> 10° ) from table A2.
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differences in density and dust content of the PN envelopes, and
different radiation fields will all contribute to a large scattering
in the diagram. Also, for evolved PN a significant part of the
infrared flux arises from emission lines instead of dust emission.
In the case of NGC 7293, Leene and Pottasch (1987) have shown
that especially the 12 and 25um flux densities are effected by
emission lines.

9.4. Evolutionary status and classification of PPN

The OHPN probably form an evolutionary phase immediately
before the formation of a full-blown PN. The evolutionary
status can be defined on the basis of the temperature of the
central star, T«. This is not often used in the literature (e.g. van
der Veen, 1988), since obviously it is difficult to determine the
temperature of a totally obscured object. Still, 7% is the most
relevant physical parameter to describe the post-AGB evolution.

A second parameter, even more difficult to determine, is the

evolutionary time scale. This parameter describes whether a

star will evolve fast enough to ionize the surrounding nebula

before it merges with the interstellar medium. The time scales
are critically dependent on the core mass of the star (Iben and

Renzini, 1983). A high core mass, for example, will cause the

star to evolve rapidly after leaving the AGB, thus ionization of

the circumstellar envelope will quite certainly take place. The

OHPN, which still have a dense circumstellar envelope dust shell

in combination with an already hot star, are most likely part of

that group.
We propose the following classification scheme for this evo-
lutionary phase:

1. AGB stars. During this phase the circumstellar shell is formed
by heavy mass loss. OH/IR stars, Miras, Carbon stars, and
probably the so-called S stars all contribute to the stellar
population at the AGB. This phase ends when the high
mass loss terminates, though a residual mass loss can still
significantly influence the later stages of the evolution. Tx is
in the range between 2 x 10°-4 x 103 K.

2. Post-AGB. After the termination of the high mass loss, T«
starts to increase. Recently many objects have been found
which show Tx in the range of 5 x 103-1.5 x 10* K. They
form a diverse group, presumably because of a large range
in core mass. The group includes the non-variable OH/IR
stars (Sun and Kwok, 1987), the F to K supergiants found in
the galactic halo (Parthasarathy and Pottasch, 1986), but also
objects found by IRAS (Likkel et al., 1987; Volk and Kwok,
1988) and possibly the RV Tauri stars (Jura, 1986). The
1612MHz OH sources with very high expansion velocities
(Likkel and Morris, 1988; te Lintel Hekkert et al., 1988) are
probably also at this stage of evolution, though their status
is not well known.

3. Early PN. In this category are stars with temperatures
between 1.5 x 10* and 2.5 x 10* K. The phase starts when the
star becomes sufficiently hot to cause detectable ionization of
the envelope. Most of the OHPN are found here. In general
this group consists of the PN with high IRE, of which the
OHPN are a subset. The high temperature limit is chosen
where optical observations start to find the emission lines.
This value, however, is not very well defined and might vary
between different objects.

4. PN. At temperatures above about 3 x 10*K the object has
become a full-blown planetary nebula. Some objects in this
stage still show evidence of a neutral envelope, but the inner

envelope is strongly ionized and the internal extinction no

longer obscures the source. PN which show clear OH or CO

emission, like NGC 7027, NGC 6302 and Vy2-2, probably
have the most massive central stars. They have evolved
rapidly, and thus the circumstellar shell is still quite dense.

Exceptions to this are NGC 2346 and NGC 7293, which

show CO emission but have a much lower density. Most PN,

however, do not show such molecular emission.

In this scheme the OHPN are mainly found in group 3, but
some (massive?) objects with a further evolved central star also
show the same characteristics. Thus the OHPN do not form a
completely uniform group.

9.5. Expected numbers and life time of OHPN

In the galactic bulge the Carbon stars acount for about 20%
of the total stellar population at the AGB (Knapp, 1988); the
fraction varies with position both in the galaxy and in the
Magellanic clouds. During a dredge-up phase, when convection
brings nuclear processed material from the core to the surface, a
star can change from oxygen rich to carbon rich (Willems and de
Jong, 1988). Supposedly, a change the other way is not possible,
and thus the fraction of carbon stars increases during the AGB
(Chan and Kwok, 1988). The percentage of carbon rich PN is
about 50% (Zuckerman and Aller, 1987). Thus the percentage of
oxygen rich sources in the bulge in the transition phase between
the AGB and PN will be between 50% and 80%. The actual
detection rate of OH emission will be lower, since the maser
will be adversely effected by the dilution and ionization of the
envelope. We do not expect to detect any OH maser emission
from carbon rich nebulae since almost all oxygen is locked in
CO.

An estimate of the total number and lifetime of the OHPN
can be obtained as follows. We estimate the number of OH/IR
sources in the galactic bulge which were detected by IRAS,
Nom/ir = 1500 (Habing et al.,, 1989). The average lifetime of the

OH/IR star stage, to g, is probably about 103-5 x 10% years,
as indicated by the angular size and expansion velocity of known
OH/IR stars. About 20% of the IRAS sources in the bulge with
PN colours are PN with with an IRE exceeding 3 (preliminary
result from Ratag et al., 1989). The OH detection rate for these
sources is again about 30%. With 3000 IRAS sources in the
galactic bulge with PN colours we estimate the total number
of OHPN as approximately Nogpny = 200. The lifetime of the
OHPN phase, togpn, can be written as:

N 1
LoHPN = Now/1r X toH/IR X 7 “

where f is the fraction of the OH/IR stars which will
pass through this phase. We obtain f x togpny = 100-500 yr.
These values are not unreasonable. Sun and Kwok (1987) and
Burrajabel et al. (1988) derive a transition time from the AGB
to PN of about 10? yr, which is thus an upper limit to togpn.
Our derived value would indicate that many of the OH/IR stars
will become OHPN sources; however, better statistics are needed
to really quantify the percentage. The life time of the OHPN
phase cannot be much shorter than 100 yr, or the changes in the
spectrum would be easibly observable on a time scale of a few
years.

The resulting birth rate of OHPN is approximately 1 per
year. Pottasch (P84, p121) estimates that the birth rate of PN is
1-2 per year, which is in reasonable agreement. It appears that a
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significant fraction of the PN will have passed through the phase
of OHPN.

9.6. The classification of OH sources on basis of their line
strength ratios

The classification scheme for OH maser emission is defined by
Turner (1970, 1973). In this scheme strong 1612 MHz emission
in combination with weak or absent main line emission is
taken as evidence for evolved objects (e.g. OH/IR stars); the
source would be classified as Type IIb maser object. Type I
or main line masers are assumed to be associated with either
Miras or the compact cores of HII regions (Reid and Moran,
1981). This classification scheme does not hold for objects like
OH231.8 + 4.2, IRAS15405-4945, and the OHPN, which are
closely associated with the OH/IR stars, but often show line
ratios more characteristic for Miras or even HII regions. In quite
a few cases the main lines are comparable to or even stronger
than the 1612 MHz line. The physical reasons could be: (1) the
shell is probably quite thin, resulting in a short pathlength of
the OH maser; (2) the harder radiation field, caused by the hot
central star, will cause different excitation conditions for the OH
radicals; (3) in addition to the infrared pump, other pumps for
the maser transitions might be at work. An additional difference
is that the maser is amplifying the radio continuum background
instead of the spontaneous emission of the OH radical. In these
circumstances it is not clear which OH maser line will dominate
the radiation and, thus, how the source will be classified. The
effect of a shorter path length has been calculated by Field
(1985): he finds that the main lines, especially the 1667 MHz
line, become stronger relative to the 1612 MHz . Note that the
effect of a velocity gradient in the shell will be similar, since the
pathlength at each particular velocity will be shortened.

In the case of K 3-35, which on the basis of velocity and
positional information would be classified as an HII region, the
presence of a strong 1612 MHz maser is puzzling, and raises the
question whether HII regions can sometimes resemble OH/IR
stars.

The scheme should be carefully applied and whenever possible
supplemented by other evidence such as velocities. This applies
to our sample of OHPN as well: objects closely confined to the
galactic plane, and with velocities allowed by galactic rotation,
could be misclassified. For instance, OHPN 2 satisfies these two
criteria. It also has the lowest colour temperature of the sample;
thus, further information is needed to ensure it is not a compact
HII region. Mauersberger et al. (1988) have failed to detect CO
emission from the vicinity of OHPN 2. This argues against the
presence of a large molecular cloud, and therefore favours a
classification as evolved object.

10. Conclusions

Maser emission at 1612 MHz is found in a number of young PN.
The objects are thought to be in a short lived transition phase
between OH/IR stars and PN. All of these so-called OHPN
have high infrared excess, and thus low stellar temperatures.
The derived temperatures imply that they are still in transition
towards planetary nebula. We estimate that the total number of
OHPN in the bulge is about 200, and their life time is of the
order of 100 yr. The resulting birth rates imply that many PN
will have passed through this phase.

The OHPN have OH spectra which strongly differ from
those of OH/IR stars. The profiles are irregular and sometimes
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show significant polarization. One object, OHPN 9, is one of
the intrinsically strongest 1612 MHz emitters in the galaxy. Its
peak flux density has increased by a factor of 2 in 15 years, and
evidence has been found for large variations at much shorter
time scales.

The traditional classification scheme for OH maser emission
does not always apply to these post-AGB objects; especially for
objects in the galactic plane one should be careful with classifying
them purely on the basis of OH line ratios.

The sample of OHPN constitutes the best defined group
in this evolutionary phase as yet. In some cases the problem
of confusion still needs to be addressed: accurate positional
information on the OH emission from the OHPN will hopefully
be obtained in the near future.
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Appendix A. The InfraRed Excess

The Infrared Excess (IRE), defined by Gatle et al. (1978), is
defined as the ratio of the observed total far infrared flux over
the far infrared flux due to absorption by dust of Ly, photons:
F! bs
IRE = -2

G

(41)

In calculating F2*P

»*?, each stellar photon shortward of 912A
is assumed to ionize a hydrogen atom. The subsequent recombi-
nation will eventually lead to a photon from the Lymann series.
However, since the optical depth in the Lymann lines is very
high, this photon will soon be reabsorbed. After a number of
absorption and re-emission events, this will lead to a photon
from the Balmer series, plus a Ly, photon. The Balmer photon
will escape from the nebula, since the optical depth in the
Balmer lines is low. This effect is used in the Zanstra method for
determining stellar temperatures (Zanstra, 1931).

After many scattering events, the Ly, photon will most likely
be absorbed by dust. If all the energy seen in the far infrared can
be explained by this process, the IRE = 1. If the far infrared flux
is larger, the IRE > 1. Since each Ly, photon is accompanied
by a photon from the Balmer series, we can predict the amount
of far infrared flux from one of the Balmer lines, like H 5- Let ap
be the total recombination coefficient of all Balmer transitions,
and op, that of the Hy transition alone. It follows:

_ YLys %B

Fry, = Fy
YV VHﬂ OCH,; B

(42)

If the density is low (ne < 10°cm™3), a correction has to
be applied for recombination through the 228 level, which does
not produce Ly,. At higher densities collisions prevent such
recombination.
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The optically thin radio flux density S, can be used to
calculate the expected Hg flux density (P84, p93). We have put
the electron temperature 7, = 10* K, and the helium abundance
factor ¥ = 1.1 (equivalent to assuming all helium to be in the
singly ionized state). Using the radio flux density at SGHz, we
find:

_J 07585 (n. <10%*cm™)
ir 11185 (n > 10*cm—3)

exp __

(43)

where F7 is in units of 107*Wm™2 and Ss in mJy. Finally:

133 5
IRE = e
091 +

(ne < 10% cm™3)

(44)
(ne > 10*cm™3)

In applying this formula, we have taken the average of the
low — and high density case. For high density objects we will
have overestimated the IRE by 20%.

A completely different definition of the infrared excess is
also used in the literature, namely dividing Fi‘;bs by the expected
stellar continuum (e.g. Pottasch and Parthasarathy, 1986). These
two definitions should not be confused.

Appendix B. Derivation of the temperatures of the central stars

This method to determine the temperature of the central star
of a planetary nebula has not yet been discussed in the scientific
literature. We therefore include a description of the technique,
which is a variation on the Zanstra method (Zanstra, 1931).
This way of determining the stellar temperature applies to those
central stars where most of the stellar emission is absorbed by
dust in the nebula and reemitted in the far infrared. It does
not require direct observations of the star, and the determined
temperature is independent of any assumption concerning the
distance of the star. If the distance is known, however, the stellar
radius can be determined as well, similar to the Zanstra method.

The physical reason for the determination is simple. If a
model of the flux emission is known, for example a blackbody
distribution, and both the total flux and the number of ionizing
photons are known, there is only one temperature that will
reproduce the observed ratio of the two quantities. The total
flux is approximated by the total far infrared flux (F;;), while
the number of ionizing photons is determined from the observed
radio flux density. This assumes that each photon with sufficient
energy to ionize a hydrogen atom will indeed do this, and is not
absorbed by, for example, the dust. The method therefore works
best for the low temperature stars of very young PN, where both
assumptions are approximately true.

To make this quantitative the star will be assumed to radiate
as a blackbody, although a similar analysis can be made for
any known model atmosphere. Many of the equations given are
discussed more fully in P84. The observed Hy flux density, F Hy>
can be written as

H
47rd2FHﬂ = hvg, f nenpo(Hp)dV = thﬁ%Bi)

(B1)

where d is the distance to the nebula, «(Hp)) is the recombina-
tion coefficient for producing the Hg line and ap is the effective
total recombination coefficient to levels 2 and higher (equations
VII-10,11 and Table VII-5, P84). The integral is over the total
emitting volume. Q; is the number of stellar quanta which can
ionize hydrogen (equation VII-9, P84)

_ 15G{(Tx)Ls

%= —ar, (B2)

where Tx is the stellar temperature, L« the luminosity and
G;(T«) a function of temperature (eqn. VII-8 and Table VII-4,
P84). Combining these equations we obtain:

Tx hvy, a(H 15L

o _H: «(Hp) _T*_ (B3)
Gi(Tx)  kn* oap 4nd*Fg,

If we assume an electron temperature in the nebula of 10* K
and a He™/H ratio of 0.1, the H g flux can be written as

Fy S

= __ B4
57 310 x 1012 (B4)

where S, is the 6 cm continuum flux density in mJy. The units
of Fy, are erg ecm~257L, Then

2
T 8.43x 10 L« (8 kpc 18 Fir
= =1 -
Gi(T») S, LO( d ) 65107

(B5)

where F;, is the total infrared flux in units of Wm™2. Thus
Tx/Gi(Tx) can be determined from the observational parameters.
Since G; is a known function of temperature Tx can now be
determined. For a blackbody the function is shown in Fig. Bl
and listed in Table B1. Notice that the function is multivalued;
we limit ourselves to values of T%/G;(T«) > 10° where we are
certain that the low temperature result is the correct one. The .
physical reason for the different possible solutions lies in the
assumption that each stellar photon can ionize only one atom: at
higher temperatures the total number of ionizing photons starts
to decrease again.

1 ) T T I T T T
10 —

4x10°

2x10°

10° |- -

.
G(T)
4x10° |- -

T
1

2x10°

107 -

4
4x10 L 111 ] 1 L1 .
10*

2x10°  4x10* 10° 2x10°  4x10°
Temperature (K)

Fig. B1. Relation between stellar temperature and IRE
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If the distance is known the total luminosity of the star can
be determined from

T« Tx/G;i(Tx) IRE
[K] 4nd’Fy = Lx (B6)
— or
13,500 K 9.94 x 102 710.0 ,
15,000 K 4.16 x 10 297.0 8 L« 15
16,500 K 2,09 x 109 149.0 (E Ty = M6 107F (B7)
18,000 K 1.20 x 10° 85.7 . )
20,000 K 6.70 x 10° 479 Since the stellar temperature has been determined, the stellar
25,000 K 2.50 % 105 17.9 radius can be found from
30,000 K 1.44 x 102 10.2 R\? L. /To\*
40,000 K 8.07 x 10 5.8 ( Lo) 1 ( T ) (BY)
Appendix C Tables
Table C1. VLA continuum observations of OH/IR stars
Name a ) flux density Ref.
or upper limit
1 b at 2 cm [ mly ]
355.581 21.114 16M16™39° -19°43/26" 1.2 11
338.445 —-0.383 16 39 08 -46 34 51 2.3 11
343.003 0.905 16 50 14 -42 16 41 1.8 11
353.366 7.728 16 55 57 -29 57 11 1.4 11
345.957 0.611 17 01 15 -40 09 07 1.7 11
353.433 6.081 17 02 12 -30 54 11 1.3 11
351.839 1.923 17 13 38 -34 39 00 1.9 11
355.068 3.874 17 14 59 -30 53 31 1.3 11
OH 349.36-0.2 17 15 04 -37 54 53 detected 2
357.495 4.891 17 17 33 -28 19 37 1.1 11
358.687 5.161 17 19 36 -27 11 48 1.1 11
351.118 -0.353 17 20 45 -36 33 00 1.6 11
OH 0.1+5.1 17 23 23 -26 02 24 1.4 3,4,5
1.461 5.606 17 24 50 -24 39 32 1.3 11
358.367 2.806 17 27 38 -28 46 44 1.3 11
OH 354.88-0.54 17 31 33 -33 31 34 1.4 1
OH 359.75+1.25 17 31 45 -27 43 16 1.5 3
354.487 -1.462 17 34 27 -34 21 39 1.6 11
358.955 1.296 17 34 53 -29 06 39 1.6 11
OH 356.50-0.55 17 35 58.1 -32 10 21 1.4 1
355.640 -1.741 17 38 34 -33 32 14 1.5 11
0.936 1.416 17 39 14 .0 =27 22 26 1.3 11
OH 0.9+1.3 17 39 24 -27 27 05 detected 4,5
OH 1.21+1.26 17 40 29 -27 13 28 1.6 3
1.369 1.001 17 41 51 -27 13 33 1.7 11
OH 1.094-0.38 17 43 34 .5 -27 48 49 1.9 3
4.007 0.917 17 48 17 .5 -25 01 07 1.5 11
OH 5.0+1.5 17 48 24 .4 -23 50 55 1.4 3,4,5
8.904 3.715 17 48 47 -19 22 59 1.7 11
OH 10.4+4.6 17 48 54 -17 41 41 1.9 6
357.213 -3.697 17 50 29 -33 12 50 1.5 11
OH 13.1+5.1 17 52 53 .2 -15 03 17 1.7 6,7
14.809 5.927 17 53 14 -13 11 20 1.6 11
OH 2.19-1.66 17 54 05 -27 53 57 1.8 1,3
359.621 -3.293 17 54 34 .6 -30 56 10 1.5 11
OH 7.95+1.45 17 55 04 -21 20 54 1.5 1,3,4,5
358.435 —4.498 17 56 42 -32 33 50 1.3 11
continued
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Name a ) flux density Ref.
upper limit
1 at 2 cm [ mly ]
OH 5.88-0.39 17 57 26 .7 -24 03 56 detected 1,3,5
10.327 1.445 18 00 08 -19 18 00 1.3 11
9.104"° 0.296 18 01 48 -20 55 54 1.3 11
3.684 18 04 00 -27 26 20 1.7 11
OH 12.840.9 18 07 10.6 -17 27 34 1.4 8
OH 11.564-0.09 18 07 42 -18 53 40 1.8 1,5,6
OH 15.441.9 18 08 42.9 -14 40 43 1.3 8
OH 20.8+3.1 18 15 14.0 -09 19 55 1.1 7
OH 16.12-0.29 18 18 15.2 -15 04 47 1.3 1,6
OH 18.384-0.16 18 21 01.9 -12 52 13 1.4 5,6,7
OH 17.0-1.2 18 23 24 .6 -14 44 10 1.4 6,7
OH 19.2-1.0 18 26 40.1 -12 39 57 14 5,9
OH 20.43-0.34 18 26 48 .5 -11 17 56 1.4 1,5
17.543 18 27 00 -14 35 35 1.5 11
OH 17.7-2.0 18 27 39 .5 -14 31 00 1.4 8
15.663 18 29 56 -17 05 02 1.5 11
4.108 18 30 51 -30 03 18 1.5 11
OH 23.7540.21 18 31 06 .4 -08 06 28 2.1 1,5,6
OH 24.8-0.1 18 34 03.6 -07 20 52 detected ? 5
OH 25.5-0.3 18 36 09.0 -06 47 32 2.3 6
10.817 -13.320 18 58 01 -25 36 29 1.4 11
OH 37.1-0.9 18 59 36 .2 03 15 53 1.6 5
43.502 19 04 09 09 52 35 1.3 10
47.761 19 05 17 14 31 59 2.6 10
OH 42.604-0.07 19 06 34.5 08 32 56 1.3 1,5
60.200 19 34 27 24 57 28 1.7 10
60.014 19 50 03 22 39 47 1.7 10
64.359 20 12 47 24 30 05 1.8 10
70.477 -17.565 21 10 02 22 05 35 1.7 10
Notes to Table Al:
1: Fix and Mutel, 1984; 2: Caswell et al., 1981; 3: Baud et al., 1979a;
4: Kerr and Bowers, 1974; 5: Winnberg et al., 1981; 6: Bowers and De Jong, 1983;
7: Baud et al., 1979b; 8: Bowers, 1978; 10: Eder et al., 1988
11: te Lintel Hekkert et al., 1988b
Table C2. OH observations of Planetary Nebulae: non detections
Name VELpny 6 cmflux Ref. IRAS name FiOT IRE velocity 3¢
density PN x1012 range
[kms™']  [mJy] [Wm 2] [kms™']  [Jy]
PK 1204+ 9°1 -13.00 460.00 1 0010247214 7.6 1.76 5
PK 118-74° 1 —46.00 247.00 1 00445-1207 0.13 0.12 5
PK 161-14° 1 —-21.00 45.00 1 03531+3343 0.37 0.88 5
PK 165-15° 1 48.00 288.00 1 0406143038 0.52 0.19 5
PK 146+ 7°1 17.50 2 0421546000 1.2 7.20 -316. 0.09 1
PK 166- 6° 1 18.00 2 0439543601 150. 121.82 5
PK 190-17° 1 -38.00 20.00 2 0502841038 0.11 0.60 5
PK 215-24° 1 43.00 1550.00 1 05251-1244 18. 1.26 5
PK 176+ 0° 1 3 05345+3157 17. -316. 0.12 1
PK 184- 2°1 26.00 69.00 2 0543742420 0.86 1.32 5
PK 221-12° 1 35.00 178.00 2 06194-1257 0.88 0.53 5
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Name VELpny 6 cm flux  Ref. TIRAS name F ’ITRO T IRE velocity 30 Ref.
density PN x10712 range OH
[kms™!] [mly] [Wm 2] [kms™']  [Jy]

PK 194+ 2°1 33.00 109.00 2 0623041749 1.0 1.02 5
PK 211- 3° 1 86.00 2 06331-0003 1.1 1.39 5
PK 212+ 4°1 129.00 22.00 2 0702640251 0.17 0.85 5
PK 215+ 3°1 10.00 86.00 1 07068-0043 0.44 0.55 5
PK 232- 4° 1 -5.00 3 07090-1946 5.9 -185.  187. 0.30 2
PK 235- 3° 1 3 07172-2138 1.1 -185. 187 0.60 2
PK 189+19° 1 11.00 87.00 1 0722442935 0.68 0.83 5
PK 197+17° 1 64.00 251.00 1 0726242100 1.3 0.53 5
PK 2344 2° 1 45.00 371.00 2 07396-1805 3.3 0.95 5
PK 252- 4° 1 3 07511-3636 0.63 -186.  187. 0.60 2
PK 258- 3°1 3 08124-4133 32. -186. 187. 0.60 2
PK 268+ 2°1 3 091434516 2.3 -185.  187. 0.30 2
PK 275- 3°1 3 09164-5426 0.74 -185.  187. 0.30 2
PK 274+ 2°1 3 09394-4909 2.0 -185.  187. 0.27 2
PK 261+432° 1 -8.00 860.00 1 10223-1823 4.1 0.51 5
PK 291- 4° 1 2.00 3 10583-6458 3.3 -185.  187. 0.60 2
PK 148+457° 1 11.00 101.00 2 1111945517 0.11 0.12 5
PK 294- 4° 1 3 11295-6541 0.53 -185. 187. 0.30 2
PK 296- 6° 1 3 11369-6835 0.46 -185.  187. 0.30 2
PK 294+43° 1 8.00 205.00 1 12219-1830 0.84 0.44 5
PK 123+34° 1 -31.00 95.00 1 1231748250 0.73 0.82 5
PK 305+ 1°1 3 13064-6103 11. -285.  187. 0.60 2
PK 318+41°1 40.00 66.00 2 13379-1938 0.083 0.13 5
PK 312- 2°1 3 14103-6311 6.2 ‘ -185.  187. 0.30 2
PK 321+ 3°1 3 14562-5406 34. —285. 87. 0.60 2
PK 342+427° 1 53.00 22.00 2 15193-2326 0.19 0.91 5
PK 325+ 4°1 3 15214-5109 0.37 -186. 187. 0.14 2
PK 330+ 4°1 3 15476-4836 5.2 -185. 187. 0.60 2
PK 64+48° 1 20.00 10.00 1 1602744049 0.10 1.09 5
PK 331- 1° 1 -33.00 3 16133-5151 38. -285. 87. 0.60 2
PK 346+ 8°1 3 16307-3459 1.3 -316.  279. 0.08 1
PK 331- 5°1 -4.00 3 16336-5536 0.83 -185.  187. 0.30 2
PK 352+11° 2 3 16416-2758 4.0 -316.  279. 0.11 1
PK 43+437° 1 —-18.00 260.00 1 1642342353 2.6 1.09 5
PK 345+ 4°1 3 16433-3831 0.50 —261. 112. 0.29 2
PK 347+ 5° 1 -101.00 61.50 2 16456-3542 2.5 4.27  -285. 87. 0.60 2
PK 325-12° 1 3 16498-6409 0.55 -285.  111. 0.16 2
PK 0+12° 1 -21.00 118.00 2 16585-2145 1.1 1.00 5
PK 3504 4° 1 -12.00 61.00 2 17013-3355 1.3 2.27  -316. 279. 0.06 1
PK 10+18° 2 105.00 42.00 2 17028-1004 16. 41.63  -191. 191. 0.31 1
4.37 4 17079-3926 1.3 31.62 1
PK 358+ 5° 1 13.00 280.00 2 17180-2708 2.4 0.91 -316. 279. 0.17 1
PK 6+ 8°1 102.00 3 17260-1913 0.42 -111.  287. 0.17 2
PK 2+ 5°1 -90.00 1950.00 1 17262-2343 8.0 0.44 5
PK 358+ 3.8 211.00 9.80 2 172802812 0.55 6.04  -285. 87. 0.60 2
PK 3584 1°1 -282.00 3 17320-2901 0.40 -285. 261. 0.49 2
PK 358+ 1° 3 3 17321-2943 1.4 -285.  287. 0.14 2
2.30 5 17375-2742 0.54 2499 -186.  226. 0.15 2

4.50 5 17401-3052 1.1 25.47
. 2.40 5 17413-2719 049 21.74 -316. 279. 0.29 1
PK 358- 0° 2 5.00 398.00 2 17427-3010 13. 3.39 5
PK 355- 2°3 -182.00 3 17427-3402 0.43 —285. 261. 0.12 2

1.10 5 17440-2321 0.12 11.68
PK 355- 3°1 -114.00 12.00 2 17445-3405 1.4 12.48  -316.  279. 0.13 1

15.30 5 17448-2131 0.98 6.85
PK 8+ 3°1 29.00 3 17462-1959 2.5 -316.  279. 0.13 1
5.46 4 17466-3031 0.71  13.93 -316.  279. 0.14 2

2.20 5 17474-2738 1.2 60.39
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Name VELpny 6 cm flux  Ref. IRAS name FITI? T IRE velocity 30 Ref.
density PN %1012 range OH
[kms™']  [mly] [(Wm ~?] [kms™*]  [Jy]
PK 7+ 1°1 24.00 243.00 2 17521-2144 2.2 0.97  -316. 279. 0.17 1
7.40 5 17550-2741 0.52 7.43
PK 1- 2°2 3 17552-2920 0.41 —261. 261. 0.59 2
PK 96+29° 1 -51.00 850.00 1 17584+6638A 11. 1.37 5
PK 2- 2° 4 226.00 3 17585-2825 0.79 -180. 180. 0.60 2
PK 356- 5° 2 182.00 2.70 2 17587-3427 0.75 29.52  -316. 279. 0.17 1
PK 358- 5° 2 5.00 2 18001-3242 0.30 —285. 87. 0.60 2
PK 34411°1 10.00 1260.00 2 1809640650 15. 1.24 5
PK 1- 6° 2 -7.00 3 18129-3053 7.5 —85. 287. 0.60 2
PK 2- 6° 2 9.00 8.80 2 18131-3008 0.65 7.84 -110. 262. 0.60 2
PK 337-18°1 3 18138-5712 2.1 -185. 187. 0.60 2
PK 38+412° 1 23.00 65.00 2 1815241007 1.2 1.89 5
PK 9- 5°1 26.00 275.00 2 18226-2313 3.3 1.26 -316. 279. 0.34 1
PK 274 4° 1 106.00 3 18240-0244 5.4 -316. 279. 0.10 1
PK 11- 6°1 3 18335-2151 0.66 -316. 279. 0.12 1
PK 11- 9°1 66.00 2 18435-2330 1.2 1.94  -180. 180. 0.60 2
PK 514 9° 1 36.00 108.00 2 1847642047 1.1 1.07 5
PK 32- 3°1 10.70 2 18579-0216 1.6 15.53 -95. 196. 0.28 1
PK 33- 2°1 -58.00 153.00 2 19000-0031 0.90 0.63 5
PK 27- 9°1 165.00 66.00 2 19137-0908 0.28 0.45 5
PK 46- 4° 1 30.00 89.00 2 1928940956 0.99 1.19 5
PK 614 3°1 3 1930942646 1.4 -145. 167. 0.31 1
PK 64+ 5°1 -13.00 630.00 2 1932743024 29. 4.91 5
PK 57— 1° 1 3 1943142112 1.2 -316. 279. 0.06 1
PK 83+412°1 11.00 385.00 1 1943445024 4.1 1.13 5
PK 68+ 3°1 20.00 2 1949943251 0.11 0.59 5
PK 60- 3° 1 —28.00 1325.00 1 1957442234 1.2 0.10 5
PK 67- 0° 1 3 2001143024 2.2 -316. 279. 0.15 1
PK 63- 3° 1 3 2002842518 0.12 —204. 204. 0.02 3
PK 68— 2° 1 3 2011942924 3.7 -316. 279. 0.16 1
PK 58-10° 1 -47.00 71.00 2 2017841634 2.0 3.00 5
PK 71- 2°1 -146.00 124.00 2 2019043219 2.2 1.92 5
PK 934 5° 2 -60.00 217.00 2 2059045420 2.9 1.44  -316. 279. 0.18 1
PK 37-34° 1 -36.00 750.00 1 21014-1133 6.6 0.93 5
PK 89+ 0° 1 -25.00 260.00 1 2104644739 2.7 -316. 279. 0.16 1
PK 984 4°1 3 2125945726 0.74 -290. 291. 0.03 1
PK 65-27° 1 -126.00 3.00 2 2127441156 0.019 0.68 5
PK 89- 5° 1 -11.00 306.00 2 21306+4422 4.6 1.62 5
PK 86- 8° 1 24.00 336.00 2 2131143924 0.39 0.12 5
PK 1044 0° 1 3 2218445759 0.76 -316. 279. 0.08 1
PK 100- 5° 1 —86.00 48.00 2 2221945042 0.34 0.75 5
PK 100- 8° 1 -141.00 54.00 2 2229644732 0.41 0.82 5
PK 1074 2° 1 -31.00 579.00 1 2238446101 4.1 0.75 5
PK 106-17° 1 -5.00 631.00 2 2323444215 3.4 0.58 5
PK 111- 2°1 5.00 600.00 1 2323945754 7.5 1.34 5

Notes to Table C2:
References on the PN data:

1: Pottasch, 1984; 2: Zijlstra et al., 1989; 3: Acker, 1983;
4: Ratag et al., 1988; 5: Pottasch et al., 1988

References on the OH data:

1: Nancay: Te Lintel Hekkert et al., 1988d; 2: Parkes: Te Lintel Hekkert et al., 1988b;

3: Arecibo: Ederet al., 1988; 4: Dwingeloo: Te Lintel Hekkert et al., 1988b

5: Greenbank: Payne et al., 1988
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Name Vel.pn 6 cm flux IRAS name Fﬁ’f IRE peak OHi612
PN density x10%2 velocity flux
[kms™']  [mJy] [Wm 2] [kms™'] [Jy]

PK 311-2°1 3 14079-6402 1.3 29.5 44.9 0.28 0.32 2
PK 327-2°1 -72.00 3 15559-5546 3.9 1.3 -25.3 1.66 1.62 2
PK 352+ 3° 1 3 17087-3230 0.63 -63.9 ~80.6 0.53 0.22 2
PK 352+ 3° 2 3 17115-3322 22. -65.0 ~73.4 1.26 0.97 1
PK 3554 2°1 3 17207-3059 0.11 2.9 204 0.14 0.19 2
-60.2 ~87.8 0.16 0.16 2
PK 3584 3° 3 13 17253-2824 0.98 7.7 -13.9 0.26 2
-117.9 -126.6 0.17 0.17 2
-37.9 -49.0 0.13 0.51 2
-70.3 0.16 2
PK 358+ 3°1 47 17253-2824 0.37 0.88 -13.9 0.26 2
-117.9 -126.6 0.17 0.17 2
-37.9 -49.0 0.13 0.51 2
-70.3 0.16 2
PK 355-0°1 3 17331-3324 0.62 -2.4 —6.1 6.67 1.42 2
23.2 -25.0 3.48 7.97 2
PK 1+ 1°1 32.30 2 17374-2700 0.64 2.11 63.8 82.1 0.22 0.11 2
PK 5+ 4° 2 3 17385-2211 0.34 16.3 35.6 0.16 0.18 1
PK 6+ 4° 1 -104.00 11 2 17403-2107 1.6 44.8 0.19 2
PK 0-0°1 3 17439-2845 72. -325.7 -355.2 3.63 4.10 1
PKo0-2°1 3 17528-2910 0.088 106.2 134.4 0.52 0.33 2
PK1-3°1 135.00 10 2 17574-2921 0.46 5.0 -83.8 -113.6 0.36 0.45 2
PK 8-17° 2 205.00 98 .8 18295-2510 0.76 67.6 0.39 2
PK 23-1°1 3 18376-0846 1.3 114.9 146.7  0.59 0.49 1
PK 45-1°1 3 1920041035 0.86 3
PK 37-6°1 60.00 240.00 1 1920440124 4.0 1.79 101.9 141.4 0.06 0.06 1
PK 564 2° 1 3 1925542123 3.2 8.9 18.6  2.28 0.36 1
PK 59-1° 2 2 1946742213 0.51 —-44.5 -16.3 0.15 0.03 3
PK 784 0° 1 3 2027544001 310. 0.3 19.0 -0.19 0.22 4

Notes to Table C3:

References on the PN data:

1: Pottasch, 1984; 2: Zijlstra et al., 1989; 3: Acker, 1983;
4: Ratag et al., 1988; 5: Pottasch et al., 1988

References on the OH data:

1: Nancgay: Te Lintel Hekkert et al., 1988d;
2: Parkes: Te Lintel Hekkert et al., 1988b;

3: Arecibo: Ederet al., 1988;

4: Dwingeloo: Te Lintel Hekkert et al., 1988b
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