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Abstract. We determine densities and star formation rates of
AGB stars from an analysis of OH/IR stars in the solar neigh-
bourhood. The stars are divided into three distinct mass ranges
corresponding to the precursors of type I, II and III planetary
nebulae, according to the Peimbert classification scheme. The
adopted distance scale is based on the period-luminosity rela-
tionship by Feast et al. (1989). The formation (or death) rates
are calculated using stellar evolution models for AGB stars, and
are compared with the corresponding rates for planetary nebu-
lae and white dwarfs. The results indicate that both surface and
volume densities of AGB stars are in good agreement with pre-
vious determinations in the literature. The formation rates are
found to be very sensitive to the evolution time at the AGB, and
depend also on the adopted model.
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1. Introduction

Since the work by Shklovskii (1956), asymptotic giant branch
(AGB) stars are believed to be the precursors of planetary neb-
ulae (PN). During the thermal pulse phase (TP-AGB), the star
may experience a large mass-loss rate that contributes to the for-
mation of a circumstellar dust shell (CDS). In oxygen-rich stars,
the OH maser phenomenon occurs both in optically thick en-
velopes at the frequency of 1612 MHz (type II OH masers), and
also in optically thin envelopes, at the frequencies of 1665 and
1667 MHz (type I OH masers). Carbon-rich stars may exhibit
CO emission owing to transitions between rotationally excited
levels.

Olnon et al. (1984) showed that Miras and OH/IR stars form
a sequence in the IRAS color diagram [12 — 25] x [25 — 60].
This has been interpreted as a sequence of increasing mass (and
decreasing age) with the infrared color ([12-25], K-L, I-K, etc.),
based on CDS models of (Lépine et al. 1995, hereafter LOE),
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and on the fact that redder stars are more concentrated on the
galactic plane, showing smaller deviations from the galactic
rotation curve (Ortiz & Maciel 1994, hereafter OM).

OM showed that OH/IR stars may be divided into classes re-
sembling the PN types originally proposed by Peimbert (1978),
regarding their scale heights, peculiar velocities, masses, and
chemical abundances. The basic quantities used in the classifi-
cation are the infrared colour indexes and the separation between
the OH peaks, which is an indication of the expansion velocity
of the envelope. A similar study has been conducted regarding
visible Miras (Jura 1994, Jura & Kleinmann 1992, Jura et al.
1993). These stars have been described as a mixed population,
using the periods as a classification parameter, in the sense that
stars with longer periods are more concentrated on the galactic
plane when compared to the shorter period ones. These studies
were the first attempt to determine the densities of Miras taking
into account their diversity in masses and ages.

Star formation rates () at the various stages of stellar evo-
lution are very useful in order to probe stellar evolution theories.
The evaluation of x for AGB stars, planetary nebulae, and white
dwarfs is particularly important, as the transition through these
different phases occurs in a very short time scale, during which
the star preserves its spatial and kinematic properties. Thus, x is
expected to obey the continuity equation along the evolutionary
track up to the point where the star becomes a white dwarf.

In this work, we determine the volume (p), and surface (or
projected, o) densities of AGB stars from a recently compiled
catalogue of OH/IR stars that we believe to be complete up to
~ 1 kpc from the Sun. We adopted the division of AGB stars into
three classes (OM), which gives an indication of their masses
(and ages). By using some recent synthetic models of AGB stars
available in the literature, we derive the OH/IR (xop/z) and
AGB (xacgp) star formation rates for these classes, and compare
them with the corresponding quantities for planetary nebulae
(xpn) and white dwarfs (xwp)-
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2. The database
2.1. Completeness of the OH/IR catalogue

The database of the present study is a catalogue of OH/IR stars
compiled from the literature. We consider as an OH/IR star
any stellar infrared source at the AGB that emits OH maser
at A = 18 cm, with or without a visible counterpart. We do
not distinguish between classical, visible Miras and infrared
Miras, or OH/IR stars, since these objects are essentially the
result of differing envelope optical depths. The distinction of
these objects is therefore not well-defined, in the sense that a
purely infrared source may have an optical counterpart, provided
enough sensitivity is available. Moreover, both visible Miras and
infrared OH/IR stars are TP-AGB stars, which differ only with
respect to their masses (OM, LOE, Epchtein et al. 1990). This
view is distinct from that proposed by van der Veen (1988),
who argues that, as an AGB star evolves, it becomes redder
until it undergoes the superwind phenomenon (Renzini 1981).
According to this model, after a short period of intense mass-
loss (the superwind), the star expels its envelope and becomes
a planetary nebula.

We put together both type I and II OH masers, since we
know that the emission comes from an AGB star. Objects such
as supergiants and interstellar sources have been excluded. This
is adequate, as visible Miras usually emit strongly in the fre-
quencies of 1665 and/or 1667 MHz only, while infrared OH/IR
stars emit predominantly in the 1612 MHz frequency. By in-
cluding both types of maser emission, we make sure to cover
the entire mass range for TP-AGB stars.

Since the original interpretation of maser phenomenon (Wil-
son & Barrett 1968), several surveys have been made, covering
1612, 1665, and 1667 MHz frequencies (sometimes also 1720
MHz). These include especially the Arecibo group (cf. Eder et
al. 1988, Lewis et al. 1990, Chengalur et al. 1993, Lewis 1994),
the Leiden group (cf. te Lintel Hekkert 1990, te Lintel Hekkert
etal. 1991), and the Nancay group (cf. Likkel 1989, David et al.
1993a,b, Sivagnanam et al. 1988, Le Squeren et al. 1992). Such
a variety of surveys permits us to assert that, at least for the solar
neighbourhood, the sky coverage is complete both in direction
and distance. The OH/IR star database used in the present work
contains about 1700 objects, all of them with IRAS counter-
parts, representing 96 percent of the sky coverage. About 500
objects have near-infrared photometry available in the literature
(J, H, K, L, and M photometric bands).

In order to determine the space density (p, kpc™>), and the
surface density (o, kpc_z) of OH/IR stars, we consider a cylin-
der centered at the Sun, with infinite height and with a well-
determined radius. The determination of this limiting radius is
essential for the completeness of the catalogue.

The two-micron sky survey (TMSS, Neugebauer & Leighton
1969) was the main database for several surveys of OH/IR stars
until the advent of the IRAS survey in 1984. The TMSS is
complete up to magnitude 3. Adopting for completeness a lim-
iting distance of 1 kpc, we get an upper limit for the absolute
magnitude M = —7, neglecting interstellar extinction. LOE
present average absolute magnitudes for their infrared sequence
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of OH/IR stars, obtained by fitting a CDS model to the same cat-
alogue used in this paper. They obtain M magnitudes brighter
than -7 along their sequence of K-L colours up to K-L=2.7 How-
ever, at this colour the optical depth reaches 7(A = 1um) = 4.6,
which means that the CDS becomes optically thick, emitting
radiation mainly in the mid and far-infrared, where the star can
be detected by the IRAS satellite. At this point, the OH/IR star
is purely infrared, i.e., it does not have a visible counterpart, un-
less the star is nearby, and its absolute magnitude at A = 12um
is My, = —13, which makes the star detectable up to several kpc
from the Sun. Even towards those areas not covered by TMSS
(for instance, below § = —33°), the IRAS catalogue is sensitive
enough to detect any Mira within a 1 kpc radius. Sivagnanam
et al. (1988) surveyed all Miras within a sphere with 1 kpc
radius, and some stars beyond it, at the frequencies of 1612,
1665, and 1667 MHz. Despite the fact that their volume is a
little different from ours, the space coverage is essentially the
same, because the scale height of OH/IR stars H is less than 1
kpc. In fact, it depends on the mass of the precursor star, but
150 < H(pc) < 760, within the complete sample of the present
work.

The determination of densities and formation rates is very
sensitive to the adopted distance scale, being proportional to
the third and fourth power of the distances, respectively. The
distances used in this work were derived from the period-
luminosity relationship given by Feast et al. (1989), calibrated
for oxygen-rich Miras in the Large Magellanic Cloud (LMC).
When the period P of the star is unknown, it is estimated by
means of a relationship between P and AV, the separation be-
tween the OH peaks (see OM and LOE for a detailed discussion).
Although the use of the period-luminosity relationship may be
considered suspect as applied to the Galaxy, owing to the metal-
licity difference between the LMC and the Galaxy, it has already
been used successfully before (Whitelock et al. 1994). In fact,
the dispersion in the period-luminosity relationship is about 0.15
magnitude, which can be considered as excellent for a distance
scale. The interstellar extinction is treated as in OM and LOE,
using amodel that follows the atomic and molecular distribution
of the gas (Ortiz & Lépine 1993, hereafter OL).

2.2. A catalogue of nearby OH/IR stars

Table 1 lists the OH/IR stars inside a cylinder with 1 kpc radius
centered at the Sun, amounting to 76 objects. We list the IRAS
name (column 1), the visible or near-infrared counterpart, if any
(column 2), the period P (column 3), the distance D (column
4), and the height from the galactic plane |z| (column 5). The
last column gives the classification of the objects according to
their [12-25] colour and AV as proposed by OM. For the 13
single peaked objects, we have taken into account in the clas-
sification the [12-25] colour and the period, which is related
to AV. The main goal of the adopted classification is to iden-
tify the mass (age, metallicity) ranges of the progenitor stars,
in order to obtain a more realistic picture of the mixed stellar
population.
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Table 1. Nearby OH/IR stars

IRAS name Star P D |z| Class
(days) (kpc) (kpc) (OM)
00007+5524 Y Cas 413 065 0.07 1II
01037+1219 WXPsc 660 0.77 0.59 I
01280+0237 R Psc 344 1.09 0.93 111
02168—-0312 o Cet 331 0.11 0.09 111
02234—-0024 R Cet 166 0.84 0.68 I1I
02522—-5005 R Hor 407 040 034 1III
03082+1436 U Ari 371 0.84 0.50 III
03336-—7636 X Men 380 122 074 11
03507+1115 IK Tau 470 0.28 0.15 II
04094-2515 W Eri 376 094 0.67 I
04140—-8158 U Men - 046  0.25 III
04255+1033 R Tau 320 0.55 024 III
04355+0814 RX Tau 331 0.71 030 III
04387-3819 R Cae 391 054 036 I
050964834 S Pic 428 064 038 III
05098 —6422 U Dor 394 076 044 1I
05265—0443 S Ori 414 0.43 0.15 III
05450—-3142 S Col 325 0.84 0.38 111
05528+2010 U Ori 368 0.26 0.01 Jits
06300+6058 TMSS - 0.87 0.32 I
+60169
06500+0829 GX Mon 527 0.93 0.07 III
07304—-2032 Z Pup 508 0.87 0.01 111
07446—3210A TMSS - 0.88 0.06 III
-30100

07585—-1242 U Pup 318 064 010 III
08138+1152 R Cnc 361 0.29 0.12 III
09331—1428 X Hya 301 0.51 0.23 111
09425+3444 R LMi 372 044 034 1I
09429-2148 IW Hya 636 1.03 0.41 11
09448+1139 R Leo 309 0.13 0.09 11
10133—-5413 W Vel 394 060 0.02 1III
10189-3432 V Ant 302 097 031 111
105801803 R Crt - 030 0.18 111
11525-5057 - - 096 0.18 111
12016+1903 R Com 362 1.16 1.13 I
12449+3838 UCVn 345 2.13 2.09 11
12562+2324 T Com 406 741 739 1
134622807 W Hya - 0.10 0.05 111
14086—2839 RUHya 331 0.80 041 111
14162+6701 U Umi 330 0.93 070 III
14247+0454 RS Vir 353 0.80 0.68 111
14559—5446 Y Lup 396 070 0.04 1III
15193+1429 S Ser 371 1.34 1.06 III
15193+3132 S CrB 360 0.38 0.32 III
15255+1944 WX Ser 425 1.10 0.88 III
15262+0400 TMSS - 1.38 099 1III

We discarded two nearby supergiants (VY CMa and VX
Sgr) inside the volume considered. There is one symbiotic star
(R Aqr) that has been detected by Ivison et al. (1994). The star
T Comae seems to have a poorly determined distance, which is
probably due to the IRAS flux measurements. No infrared pho-
tometry has been published for this star, so that its distance can
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Table 1. (continued)

IRAS name  Star P D |z] Class
(days) (kpc) (kpc) (OM)
00266
1608142511 RU Her 484 094 0.67 I
16235+1900 U Her 406 040 026 1III
17115-3322. RW Sco 389 072 004 1
17411-3154 AFGL - 090 002 1
5379
17540—1919 VV Sgr 401 086 0.04 III
17541+1110  RT Oph 426 1.04 031 I
17574—2403 - - 0.77  0.01 I
18009—-2019 V4120 - 0.84 0.01 II
Sgr
18196—1331 - - 095 000 I
18204—-1344 - - 0.64 0.00 III
18204—1344 - - 0.86 0.00 II
18359+0847 X Oph 328 028 0.03 1III
1903940809 R Aql 284 027 0.00 1III
1907840901 - - 0.87 000 I
19356+1136  RT Aql 327 0.64 0.05 III
19474—-0744 GY Aql - 0.56 0.16 1III
19528—-2919 RR Sgr 336 0.57 025 I
19550—-0201 RR Agql 394 046 0.12 1III
20015+3019 V719Cyg - 0.73 0.00 I
20047+1248  SY Aql 355 099 0.18 III
20077-0625 TMSS 651 0.77 027 1
-10529
20255+3712 - - 047 000 I
20259—-4035 U Mic 334 093 053 1III
21206—4054 V Mic 381 1.04 074 1
21286+1055 UU Peg 456 1.08 0.51 I
22516+0838 TMSS 452 095 0.66 III
+10523
23041+1016 R Peg 378 056 039 1II
23213—-4521 NSV 563 1.17 1.06 III
14540
23412—-1533 R Aqr 386 025 024 1II
23425+4338 EY And 360 087 026 I
23558+5106 R Cas 430 0.18 0.03 1III

be considered as an upper limit. The IRAS source 18204-1344
is listed twice in the table, as it is identified with two distinct
OH/IR stars in the same line of sight (cf. te Lintel Hekkert et al.
1989, Blommaert et al. 1994).

A rapid inspection of Table 1 reveals that the majority of
the nearby OH/IR stars is classified as class III objects, that is,
they have kinematic and spatial characteristics resembling those
of type III planetary nebulae (Peimbert 1978, Maciel & Dutra
1992, Maciel & Képpen 1994). This class comprises stars near
thelower limit of the intermediate mass range (0.8 < M/My <
1.0, OM). We see that 92 percent of class III OH/IR stars have
a visible counterpart, i.e. are visible M-type Miras, 50 percent
of class I OH/IR stars (four objects) have a visible counterpart,
while only 20 percent of class I (one star) is identified with a
visible Mira. This star (WX Psc) is an extremely red Mira (K-
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Table 2. Scale heights and densities of OH/IR and AGB stars
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Class N H

(pc)

TAGB
(kpc™?)

OOH/IR
(kpc™?)

POH /IR
(kpc™?)

PAGB
(kpe™?)

observed
fraction

I 5
11 8
111 63
Total 76

120 1.6 6.6
180 2.6 7.1
370 20 27
330 24 41

32
12.8
160
176

13.3
354
217
265

0.050
0.133
0.817
1.000

L=2.52, Whitelock et al. 1994, [12-25]=1.367), with a period
that may be considered long for a visible Mira (P=660 days),
and AV =36.4 km/s (Eder et al. 1988). Adopting the infrared
sequence by LOE, the optical depth of its envelope is about
7(A = 1um) = 4.5. The “visibility” of an OH/IR star therefore
decreases as we consider classes in the order III, II, I, and the
envelope becomes optically thick for class I objects.

Figure 1 shows the location of the OH/IR stars, projected
onto the galactic plane, within 1 kpc radius, The Sun is at the
centre of the figure, and the galactic centre is located to the right.
Some interesting features can be observed in fig. 1: (i) no OH/IR
stars are observed outside the solar circle; (ii) the distribution
in longitude is approximately symmetric. This observation is
important, as it indicates that both sky hemispheres are well
covered by the surveys, in spite of the fact that the southern
hemisphere is relatively less well studied. The lack of oxygen-
rich stars outside the solar circle is consistent with previous
studies showing that carbon stars become dominant for R > Ry
(Guglielmo 1993).

From the data of Table 1, we calculated the average scale
height of each stellar type assuming an exponential distribution
along the z-axis. The results for the three classes considered are
shown in Table 2, where column 1 gives the class, column 2 the
number of objects in a given class, and column 3 gives the scale
height H. These results confirm that the adopted classification
scheme is able to segregate stars according to their masses and
ages. A similar conclusion was achieved by Jura (1994), Jura &
Kleinmann (1992), and Jura et al. (1993), who studied M-type
Miras segregating them according to their period. The results
obtained by these authors (cf. Table 3) show that short-period
(P < 300 days) M-type Miras have H = 600 pc; intermediate-
period (300 < P < 400 days) objects have H = 240 pc, as well
as the longest period (P > 400days) Miras. Therefore, a close
correspondence between the classification proposed by OM and
the period classification can be achieved. In the latter case, vis-
ible Miras were used and the obtained scale heights resemble
those of class III and possibly some class II objects that exhibit
a visible counterpart. We conclude that the period sequence as
considered in the quoted papers is incomplete regarding the in-
termediate mass range of AGB stars, as it does not include the
massive objects. These stars are essentially infrared objects, and
can be observed mainly through infrared surveys.

05 | .. .

kpe
o
1.

05 F A -

-1 -05 0 0.5 1
kpc

Fig. 1. Projected distribution of nearby OH/IR stars onto the galactic
plane. The Sun is at the centre of the figure.

3. Densities of OH/IR and AGB stars

The stellar surface density can be easily determined, as can be
seen from the projected distribution of fig. 1. This evaluation
is quite reliable, as it does not depend on the adopted scale
height, but only on the distance scale. The surface density o
for OH/IR stars can be determined for these objects from the
relation 0 = N/, and is given in column 4 of Table 2.

The determination of the volume density p (kpc~>) depends
on the scale height. We calculated p from the surface density
o assuming that the vertical distribution of the stars can be de-
scribed by an exponential law, so that

+o0
-
—00
The values of the volume density for OH/IR stars, poy ik are
given in column 5 of Table 2. In order to determine the densi-
ties for AGB stars in general, some considerations have to be

made on the frequency distribution of these stars as compared
to OH/IR stars.

pe WH gz = 2pH )
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Table 3. Scale heights, surface and volume densities of AGB stars

R. Ortiz & W.J. Maciel: AGB stars: densities and formation rates obtained from OH/IR stars

Object H(pc) o (kpc_z) p (kpc_3) Reference

Miras (all types) 315 154 245 Wood & Cahn (1977)
Short-period M-miras 600 42 35 Jura (1994)
Intermediate-period M-miras 240 100 210 Jura & Kleinmann (1992)
Long-period M-miras 240 18 38 Jura et al. (1993)

Carbon stars 200 40 100 Claussen et al. (1987)
Carbon stars 190 70 185 Groenewegen et al. (1992)
AGB stars (all types) 330 176 265 This work

Sivagnanam et al. (1988) searched for OH emission towards
nearby (d < 1 kpc) visible Miras. The survey was made in three
different frequencies of the A = 18 cm ladder: 1612, 1665, and
1667 MHz. Three of their non-detections had positive results in
other surveys: o Ceti (Dickinson et al. 1975), R Aqr (Ivisonetal.
1994), and AU Cyg (Lewis 1994). After this small correction,
we have for the volume considered N(non-OH)/N(OH)=3.00,
which means that the OH maser phenomenon is rare, consider-
ing M-type Mira stars.

A quite different scenario is obtained when we look for
OH emission towards purely infrared sources. Usually, 1612
MHz surveys are performed considering IRAS sources inside
a well defined colour-box, which is characteristic of infrared,
oxygen-rich AGB stars. Although different groups define their
own colour-boxes, all of them define optically thick CDS’s,
which are more likely to present 1612 MHz emission. However,
a very small number of objects is included in these colour-boxes
that do not present the maser phenomenon. These are called
colour-mimics, and a few studies tried to establish their nature.
They could be symbiotic stars, in which the movement of the
members, associated to the radiation pressure of the companion
star, may destroy the coherent path necessary for the maser
amplification (Seaquist & Ivison 1994, Lewis & Engels 1993).
In fact, there are only two symbiotic stars (H1-36 and R Aqr)
that exhibit the OH maser phenomenon, discovered in a specific
survey (Ivison et al. 1994). Moreover, the number of colour-
mimics is extremely low, less than 10 percent (Lewis & Engels
1993), so that these objects are neglected in this work.

We combined these different scenarios for the occurrence of
maser emission in oxygen-rich AGB stars into our population of
OH/IR stars. We corrected class III stars for the factor of ocur-
rence of OH masers in visible Miras found by Sivagnanam et
al. (1988), since there is a close correspondence between their
population and that considered in this study. Half of class II
stars, which exhibit a visible counterpart, were corrected by the
same factor, since this class includes a similar amount of visible
and infrared OH Miras. Finally, class I objects were not cor-
rected, since these objects are essentially infrared, resembling
those objects defined in the infrared colour-boxes of the IRAS-
PSC catalogue. The corrected surface and volume densities for

oxygen-rich AGB stars are shown in Table 2, columns 6 and
7, respectively. Column 8 gives the observed fraction of each
class, according to the catalogue data.

The chemical abundances depend on the location in the
Galaxy. Radial abundance gradients have been determined for
a variety of elements in planetary nebulae and HII regions (cf.
Maciel & Koppen 1994, Maciel & Chiappini 1994). The C/O
ratio depends on the space coordinates and on the evolution of
the star, owing to the several dredge-up episodes the star expe-
riences during the red giant phase (Iben & Renzini 1983). As a
result, carbon becomes overabundant relative to oxygen in the
outer Galaxy (Guglielmo 1993, Jura et al. 1989), while oxygen-
rich stars are abundant inside the solar circle (Bowers 1978,
Baud et al. 1981). The Sun occupies a strategic position that de-
fines the loci of oxygen and carbon-rich stars (see fig.1). With
the advent of high-sensitivity surveys in the CO transitions, and
in the infrared (IRAS), the ratio of carbon to oxygen-rich stars
has been better determined. Jura & Kleinmann (1989) estimate
this ratio to be close to unity. A similar result was found by
Zuckerman & Aller (1986), regarding carbon and oxygen abun-
dances in planetary nebulae. These results suggest that the local
number of AGB stars must be twice the number of OH/IR stars,
which places the determination of 0(AGB) in good agreement
with results found in the literature. This can be seen in Table
3, where we present some recent results on the scale heights,
surface and volume densities of AGB stars. The last line repro-
duces our results from Table 2. The obtained volume densities
are very close to that by Wood & Cahn (1977), and are consis-
tent with other results found in the literature, if we assume that
half of the Miras are oxygen-rich.

From Table 2, we note that about 82% of the sample are
class III OH/IR stars, 13% class II objects, and 5% are more
massive, class I objects. Therefore, we conclude that in the solar
neighbourhood class I objects (precursors of nitrogen-enriched
type I planetary nebulae) constitute a fairly rare event. The same
result was found by Zijlstra & Pottasch (1991) for planetary neb-
ulae: the majority of nearby planetary nebulae originate from
old stars. The fact that we observe approximately equal propor-
tions of types I, II, and III (see for instance Maciel & Dutra
1992) in a sample of well-studied planetary nebulae, is due to
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Table 4. Parameters and results of the GJ model for AGB evolution.

M/Mg Z tm+ts to tacs AM F(M)  fuss  fo facn
x10%yr  x10%yr  x10%yr  (Mg)
(€] 2) (3) €] &) (6) @) ®) ® (10)
0.93 0.0020 231 0 231 0.80 —0.96 0.1283 0.053 0.000 0.053
1.00 0.0037 160 0 160 0.96—1.08 0.0882 0.025 0.000 0.025
1.16 0.0058 142 83 225 1.08 —1.18 0.0633 0.016 0.009 0.025
120 . 0.0062 138 103 241 1.18 —1.25 0.0398 0.010 0.007 0.017
1.30 0.0068 288 0 288 1.25-135 00514 0.026 0.000 0.026
1.40 0.0072 299 28 327 1.35-1.45 0.0460 0.024 0.002 0.027
1.50 0.0076 294 68 362 145175 0.1134 0059 0.014 0.073
2.00 0.02 510 46 556 1.75-225 0.1357 0.123 0.011 0.134
2.50 0.02 691 162 853 225-275 0.0968 0.119 0.028 0.147
3.00 0.02 866 260 1126 2.75-5.00 02370 0364 0.109 0.474
Total: 1.0000 0.820 0.180 1.000

a selection effect, in the sense that type I planetary nebulae are
usually brighter than type III (Schonberner 1983, Cazetta &
Maciel 1994), which makes the former detectable even at large
distances.

4. Formation rates

In order to determine the formation rates for OH/IR stars and
AGB stars in general we need, besides the volume densities
given in Table 2, an estimate of the characteristic times spent in
these phases, as given by recent evolution models for AGB stars.
The evolution of a star on the AGB has become better understood
with the advent of detailed physical models (cf. Renzini & Voli
1981). The dredge-up processes are specially important for the
chemical evolution of the stellar atmosphere, and, due to the
strong mass-loss during the AGB phase, also for the chemical
evolution of the Galaxy (Matteucci & Frangois 1989).

The third dredge-up process that occurs at the TP-AGB
phase is particularly interesting for the present work, as it de-
termines the spectral classification of the star: M-type (oxygen-
rich, OH/IR), S-type (C/O = 1), or C-type (carbon-rich star). It is
not clear whether all AGB stars will experience this dredge-up,
or only those that are more massive.

Recently, Groenewegen & de Jong (1993, hereafter GJ) pro-
posed a synthetic TP-AGB model in order to explain this phase
of stellar evolution. Their model predicts the photospheric abun-
dances and the time spent in each evolutionary phase, as well
as other physical parameters such as luminosities, mass-loss,
etc. The model can successfully explain these characteristics
for stars in the LMC. In this work, we apply their grid of mod-
els to the OH/IR star population in the solar neighbourhood, in
order to calculate the formation rates of OH/IR and other AGB
stars. Although the model was not designed for the Galaxy, it
is expected to produce reasonable results along the AGB mass
sequence as considered in this article.

More recently, Groenewegen et al. (1995, hereafter GHI)
have proposed a revised evolutionary scenario for carbon stars
in the solar neighbourhood. They have also determined lifetimes

for the main phases of AGB evolution. These models are more
appropriate for the discussion in the present paper, so that they
have also been taken into account.

Finally, in order to compare our results with other indepen-
dent models, we have also considered the model by Vassiliadis
& Wood (1993, hereafter VW). Some different hypotheses are
made, such as the introduction of a “superwind” at the end of
the AGB as a deviation of the Reimers’s formula for mass-loss.
The application of two distinct models to the same population
of stars is expected to have some influence on the star formation
rates, so that we may have an opportunity to select among these
models.

4.1. The Groenewegen & de Jong (GJ) model

In the following, we will apply the GJ models in order to deter-
mine the characteristic AGB times. For a detailed description
of the models, we refer the reader to the original papers (GJ,
Groenewegen & de Jong 1994a,b,c).

We adopt a grid of models appropriate for the Galaxy on the
basis of the metallicity and mass-loss rates. The grid of models
was extracted from Table 5 of GJ, and is displayed in our Table 4.
The sequence of increasing metallicities indicates a decreasing
sequence of age, as expected from the mass sequence. Column
1 of Table 4 gives the model initial mass M /M@; column 2
gives the metallicity Z; column 3 shows the times spent as M
and S spectral types (tps + ts); column 4 gives the duration of
the C-rich phase (f¢), and column 5 gives the total AGB time
(tagn)-

The TP-AGB model alone is unable to reproduce the se-
quence proposed. We must mix the models of the grid at the
exact proportions in order to simulate the mass distribution in
the solar neighbourhood. We adopt the initial mass function
(IMF) given by Miller & Scalo (1979) to obtain the correct
mass proportions. It is obvious that the IMF is different from
the present-day mass function (PDMF), but the shape of these
functions does not change appreciably even if we take into ac-
count very different birthrates along the history of the Galaxy.
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Table 5. Parameters and results of the GHJ model for AGB evolution.

R. Ortiz & W.J. Maciel: AGB stars: densities and formation rates obtained from OH/IR stars

M/Mg Z tm+ts te tags AM FM)  fmss  fc facs
x10%yr  x10%yr x10%yr (Mg)
)] 2 (3) 4) (%) 6) @) ®) © (10)
0.97 0.0008 486 0 486 0.80 —098 0.1436 0.107 0.000 0.107
1.00 0.0033 206 0 206 098 —-1.10 0.0861 0.027 0.000 0.027
1.20 0.0107 281 0 281 1.10—-1.30 0.1162 0.050 0.000 0.050
1.40 0.0171 358 0 358 1.30—1.42 0.0576 0.032 0.000 0.032
1.45 0.0178 359 28 386 1.42 —-1.47 0.0219 0.012 0.001 0.013
1.50 0.0181 356 52 407 147 —-1.55 0.0328 0.018 0.002 0.020
1.60 0.0182 354 106 460 1.55-1.67 0.0447 0.024 0.007 0.031
1.75 0.0183 354 204 558 1.67 —1.87 0.0647 0.035 0.020 0.055
2.00 0.0185 443 310 753 1.87 —2.25 0.0983 0.067 0.046 0.113
2.50 0.0188 442 773 1214 2.25-275 0.0968 0.066 0.114 0.180
3.00 0.0189 622 1001 1623 2.75-3.25 0.0735 0.070 0.113 0.183
3.50 0.0191 225 746 971 3.25-3.75 0.0583 0.020 0.067 0.087
4.00 0.0191 138 537 675 3.75-450 0.0684 0.014 0.057 0.071
5.00 0.0191 552 0 552 4,50 —5.00 0.0368 0.031 0.000 0.031
Total: 1.0000 0.573 0.427 1.000

The IMF is normalized to unity in the mass range:

5.0
Me(M)YdM =1
0.8
where M is the stellar mass and ¢(M) is the IMF, which can be
fitted by a power-law expression:

)]

(M = { 07606 x M~4if 0.8 < M/Mg, < 1.0
=10.7606 x M~25 if 1.0 < M/Mg, < 5.0.

OH/IR and carbon stars, as well as planetary nebulae, have pro-
genitor star masses between 0.8 < M/Mg < (5 —8) . The
upper limit is uncertain but this does not sensibly affect our re-
sults. The limit of 5 solar masses was chosen due to the fact
that this value is closer to the higher mass of the grid. For each
model, we integrated IMF in the mass intervals AM given in
column 6 of Table 4. The integrated values F'(M) are given in
column 7 of this table.

The relative number of AGB stars in each mass range is
proportional to the time spent in this phase, as given in columns
3, 4, and 5 of Table 4, and to the relative number of stars in
the respective mass range, as given in column 7 of this table.
The product of these two quantities, renormalized to the unity,
gives the fraction f of stars in a given phase, and is shown in
columns 8, 9, and 10 of Table 4 for the phases M+S, C and AGB,
respectively.

An analysis of the results given in Table 4 allows some
conclusions to be drawn:

First, it can be seen that the average times on the AGB in-
crease as the initial mass increases, a result that is not observed
in other models for AGB stars (cf. Sects. 4.2 and 4.3).

Second, from the last column of Table 4, we see that the GJ
models predict that about 50% of the AGB stars should have
M > 2.71M. This is in disagreement with the observations as

3

given in our Table 2, where we note that the fraction of mas-
sive, class I AGB stars is about 5%. This discrepancy could be
explained if the lifetimes of the massive stars are overestimated
by the model.

Third, according to the GJ models, the ratio of C stars to
the oxygen rich stars is about 0.18/0.82 = 0.22, from the last
column of Table 4. Since the observed fraction is close to unity
(cf. Zuckerman & Aller 1986, Jura & Kleinmann 1989), the GI
models show a strong deficiency of C stars. This can possibly
be due to metallicity effects, as the GJ models are primarily
intended for the LMC objects.

Let x agp be the formation rate (kpc™?) for AGB stars. If
we assume that every TP-AGB star becomes a planetary nebula
(Schonberner 1983), we can write the continuity equation:

kpe 3yr~l. 4)

_ _ B)
XPN = XAGB (t ACB

Adopting the OM classification, eq. (4) can be more correctly
written as:

xa65 = (), * (8 ()11 s

The volume densities of the AGB classes are given in Table
2. In order to obtain the characteristic times for the GJ mod-
els, we have to assign mass intervals to the different AGB stars.
This is rather uncertain, especially since some overlapping may
occur in the different classes. Taking into account the origi-
nal proposal for the Peimbert classification system of planetary
nebulae (Peimbert 1978), as well as more recent developments
(Faindez-Abans and Maciel 1986; Maciel and K&ppen 1994),
we adopt for the progenitor stars:

Class III 0.8 < M(Mg) < 1.1

Class II L1<MWMgp) <22

kpe3yr=!. (5)
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Class I 22<MMgp) <50
so that, for the purposes of the present work, we may write
for the average masses of the different OM types: M(IIl) ~
1.OMo; M(II) > 1.0M ), and M(I) > 1.4M,. Therefore, from
Table 4 we have the following AGB times: tagg(IIl) ~ 2 x 10°
yr; tags(Il) > 2 x 10° yr, and t4gg(I) > 3 x 10° yr. In this case,
class III dominates in eq. (5), so that we have

XAGB =~ (/—)) (6)
t/)m

that is, most of the newly-formed AGB stars are objects near
the lower limit of mass. Using our result of Table 2, p;y =
217kpe 3, we get xags = 1.1 x 10~ 3kpc™>yr=!. This result
is close to those found for PN by Alloin et al. [1976, xpy =
(0.63—3.1)x 10~ *kpc~>yr~'] and Tinsley (1978, xpy = 1.2 ~
4.8 x 10~3kpc ~3yr=1), but is lower than the majority of results
compiled by Maciel (1989) and Phillips (1989) by a factor two.
Wood & Cahn (1977) studied visible Miras of all spectral types
and found xy = 0.3 x 10‘3kpc—3yr_‘, a very low value, when
compared to planetary nebulae, although they found a result
for the density very similar to ours. This discrepancy suggests
that the calculus of x is very uncertain due mainly to the poor
knowledge of t45p, despite the efforts made in this field.

4.2. The Groenewegen et al. (GHJ) model

In order to derive results that are more appropriate to galactic
objects, we have also taken into account the models by Groe-
newegenetal. (1995), as given in Table 5. This table has the same
quantities of Table 4, and was based on Table 2 of GHJ. Groe-
newegen et al. (1995) presented two grids of models, consider-
ing (a) Reimers (1975) mass loss law with a scale factor n = 4,
and (b) the recent mass loss law by Blocker & Schonberner
(1993, hereafter BS), with a scale factor 7 = 0.08. For the sake
of simplicity, we have adopted here the GHJ results for Reimers’
law, and discussed the effects of the BS law where appropriate.

The determination of the quantities F(M), fur+s, fc and fags
followed the same steps as in Sect. 4.1. Similarly, some conclu-
sions can also be drawn for the GHJ models:

First, the average AGB times increase up to 3M,, decreasing
for large masses as in the models by Vassiliadis & Wood (1993,
see next section). This effect is even more pronounced for the
BS models.

Second, from Table 5 the expected fraction of AGB stars
with M > 2.7M drops to about 37%, both for Reimers and BS
mass loss laws. This is lower than for the GJ models, but still
much higher than our observed result of about 5%. Therefore,
the decreased lifetimes of these massive stars in the GHJ models
are not sufficient to explain the observations, so that they can
still be considered as upper limits, especially in the range 2.5 —
3.0Mg.

Third, the ratio of C stars to oxygen rich stars increases
in the GHJ models to 0.75. This rate is about 0.9 for the BS
models. This result is much closer to the observed fraction than
in the GJ models, confirming our suggestion that the latter are
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not particularly appropriate for the galactic objects. However, it
should be stressed that this ratio is not well determined, and there
are suggestions which encompass arange of 0.2 < C/M < 0.9.
GHI seem to favour ratios close to the lower limit, whereas our
own estimate based on their data gives aratio of about 0.7 —0.9.
As seen in Sect. 4.1, this procedure applied to the GJ models
gives C/M = 0.2, clearly showing that there is some discrepancy
between the GJ and GHJ models. This discrepancy probably
derives from the adopted mass range for carbon stars, which
is limited to the large mass objects, according to GHJ. Since
carbon Miras are observed with optically thin CDE, some of
these objects are probably low mass stars. Therefore, a detailed
study of the space distribution of C stars is needed, in order to
clarify the question of the mass distribution of these stars.

Finally, the average AGB times for the different OM types
are similar to the results of Sect. 4.1, especially for stars of
masses M < 2Mg. This is true except for the less massive
stars, M < 1Mg. Therefore, the formation rates for the GHJ
models are slightly lower than the corresponding rates for the
GJ models, xacs = xacs() = 0.5 x 10~ *kpc " 3yr~1.

4.3. The Vassiliadis & Wood (VW) model

Vassiliadis & Wood (1993) published a series of models of stel-
lar evolution from the main sequence to the TP-AGB and be-
yond. The calculations were performed for several stellar masses
and metallicities, and the results predict for each phase the life-
times, luminosities, periods, as well as abundances of He and
CNO elements. However, they do not give explicitly in their pa-
per the time spent in the oxygen and carbon-rich phases. Also,
the mass-loss is taken into account in a somewhat different way:
asuperwind phase is invoked, at the end of the TP-AGB phase in
order to expel the stellar envelope. Such phenomenon is adopted
in order to obtain mass-loss rates much higher than those given
by Reimers (1975) formula. If the superwind exists is a matter
of controversy, but following the point of view that a sequence
of mass corresponds to a sequence of colour index or envelope
optical depth, the superwind would cause a sudden change of
the characteristics of the circumstellar dust shell (CDS). Such
modification would change the color of a intermediate mass star
into an extremely red star, due to the increasing optical depth
of the envelope. As we stressed in this paper, the observations
indicate that redder stars are intrinsically younger than the bluer
ones. An alternative interpretation given by VW is that, while
the superwind phase is about 10 percent of the TP-AGB lifetime
of a 1 solar mass star, it can reach almost the entire lifetime of the
TP-AGB phase for a intermediate mass star. We shall consider
in this work both cases separately.

Table 6 is built similarly to Tables 4 and 5, but listing ex-
plicitly t4gp and fsw, the total-AGB and superwind lifetimes,
respectively. The columns give: the initial mass M /M, (col-
umn 1); the metallicity Z (column 2); the time spent on the
main sequence tyys (column 3); the time during which the star
remains visible f,,;, that is, the envelope is optically thin (col-
umn 4); the superwind time tgy (column 5); the total AGB time
tacs (column 6); the mass range considered for the integration
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Table 6. Parameters and results of the VW’s model for AGB evolution.

R. Ortiz & W.J. Maciel: AGB stars: densities and formation rates obtained from OH/IR stars

M/Mg Z tus tops tsw taGB AM FM)  fsw Jacs
x10%yr  x10%yr  x10%yr x10%yr (Mg)
1) 2 3) 4 )] 6) ™ 8) ] (10)
1.0 0.016 11.25 434, 61. 495. 0.80—-1.25 03196 0.023 0.184
1.5 0.016 2.74 729. 98. 827. 1.25-1.75 0.2107 0.024 0.203
2.0 0.016 124 1060. 120. 1175. 1.75-2.25 0.1357 0.019 0.185
2.5 0.016 0.62 2070. 110. 2184. 2.25—-3.00 0.1359 0.017 0.345
3.5 0.016 0.23 297. 130. 427. 3.00 —4.00 0.1178 0.018 0.059
5.0 0.016 0.10 142. 120. 262. 4.00 —5.00 0.0804 0.011 0.025
Total: 1.0000 0.112 1.000

of the IMF, AM (column 7); the integrated IMF, F (M) obtained
as in the GJ and GHJ cases (column 8); the fraction of stars at the
superwind phase in the corresponding mass range fsy (column
9), and the fraction of stars at the AGB phase f4p (column 10).

Considering now the results of Table 6, some conclusions
can also be drawn, as in the case of the previous models:

First, the average AGB times have a different behaviour as
compared with the GJ models, in the sense that these times
are larger for the low and intermediate mass objects (roughly
corresponding to our class IIT and II objects), but decrease for
the larger mass stars (roughly corresponding to our class I stars).
This behaviour is closer to the GHJ models, as seen in Sect. 4.2.

Second, Table 6 shows that about 8% of the AGB stars have
M > 3.0M¢), which is similar to our result that about 5% of
these stars are class 1. However, the VW models still predict a
relatively large fraction of stars with M > 2.2M ), namely 43%.
This is probably due to the extremely large lifetimes predicted
by the VW model for this mass interval. In order to completely
reconcile our result with the models of Table 6, we would have to
extend our class IIT up to 3.0 solar masses, which is incompatible
with the scale heights and peculiar velocities found for AGB
stars by OM.

Let us now determine the formation rate xsgp on the ba-
sis of the results of Table 6. Adjusting the mass intervals as
M /Mg ~ 1.0 (class ), 1.0 < M /M, < 3.5 (class II), and
20< M/M@ < 5.0(class I), we obtain tagp(IIl) >~ 5 10° yr;
4.3 x 10° < tagp(l) (yr) < 2.2 x 108, and 2.6 x 10° < t4gp(l)
(yr) < 2.2 x 10, so that we have with the volume densi-
ties given in Table 2: xacs(III) ~ 0.43 x 10~ 3kpc3yr~!,
0.02 x 1073 < yacs(D(kpe™3yr~') < 0.08 x 1073, and
0.006 x 1073 < yaes((kpcyr~1) < 0.05 x 10~3. There-
fore, approximation (6) still holds in this case, so that the total
AGB formation rate is x4gz =~ 0.4 x 10™3kpc™>yr~!. This is
very close to the earlier result by Wood and Cahn (1977) for
Mira stars, xy = 0.3 X 10‘3kpc_3yr‘1. Taking together the
models of this and the preceding section, we have for the for-
mation rate of AGB stars
xacs ~ (0.4 — 1.1) x 10~ 3kpc " 2yr~! )
An upper limit for yscp can be obtained if we consider the
characteristic time of the superwind phase tsy ~ 6x10*yrineq.

(6) instead of t4p. We have then xagz < 3.6 x 10~ 3kpc ~yr~1.
Therefore, we can combine this result with the previous range
for xagp and write

0.4 x 1073 < yacskpe }yr1) < 3.6 x 1073, (8)

This range is in good agreement with the recent determinations
for PN as given by Maciel (1989) and Phillips (1989). Also, in
a recent analysis of the PN formation rate from a sample of ob-
jects with individual distance determinations, Pottasch (1995)
obtains xpy = 3 x 1073 kpc~3 yr~!, which is close to the up-
per limit of (8). It should be recalled that the PN formation rate
may be strongly affected by the uncertainties in the PN distance
scale, which also affects the individual distance determinations,
so that we can consider our result (7) (or even eq. 8) as a very
good agreement with our current knowledge of the evolution of
intermediate mass stars. On the other hand, we stress that our
result is basically affected by the determination of the charac-
teristic time #4gp, apart from the adopted distance scale.

If we recall the continuity equation between the AGB and
the planetary nebula phases as given in eq. (4), we get a con-
straint for stellar evolution theories. Taking xpn 2.5 x
10’3kpc"3yr"1 as arepresentative value from the compilations
by Maciel (1989) and Phillips (1989), and p ~ 217kpc_3 (Table
2), we obtain t46(III) ~ 8.7 x 10* yr, which corresponds to
the AGB lifetime for stars near 0.8 ~ 1.0M .

4.4. The white dwarf connection

White dwarf densities and formation rates are extremely diffi-
cult to determine, due to strong selection effects. On the other
hand, their lifetime typ is more reliable than t4p, since it de-
pends on the star cooling rate, which is better known. Despite
these difficulties, white dwarfs constitute an important clue in
understanding the AGB-PN-WD evolution. Most estimates of
xwp are in the range 1.4 —2.5 x 10~ 3kpc " yr~! (Phillips 1989,
Weidemann 1991), which is similar to, or lower than, the aver-
age value estimated for planetary nebulae.

According to Phillips (1989), if most white dwarfs with
Myp > 0.55M(, are assumed to derive from planetary neb-
ulae, then xpy = 0.6xwp, Which is in good agreement with
most estimates of ypy found in the literature. However, an ear-
lier estimate by Fleming et al. (1986) gives xwp =~ (0.49 —
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0.75) x 10~3kpc™2yr~!, which is much lower than xpny. If
this value is correct, this could become a difficult problem to
solve, involving reviewing distance scales, etc. From our eq. (7)
it can be seen that their value of xw p is compatible with our
determination of x 4¢B. Xw D is probably lower than x s¢ B, as
white dwarfs may originate from low-mass stars, that do not ex-
perience the TP-AGB ascension. They leave their envelopes at
the RGB and early-AGB phases, evolving directly to the white
dwarf phase, without any trace of a planetary nebula around it.
The comparison of x agp and xw p seems to confirm the result
by Fleming et al. (1986); moreoverif xpny = xags = 0.6xwD,
then the estimate of ¢ 4o g form the GJ models seems to be more
accurate.

5. Total numbers and birthrate in the Galaxy

The total number of AGB stars and their formation rates are im-
portant to understand the chemical evolution of the Galaxy, and
the physics of the interstellar medium. Since these objects are
intrisically bright (10* — 105L,) they can be detected even at
distant regions like the bulge. However, strong selection effects
do not permit us to know the real luminosity function of these
objects in the whole Galaxy. Usually, the mass and luminosity
functions and the formation rates are extrapolated for other parts
of the Galaxy from their values in the solar neighbourhood. This
is done by means of galactic structure models that try to repro-
duce the galactic mass distribution, star counts, and brightness
distribution.

Models designed for the infrared region of the spectrum
are of special interest here, because they provide the best fit-
ness to the distribution of bright infrared objects, like AGB
stars. Eaton et al. (1984), Garwood & Jones (1987), Guglielmo
(1990), Ruelas-Mayorga (1991a,b), Wainscoat et al. (1992), and
OL propose galactic models specially designed for the infrared,
consisting of several mixed populations with different distribu-
tions and ages. OL propose a model that consists of a spheroidal
component, two disk components with scale heights 100 and
390 pc, and a spiral-arm structure. The splitting of the disk pop-
ulation into two distinct distributions with different scale heights
is similar to the treatment of the AGB mass sequence in this pa-
per. The young disk (=100 pc) consists of more massive stars
(like class I OH/IR stars), while the old one (H=390 pc) is very
similar to the distribution of class III OH/IR stars.

In Sect. 4 we concluded that the majority of AGB stars have
relatively low-mass progenitors (cf. Zijlstra & Pottasch 1991).
Since this population is dominant, we adopt the scale length
of the thick disk @ = 2.6 kpc, which is shorter than the value
found by Bahcall & Soneira (1980) for the visible (« = 3.5kpc).
All models designed for the infrared use values of o lower than
those designed for the visible, with the exception of the model
by Wainscoat et al. (1992), that assumes the scale length by
Bahcall & Soneira (1980). Besides, the model by OL proved
to be successful also to determine the galactic rotation curve
(Amaral et al. 1995), by taking into account both AGB stars and
planetary nebulae.
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The total number of OH/IR stars and/or AGB stars may be
calculated by direct integration:

R, R e
N = 271'/ ' o(r)rdr = 27r00/ ' exp [—(r RO)] rdr (9)
0 0

(8

where we have made explicit that oy is the local density of stars,
a is the scale lenght of the disk, Ry refers to the solar neigh-
bourhood, and Ry the radius of the Galaxy. The choice of Ry
depends strongly on the abundances considered. As we men-
tioned earlier, OH/IR stars become rare outside the solar circle,
whereas carbon stars are dominant. On the other hand, the sum
of oxygen and carbon-rich stars constitutes a more continuous
distribution; in this case, the integral must be performed up to
several kpc beyond Rj.
For AGB stars equation (9) becomes:

N =2mogaleol (10)
while for OH/IR stars, adopting R; ~ Ry:
N ~ 2nopa [a (eR“/“ -1) - Ro] 11

Adopting a = 2.6 kpc, Ry = 7.9 kpc (OL), and the o values
shown in Table 2 we get: Nagp = 1.6 x 10, and No/1p =
1.7 x 10%.

It is interesting to note that, until now, about 1700 OH/IR
stars were detected. Despite the fact that they are very lumi-
nous in the radio and infrared domains, we have detected just
about one-tenth of the existing OH/IR stars in the Galaxy, due
to selection effects. Considerable efforts must be made to detect
less-luminous OH/IR stars, mainly towards the bulge and be-
yond, by means of high-sensitivity and spatial resolution scans.

Our estimate for N4 g permits to obtain the birthrate (yr~')
for the whole Galaxy. Assuming the approximation given by
equation (6), we have:

N/tagp ~ 0.8yr~! (GJ)
N/tAGB 2‘0.3}'1‘_1 (GHJ)
N/tagp ~ ().3)’1'"l VW)
N/tags <2.7yr"'  (VW,SW)

A comparison between these results with those compiled by
Phillips (1989) for planetary nebulae confirms the upper limit
as given by the SW characteristic time. Adopting the TP-AGB
lifetimes by GJ we get x ag g close to the value found for xpn
by Alloin et al. (1976, xpx = 0.5 — 1.1 yr~!), Maciel (1981,
xpNn = 1.0yr~!), Daub (1982, xpy = 0.7 yr—!), and Isaacman
(1983, xpn = 1.0 yr=1). On the other hand, the adoption of the
TP-AGB lifetime by VW leads to x agp close to the results by
Cahn & Wyatt (1978, xpny = 0.3 — 0.7 yr~!), and Pottasch
(1984, xpn = 0.1 — 0.3 yr~1). Again, the formation rates have
shown to be strongly dependent on stellar evolution theories.
We emphasize the importance of developing models that take
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into account the AGB, planetary nebula, and the white dwarf
phases, in order to obtain self-consistent results.
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