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ABSTRACT 
Investigated in this work is the disagreement between evolutionary and dynamical time scales for the evolu- 

tion of the central stars of planetary nebulae (CSPNs) through the H-R diagram, using the results of high- 
resolution spectroscopic studies of CSPNs underway at the European Southern Observatory and at Palomar 
Observatory. These two studies combined have placed 23 CSPN in the distance-independent log g — log Teff 
diagram by comparing their photospheric absorption-line profiles observed at high signal-to-noise ratios with 
non-LTE (NLTE) model atmosphere line profiles. Results from the new Palomar 1.5 m echelle spectrograph 
confirm earlier published results from the ESO 3.6 m CASPEC echelle spectrograph for the three CSPNs the 
two samples have in common. Central star evolutionary ages deduced via comparisons with published evolu- 
tionary model calculations are poorly correlated with the dynamical expansion ages for the surrounding 
nebulae, prompting this investigation. 

Three possible reasons for this time scale disagreement are examined: (1) the nebulae could have experi- 
enced a phase of rapid photoionization of material ejected previously, while the stars were still on the AGB; 
(2) the central stars could have undergone a late helium shell flash and returned to the AGB; (3) the AGB- 
CSPN evolutionary transition times could have been increased by small additional amounts of residual 
envelope material remaining after the superwind mass-loss phase. While we cannot rule out mechanism (1) as 
a possible explanation, we find that the so-called born-again mechanism (2) is unlikely for the vast majority of 
CSPNs in our sample, owing to the very low ratio of dynamical age to interflash period. Our investigation of 
mechanism (3) demonstrates that the additional residual envelope masses required to reconcile the time scale 
disagreement are not unreasonable, and we favor this explanation because it is able to account for evolution- 
ary ages both less than and greater than the corresponding dynamical ages. Estimates of residual envelope 
masses determined empirically as we have done may provide important clues toward an understanding of the 
AGB star to planetary nebula transition mechanism. 
Subject headings: nebulae: planetary — stars: evolution 

I. INTRODUCTION 

The central stars of planetary nebulae (CSPNs) are an 
important class of object because they constitute an evolution- 
ary link between the asymptotic giant branch (AGB) and white 
dwarf stages of stellar evolution. The complete details of the 
transition from AGB star to planetary nebula are still not 
understood, although an important piece of this puzzle has 
been the realization that AGB evolution ends in an “ OH/IR 
star” phase having very strong mass loss, at a rate M up to 
10“4 solar masses per year (M0 yr-1; see Knapp et al. 1982). 
The mechanism thought to be responsible for this mass loss is 
radiation pressure acting on dust which condenses out of the 
outer atmosphere when gaseous material is carried to large 
radii by Mira-like pulsations (Wood 1979). 

This “superwind” phase (Renzini 1981) causes the OH/IR 
star to move off the AGB and evolve toward higher effective 
temperature (Teff) as the envelope mass (Me) and radius 
decrease at constant luminosity. The pulsations driving the 
superwind are expected to cease when the envelope mass has 
decreased to some very small residual amount (MeR) of order 
10“3 M0 (Härm and Schwarzschild 1975), although the exact 

value of MeR appropriate for a given core mass (Mc) is largely 
unknown. From an evolutionary point of view, this is most 
unfortunate, because the residual envelope mass is required to 
compute the transition time (itr) from the end of the superwind 
phase to the point at which Te{{ = 30,000 K and the CSPN 
begins to ionize the surrounding neutral material : 

itr = (MeR - MeN)/M (1) 

(Schönberner 1979; Iben and Renzini 1983), where MeN is the 
envelope mass at Te{f = 30,000 K and M is the net rate at 
which the envelope mass is being consumed by the combined 
processes of nuclear burning and mass loss from the surface. 
Renzini (1981) speculates that “ lazy ” AGB remnants may exist 
which have transition times longer than the ~ 30,000 yr the 
surrounding ejected AGB envelope takes to disperse. Such 
“ lazy ” post-AGB objects would not result in observable plan- 
etary nebulae (PNs). 

Evolutionary calculations by Schönberner (1979, 1983) and 
by Wood and Faulkner (1986) trace the evolution of model 
CSPNs of various masses through the H-R diagram. Evolu- 
tionary transition times (itr) along each model track are deter- 
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mined by assuming that the superwind ceases at some specific 
temperature, which Schönberner chooses to be between log 

= 3.7 and 3.75, and Wood and Faulkner choose to be log 
(7¡ff) = 3.8. These somewhat arbitrary choices serve to specify 
MeR as a function of core mass, because for any core mass T^ff 
is a known function of Me (see Fig. 3 of Schönberner 1983). As 
a result, Schönberner (1983) argues that “ in this scenario there 
is no room for ‘lazy ’ remnants f but in our view the matter is far 
from being settled. 

Equally uncertain from a theoretical point of view is the 
question, During what phase of the AGB star’s helium shell 
flash cycle does PN ejection take place? Iben et al (1983) and 
Iben (1984) have pointed out that, for PN ejections occurring 
at phases large enough, it is possible for the next helium shell 
flash to occur while the post-AGB object is still the central star 
of a planetary nebula. CSPNs which experience a late helium 
shell flash then evolve back toward the AGB as a consequence, 
before resuming their blueward evolution through the H-R 
diagram. Iben (1984) has suggested on theoretical grounds that 
perhaps as many as 25% of all planetary nebulae may contain 
such “ born-again ” central stars. 

Observationally, the study of CSPNs has historically been 
hampered by the lack of accurate distances to most objects. 
Statistical distance scales (e.g., Shklovskii 1956; Cahn and 
Kaler 1971; Acker 1978; Daub 1982) have been invented 
assuming some parameter (e.g., the ionized mass) of the sur- 
rounding planetary nebulae is a constant. The distance scale of 
Cudworth (1974) is based on proper motions of nearby PNs 
while Gathier (1984) has determined line-of-sight absorption 
distances to a sample of PNs. Working from a statistical dis- 
tance scale, Schönberner (1981) has compared CSPN absolute 
magnitudes and nebular radii to model evolutionary tracks in 
the Mv — t diagram, where the times t for all CSPNs follow 
from the nebular radii and an assumed constant expansion 
velocity for all the nebulae. Schönberner finds a very narrow 
mass distribution for CSPNs; in addition to the uncertainties 
of the distances and variations in expansion velocities, Schön- 
berner’s results are also dependent upon the assumption that 
the evolutionary time scales of the central stars can be equated 
to the dynamical expansion time scales of the surrounding 
nebulae. That this assumption fails when considering individ- 
ual nebulae and their central stars was pointed out most 
recently by Mendez et al (1988), and we shall return to this 
question below in § III of this paper. 

In a series of papers, Mendez et al (1981), Mendez, Kud- 
ritzki, and Simon (1983, 1985), Mendez et al (1988), and also 
McCarthy (1988) have studied CSPNs in a distance- 
independent manner by comparing their photospheric absorp- 
tion lines observed at high resolution and high signal-to-noise 
ratios to theoretical NLTE model atmosphere line profiles. 
This type of analysis allows each CSPN to be placed in the 
log g — log Teff diagram and therein compared to model evo- 
lutionary tracks, in order to derive directly the mass of each 
central star and its age on the evolutionary time scale (ievol). We 
have also shown how it is then possible to derive a spectro- 
scopic distance (Mendez et al 1988; McCarthy 1988) from the 
best-fit model atmosphere parameters and the observed visual 
magnitude of the CSPNs. The dynamical expansion age (idyn) 
of each nebula can be calculated from the spectroscopic dis- 
tance and the radius and expansion velocity of each particular 
nebula. We have already pointed out the overwhelming ten- 
dency for idyn to exceed ievol by a large amount for the sample 
of CSPNs we have studied spectroscopically (Mendez et al 

1988), and we have used this fact to argue against the use of the 
Mv — t diagram for the study of CSPN evolution. 

This very significant time scale disagreement is the focus of 
the present paper, and in § IV below we examine three possible 
explanations and discuss the implications of the one we find 
most convincing. But first, we summarize in § II the observa- 
tional material and the NLTE model atmosphere fitting 
process on which our time scale determinations are based, and 
in § III we review the time scale calculations in order to quan- 
tify the time scale disagreement. 

II. THE OBSERVATIONAL MATERIAL 

This investigation is based on the results of our high- 
resolution spectroscopic studies of CSPNs underway at the 
European Southern Observatory (Mendez et al 1988) and at 
Palomar Observatory (McCarthy 1988). Our combined sample 
includes the 23 CSPNs listed in the first column of Table 1. We 
have observed these CSPNs at resolutions typical of Casse- 
grain echelle spectrographs : R — À/AÀ ~ 40,000 per pixel with 
the Palomar 1.5 m echelle spectrograph (see McCarthy 1988) 
and ~ 30,000 per pixel with the ESO 3.6 m CASPEC spectro- 
graph (see le Luyer, Melnick, and Richter 1979; D’Odorico et 
al 1983); the instrumental FWHM being roughly 2 pixels in 
each case. The wavelength range we selected with CASPEC 
covers from 4100 to 5000 Â, while the Palomar 1.5 m echelle 
covers the range from Àmin < 4000 Â to /lmax > 7000 Â, owing 
to the use of prism cross-dispersion elements and a larger 
format (800 x 800 pixel) Texas Instruments CCD. We require 
high signal-to-noise ratios (S/N ~ 80-100 or more) for the sub- 
sequent analysis of the reduced data, in which we compare 
each central star’s photospheric hydrogen and helium line 
profiles to NLTE model atmosphere line profiles (Kudritzki 
and Mendez 1989, and references therein; especially Herrero 
1987u, b). 

The result of these detailed comparisons is a simultaneous fit 
to the CSPN photospheric hydrogen and helium line profiles 
for a single set of NLTE model atmosphere parameters : effec- 
tive temperature surface gravity log g, and photospheric 
helium abundance by number y. We believe that conservative 
error estimates for these best-fit atmospheric parameters are 
as follows: ±10% in Teff, ±0.2 in log#, and ±20% in y 
(Mendez et al 1988; Kudritzki and Mendez 1989). Although 
we have demonstrated (McCarthy 1988) that the formal errors 
from the noise in the observed spectra are typically a factor of 2 
less than these quoted estimates, it is possible that uncer- 
tainties in the NLTE model atmosphere and line formation 
calculations enter at this level also. 

We should point out that our initial fit results from the 
Palomar 1.5 m echelle spectrograph (McCarthy 1988) agree 
well with our earlier fit results (Mendez et al 1988) using the 
ESO 3.6 m CASPEC echelle spectrograph for the three CSPNs 
the northern and southern hemisphere samples have in 
common (NGC 1360, NGC 2392, and NGC 4361). In no case 
did the two fit results differ by an amount greater than the 
quoted errors, and the most serious disagreement was a log g 
difference of 0.2 in the case of NGC 2392 (3.8 as opposed to 3.6; 
McCarthy 1988). This difference may be attributed to the 
slightly higher resolution of the Palomar 1.5 m echelle spec- 
trograph compared to CASPEC, leading to less filling in of the 
CSPN absorption-line cores by nebular emission. But given 
the excellent agreement in the cases of NGC 1360 and NGC 
4361, we feel that a more likely explanation is filling in of the 
NGC 2392 line profile cores by intrinsically variable stellar 
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TABLE 1 
Evolutionary and Dynamical Properties of CSPNs 

Object 
Name 

(1) 

Ttff 
(K) 
(2) 

•oga 
(cgs) 
(3) 

M 
(Mg) 

(4) 

‘evol 
(103 yr) 

(5) 

‘dyn 
(103 yr) 

(6) 

^   t dyn l'evol 
(103 yr) 

(7) 

MeRo 
(M0) 

(8) 

dMJdt 
(M0 yr"1) 

(9) 

m;r 
(M0) 
(10) 

NGC7293   90,000 
NGC 1360b  75,000 
NGC 436lb   80,000 
IC 2448   65,000 
LSE 125   85,000 
A 36b   95,000 
NGC 1535   70,000 
NGC 3242   75,000 
H 2-1   33,000 
He 2-162   27,000 
IC 4637   50,000 
NGC 7009   82,000 
He 2-182   36,000 
He 2-151   25,000 
M 1-26   33,000 
Tc 1   33,000 
NGC 6629   47,000 
NGC 2392b  47,000 
NGC 6891   50,000 
NGC 6210b   50,000 
IC 418   36,000 
He 2-108   33,000 
He 2-138   27,000 

7500 -7500 
+ 8000 8000 

6.9 
5 5 + 0-2 

<5 4 + 0.2 •^-o^ 
4.8 
5.1 
5 3 + 0-2 

4.6 
4.7 
3.3 
2.9 
4.0 
4.8 
3.4 
2.7 
3.2 
3.2 
3.8 
3.8^-j 
3.9 
7 Û + 0.2 •>'y-0.2 
3.3 
3.1 
2.7 

0.546 
0 547 + 0.002 o.ooi 
0 553 + 0.01 V.JJJ-0.004 
0.571 
0.612 

0.668 
0.675 
0.680 
0.680 
0.692 
0.699 
0.721 
0.730 
0.762 
0.762 
0.767 
0.767í°;¿° 
0.768 
0.768ÍS;¿2 
0.818 
0.873 
0.870 

396. 
135.í¿3° 
38.0Í|J 

8.40 
3.16 
3 25 + 1- 
1.44 
1.68 
0.70 
1.06 
1.31 
1.74 
1.23 
0.71 
1.00 
1.00 
0.98 
0.98 Í g; 
0.93 
0.93 Í g; 
0.44 
0.15 
0.92 

39.0 
17.8Í^ 
22.0íi;t 

7.0 
22.0 
22.8 íf 

6.0 
4.0 
5.0 
6.0 
3.0 
7.0 
2.0 

14.0 
2.0 

11.0 
29.0 

i 2 + 0.4 L-Z-0.2 
12.0 
8.8Í3;3 

6.0 
36.0 

8.0 

-357. 
m+80 • — 120 

—16.0 i 23 

—1.40 
18.8 
19.6if;f 
4.56 
2.32 
4.30 
4.94 
1.69 
5.26 
0.077 

13.3 
1.00 

10.0 
28.0 
0.22°45

95 
11.1 
7.87Í3;3 

5.56 
35.9 

7.08 

5.13 x 
4.87íg;2f x 
2.77i};î3 x 

1.23 x 
7.67 x 

7-57-2.61 x 
4.34 x 
4.16 x 
4.03 x 
4.04 x 
3.80 x 
3.65 x 
3.19 x 
2.99 x 
2.36 x 
2.36 x 
2.28 x 

2.284;?! x 
2.27 x 

2.274;?! x 
1.68 x 
1.58 x 
1.57 x 

10~3 

10"3 

10"3 

10"3 

10"4 

10"4 

10"4 

10~4 

10"4 

10~4 

10"4 

10“4 

10“4 

KT4 

10"4 

10“4 

10"4 

10"4 

10"4 

10~4 

10~4 

10"4 

10'4 

4.55 x 
+ 1.91 v -2.61 x 

7.33 X 
7.63 x 
7.86 x 
7.84 x 
8.30 x 
8.60 x 
9.53 x 
9.97 x 
1.17 x 
1.17 x 
1.19 x 

+ 0.05 v -0.13 * 
1.20 X 

+ 0.05 v -0.01 * 
1.52 x 
1.88 x 
1.86 x 

HT8 

10"8 

10“8 

10“8 

KT8 

10"8 

10~8 

10"8 

10~8 

10"8 

IO’7 

10"7 

10“7 

10“7 

lO“7 

10'3 

10"7 

10~7 

10-7 

4.17 x 
+ 0.77 v -0.60 x 

+ 0.22 v -0.17 x 

1.10 x 
1.62 x 

+ 0.57 v -0.27 x 

7.69 x 
5.93 x 
7.41 x 
7.92 x 
5.20 x 
8.17 x 
3.92 x 
1.62 x 
3.53 x 
1.40 x 
3.58 x 

+ 0.50 v -0.79 x 

1.55 X 
+ 0.34 v -0.27 x 

1.01 x 
6.91 x 
1.47 x 

10~4 

10~3 

10“3 

10~3 

103 

10“3 

10~4 

10~4 

10'4 

10“4 

10“4 

10~4 

10~4 

10"3 

10"4 

10“3 

10~3 

10~4 

10~4 

10"3 

10-3 

10“3 

10"3 

1 For objects having ícvol > ídyn, M'eR was determined directly from the evolutionary models using eq. (8) of the text and not calculated on the basis of eq. (4) of the 
text. 

b These five CSPNs were observed with the new Palomar 1.5 m echelle spectrograph (McCarthy 1988). 

wind emission. Therefore we conclude that these initial 
Palomar 1.5 m echelle spectrograph results confirm our earlier 
published CASPEC results (Mendez et al 1988) and demon- 
strate how reliable propertly reduced echelle data are for this 
type of NLTE line profile analysis. 

Finally, the best-fit NLTE model atmosphere parameters 
allow us to place the CSPN in the distance-independent log 
g — log Teff plane and therein compare them to theoretical 
evolutionary models. In this manner, it is possible for us to 
derive estimates of the central star masses (^Mc) and post- 
AGB ages (ievoL) on the evolutionary time scale of the models. 
For this purpose, we have employed the evolutionary models 
of Schönberner (1979, 1983) for central star masses 0.546, 
0.565, 0.598, and 0.644 M0, and the Wood and Faulkner 
(1986) type A mass-loss models with masses 0.70,0.76, and 0.89 
M0. We refer the interested reader to Mendez et al (1988) or 
McCarthy (1988) for a thorough discussion of the NLTE 
model atmosphere analysis, the errors involved, and the 
resulting distribution of CSPNs in the log g — log Teit plane. 

III. TIME SCALE CALCULATIONS 

^0 levol 
We compute the age ievol of each CSPN on the evolutionary 

time scale by interpolating between published models of 
Schönberner (1979, 1983) and Wood and Faulkner (1986). 
Note, however, that Schönberner defines the zero point of his 
evolutionary time scale (ievol> s = 0) to correspond to the point 
at which the post-AGB model reaches log TM = 3.75, whereas 
Wood and Faulkner define the zero point of their evolutionary 

time scale (ievoi,wF = 0) to correspond to log Teff = 4.00; the 
first model point for which they publish data has log Tei{ = 
3.80 and ievol WF < 0 (see the end of the superwind phase dis- 
cussed in § I above). 

In order to make use of both sets of models—which cover 
different mass ranges as pointed out above—in a self- 
consistent manner, we have transformed each of the models 
onto a common time scale having its zero point (ievol = 0) cor- 
responding to log Teff = 3 .80. In the case of the Wood and 
Faulkner (1986) type A mass-loss models, this was relatively 
straightforward; the difference between ievoi>WF at log Teff = 
4.00 and log Teff = 3.80 could be read from Wood and Faulk- 
ner’s Table 1 and added to the values of ievoi,wF tabulated for 
each model. In the case of the Schönberner (1979, 1983) 
models, the difference between ievol s at log Te{{ = 3.80 and 
l°g ^eff = 3.75 had to be determined first by interpolation 
between the time steps as taken from a plot of the evolutionary 
track and then subtracted from the ievoi,s values measured 
along each track. 

To determine ievol for each CSPN in our sample, the age of 
each model track at the best-fit Teif was first determined by 
interpolation along that track. The final step was to interpolate 
between this set of ages as a function of log g to find the CSPN 
evolutionary age ievol corresponding to the best-fit log g. The 
results of this calculation are given in column (5) of Table 1. 
Errors in ievol resulting from errors of ± 10% in Te{{ and ±0.2 
in log g are provided in Table 1 for the five CSPNs we have 
studied from Palomar (McCarthy 1988); these errors are to be 
understood as representative of the corresponding uncer- 
tainties in the remaining objects (Mendez et al 1988). In the 
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three cases of overlap between the two samples, we have used 
the Palomar results (with errors) in place of the CASPEC 
results in order to avoid double-counting of these objects. 

^dyn 
We determined the dynamical expansion age tdyn for each 

planetary nebula in the customary manner from the ratio of 
the linear radius of the nebular shell to the shell’s expansion 
velocity (vexp). The linear radius was derived from the angular 
radius of the nebular shell and the distance to the object. 
Errors in the linear radius are dominated by errors in the 
distance; we find that the spectroscopic distances we have 
determined from our best-fit model atmospheres and the visual 
magnitudes of the CSPNs are among the most reliable distance 
estimates available. We have previously estimated (Mendez et 
al 1988; McCarthy 1988) that typical errors in our spectro- 
scopic distances are between 20% and 30% and that these 
errors are dominated by the errors in determining log g for 
each CSPN. Although the errors in measuring angular radii 
were not nearly as large, we do overestimate tdyn slightly by 
having used shell outer radii instead of inner radii. Recall that 
tgvoi represents an age from the end of the superwind phase, and 
we would prefer tdyn to conform to this definition as much as 
possible. Unfortunately, inner radii have not been measured in 
any standardized manner and were thus unavailable for the 
present purpose. The outer radii adopted are from Wilson 
(1950), Westerlund and Henize (1967), and Acker et al (1982). 

We have used our measured expansion velocities for the 
nebular shells from our CASPEC spectrograms (Mendez et al 
1988). For the Palomar data, we have adopted values of vexp 
determined by Wilson (1950) and Bohuski and Smith (1974), 
except in the case of NGC 4361, for which we have measured a 
value of vexp = 27.7 km s-1 from our Palomar 1.5 m echelle 

spectrogram (McCarthy 1988), after having found discrepant 
values in the literature. 

The resulting dynamical ages can be found in column (6) of 
Table 1. As before, we have provided error estimates for the 
five CSPNs studied from Palomar, but possible errors 
resulting from the use of outer radii rather than inner radii are 
not included in these estimates. We have previously pointed 
out (Mendez et al 1988) that using inner radii would possibly 
reduce idyn by as much as a factor of 3, because the observed 
ratio of inner to outer nebular radii (see Taylor, Pottasch, and 
Zhang 1987) is frequently as low as 0.3 for some nebulae such 
as IC 418; for young, high-surface brightness nebulae, 
however, the shells are believed to be very thin (e.g., NGC 
7027; Masson 1989), and much less error has been introduced 
by the use of outer radii in place of inner radii. 

c) Comparison 
The lack of agreement between the dynamical expansion 

ages and the evolutionary ages can be seen most clearly from 
Figure 1, which shows idyn plotted as a function of ievol. The 
diagonal line through this figure represents rdyn = ievol. The fact 
that most CSPNs lie above and to the left of this line indicates 
a trend in our sample toward “old” nebulae around “young” 
central stars. 

Note that the ratios of dynamical to evolutionary ages are 
often very large (up to factors of 30 or more in some cases). 
This difference is much too large to be accounted for only in 
terms of known observational uncertainties (e.g., distances and 
our use of outer instead of inner radii). Therefore we conclude 
that the disagreement between idyn and ievol is a real conse- 
quence of the evolution of planetary nebulae and their central 
stars which needs to be investigated and explained. 

Finally, note that the sense in which idyn and ievol differ in our 

Fig. 1.—Plot of dynamical ages of the surrounding planetary nebulae (derived assuming constant expansion velocity) vs. evolutionary ages for the central stars of 
those nebulae (derived via comparisons to evolutionary models in the log g — log T«, plane). The four error bars on objects from McCarthy (1988) are representative 
of errors expected for the remaining objects (Mendez et al 1988) in our combined sample. Note the predominance of “old” nebulae surrounding “young” central 
stars. 
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sample—“old” nebulae around “young” central stars—is 
exactly the opposite sense of that noted by Gathier (1984) for 
his (much different) sample of CSPNs. Taken at face value, the 
distance estimates Gathier derived imply that his sample of 
CSPNs is dominated by low-luminosity and therefore low- 
mass objects. Based on the evolutionary time scale of Schön- 
berner (1979, 1983), these central stars would be many times 
older than their surrounding planetary nebulae. While there is 
reason to doubt some of the distances compiled by Gathier (see 
Mendez et al 1988), the low-mass CSPNs in our sample (NGC 
1360, NGC 4361, and NGC 7293 in Table 1) share the time 
scale disagreement in the same sense as noted by Gathier 
(1984). We will return to these objects in our discussion of 
possible explanations at the close of § IV below, because they 
provide a valuable contrast to the bulk of our sample. 

IV. POSSIBLE EXPLANATIONS 

There are in general three ways in which the disagreement 
between dynamical expansion ages and evolutionary ages for 
the young CSPNs shown in Figure 1 can be reconciled. (1) The 
ionized nebulae could have reached their present sizes in much 
shorter times than those derived on the basis of their present 
radii and their respective expansion velocities; such would be 
the case if the nebulae experienced a phase of rapid photoion- 
ization of material ejected previously, in a stellar wind while 
the stars were still on the AGB. (2) The actual evolutionary 
ages could be much longer than those calculated on the basis 
of evolutionary models for CSPN evolution; such would be the 
case if the central stars have experienced a late helium shell 
flash and as a result evolved back toward the AGB. (3) The 
predicted transition times could be too short, and thus the two 
time scales may not share the same zero point; such would be 
the case if the superwind ceases at a slightly lower temperature 
than log Tetf = 3 .80 (or 3.75), increasing the transition time 
given by equation (1) by leaving a small additional amount of 
residual envelope mass on the surface of the remnant. These 
three possibilities will be examined in turn below, beginning 
with the rate of expansion of the ionized nebulae. 

a) Rapid Photoionization of an AGB Envelope 
Given that “young” CSPNs are thought to be surrounded 

by the neutral material ejected during the prior OH/IR star 
phase of evolution—which should extend out to large dis- 
tances from the central star—one is led to ask the question of 
whether the expansion of the ionized nebulae must be 
restricted to only the rexp measured radially along the line of 
sight (i.e., the bulk motion of the ionized gas). Note that the size 
of the visible nebula is determined by the radius of an ioniza- 
tion front, and it is conceivable that during the early evolution 
of the nebula, this ionization front could have expanded into 
the surrounding neutral material at a much more rapid pace 
than the material itself was expanding. 

In order to investigate this question in greater detail, we 
developed a computer model to simulate the photoionization 
of material ejected by an AGB star superwind as the star 
evolves into a CSPN along a Schönberner (1983) or Wood and 
Faulkner (1986) evolutionary track. Making the simplifying 
assumptions that (i) the superwind mass-loss rate, M, and ejec- 
tion velocity, Fej(r) = V0(r/R0)ß, are constant with time prior to 
igvoi = 0; (ii) the CSPN emits ionizing radiation (v > vL, the 
Lyman limit) with a blackbody spectrum; and (iii) ignoring 
absorption of Lyman continuum photons by dust, we derive 

the following differential equation for the rate of change of the 
Strömgren (1939) radius, rs, with time: 

1 
dt 4nrjnn\R, rt0 

4tc 

4nRl v?e~hvJkT' 

(2ß + 1) nW2'R3o 

he2 

~(2ß+ 1) 

*0 

-(2ß + iy 
(2) 

(McCarthy 1988). In equation (2), radii are normalized in terms 
of R0, the AGB star radius at ievol = 0 (see the above normal- 
ization of Vci as a function of radius. R* is the actual radius of 
the star, which decreases as the star evolves, while R, is the 
inner radius of the ejected proto-planetary nebula shell, which 
increases with time as the ejected material moves away from 
the star at a rate Vej. The density distribution was determined 
from the above velocity law assuming conservation of mass, so 
that n(r) = n0(r/R0y

iß+2), where the factor n0 can be expressed 
in terms of the AGB mass-loss rate M and the mass mH of the 
hydrogen atom as n0 = M/(4^Ro mH V0). The factor a(2) in 
equation (2) is the recombination coefficient to all energy levels 
of hydrogen above the second (i.e., recombinations directly 
into the n = 1 state will emit Lyman continuum photons which 
are capable of ionizing another hydrogen atom nearby in the 
nebula), and its numerical value was taken from Spitzer (1978) 
for a temperature of 104 K in the ionized region. The remain- 
ing factors k and h are the Boltzmann and Planck constants, 
respectively. 

Given (i) the input parameters M, V0, ß, and R0 pertaining to 
the AGB superwind mass loss and (ii) the time-dependent 
input functions Teff(i) and R*(t) oc L^2(t)T~f

2(t) from the 
CSPN evolutionary model adopted, equation (2) could be 
solved via the Runge-Kutta method to determine the Ström- 
gren radius rs as a function of time. The results for a 0.6 M0 
CSPN are shown in Figure 2, where M = 3 x 10“5 M0 yr-1, 
V0 = 15 km s~l, ß = 0, and R0 = 100 R0 (the radius the 0.6 
M0 Schönberner CSPN model has at ievol = 0). Notice that the 
Strömgren radius, given in parsecs as a function of time by the 
solid line in Figure 2, increases linearly at first for ievol > 0. 
During this phase the ionized mass, given in units of M0 by the 
dotted line in Figure 2, remains very small; the Strömgren 
radius is merely following the linear growth of Rf with time as 
the AGB envelope expands with Fej = V0. But then when Tefi 
for the central star, given in units of 105 K by the dashed line in 
Figure 2, reaches roughly 30,000 K at ievol ~ 3000 yr, it emits 
enough ionizing photons to increase rs beyond the inner radius 
Rt of the expanding shell, and thus the Strömgren radius 
increases at a rate larger than Vei and the ionized mass 
increases to some nonzero amount as well. The very rapid rate 
at which the ionized radius expands (i.e., the large drjdt) can be 
attributed to the 1/r2 density distribution surrounding the 
CSPN, because both a constant mass-loss rate M and a con- 
stant ejection velocity (/? = 0) have been assumed. Figures 3, 4, 
and 5 show the results of increasing the mass-loss rate to M = 
5 x 10-5, 1 x 10-4, and 2 x 10-4 M© yr-1, respectively. 
Figures 2-5 are representative of the range of mass-loss 
rates determined from molecular CO densities in OH/IR star 
envelopes (Knapp et al. 1982); as expected, the ionization of 
the AGB envelope is delayed as the density increases, but drjdt 
still greatly surpasses for ievol > 3000 yr and M < 1 x 10“4 

M© yr-1. In the two highest density cases, the recombination 
rate is actually large enough that the decrease in the number of 
ionizing photons for 7¡ff > 75,000 K (ievo, > 6000 yr) causes 
the Strömgren radius (e g., the solid line in Fig. 4) and ionized 
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Time (years) 
Fig. 2.—Growth with time of the Strömgren radius of a model AGB envelope (solid line, units are parsecs), ejected with a mass-loss rate of 3 x 10" 5 M0 yr_1 

and ejection velocity 15 km s-1, around a 0.6 M0 central ionizing source (Teff given by dashed line, units are 105 K; Schönberner 1983). Dotted line shows the time 
rate of change of the ionized mass in units of M0. 

mass (e.g., the dotted line in Fig. 5) to decrease significantly as 
well. 

Note, however, that the rapid increase of the Strömgren 
radius shown in these figures will continue only until reaching 
the outer radius of the material lost by the AGB star (not 
shown); for a main-sequence progenitor mass of 1.2 M0 and a 
CSPN core mass of 0.6 M0, the ionized mass of the PN shell 
(Mis) obviously cannot exceed 0.6 M0. The model Strömgren 

radius presented in Figure 2 has already surpassed 1 pc before 
this amount of AGB envelope material is ionized (recall that it 
was the lowest density example). For the model in Figure 4, 
however, the finite envelope mass will cause the Strömgren 
radius to stop increasing rapidly upon reaching a radius rs ~ 
0.15 pc (for Mis = 0.6 M0); for later ievol, the Strömgren radius 
will continue to expand linearly with time at a rate ~ Fej. 

Analogous envelope ionization calculations were also per- 

Time (years) 
Fig. 3.—Same as Fig. 2, but with a higher AGB mass-loss rate of 5 x 10-5Moyr 
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Time (years) 
Fig. 4.—Same as Fig. 2, but with a higher AGB mass-loss rate of 1 x 10-4 M0 yr_ 1 

formed for CSPN masses of 0.565,0.70,0.76, and 0.89 M0 over 
similar ranges of M (see McCarthy 1988, Figs. 4-21-4-29 for 
complete details). The 0.565 and 0.70 M0 cases were qualita- 
tively similar to the 0.6 M0 results discussed above; the less 
rapid increase in reff as a function of time in the 0.565 M0 case 
delayed somewhat the ionization of the surrounding envelope, 
especially at high values of M, while the reverse is true in the 
0.70, 0.76, and 0.89 MG cases. Each of the three more massive 
CSPNs evolve to higher effective temperatures at higher lumin- 
osities, which enables them to ionize the surrounding envelope 

sooner than the 0.6 M0 CSPN, but the subsequent decline in 
the number of ionizing photons also occurs more rapidly. In 
the most extreme of the calculations performed (CSPN mass 
0.89 M0, M = 5 x 10“5 M0 yr-1; see Fig. 4-29 of McCarthy 
1988), the significant ionization beyond the inner edge of the 
shell only lasts from ievol = 500 yr to ievol = 700 yr, although it 
was possible in this brief period to ionize over 0.7 M0 of the 
surrounding AGB envelope ejecta. 

The results of these numerical experiments simulating the 
photoionization of an ejected AGB envelope do indeed suggest 

Time (years) 
Fig. 5.—Same as Fig. 2, but with a higher AGB mass-loss rate of 2 x 10“ 4 M0 yr “1 
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Fig. 6.—The “dynamical ages” {rs/vexp) one would derive as a function of “evolutionary” time for models analogous to Fig. 2, compared to the observational 
data shown also in Fig. 1. 

that the expansion rate of the ionization front can exceed that 
of the bulk material. The implications of this result for the ievol 
versus tdyn time scale disagreement of Figure 1 can be seen in 
Figure 6, in which the data points of Figure 1 are compared 
with the tdyn = rjvexp curves one would derive if real planetary 
nebulae behaved like the photoionization models presented in 
§ I Va above. Clearly the behavior of the models is capable of 
resolving the disagreement between the ievol and tdyn age esti- 
mates. The question then becomes, To what extent do our 
simple photoionization models resemble real planetary 
nebulae? We will return to this question in § YVd below after 
considering two alternate ways the disagreement between ievol 
and idyn can be explained: the ievol ages are incorrect as a result 
of a late He shell flash or else do not share the same zero point 
as the idyn ages, owing to our lack of understanding of the 
cessation of the superwind mass-loss phase. 

b) Late He Shell Flash 
Regarding the alternate possibility (2) that the theoretical 

evolutionary times are in error, Iben et al (1983) and Iben 
(1984) have suggested that, as a result of a late helium shell 
flash experienced during the planetary nebula phase, it is pos- 
sible for CSPNs to evolve back toward the AGB. The CSPNs 
subsequently retrace their earlier evolutionary tracks toward 
higher temperatures before finally cooling to become white 
dwarfs. Such “ born-again ” CSPNs would in fact be older than 
our ¿evoi aEes suggest, since they are evolving away from the 
AGB for the second time, not the first as we have assumed 
when deriving ievol from the Schönberner (1983) or Wood and 
Faulkner (1986) evolutionary tracks. 

We have decided to investigate this possibility by plotting 
(see Fig. 7) as a function of CSPN core mass the ratio of the 
interflash period Aiflash between successive He shell flashes 
(Paczynski, 1975; Schönberner, 1979) to the dynamical age idyn 
of the surrounding nebula for each object in our combined 
sample. The dashed horizontal line through the diagram corre- 

sponds to a dynamical age equal to the evolutionary time 
period between helium shell flashes. Since none of the CSPNs 
in our sample lie above this line, we do not find any obvious 
candidates for “born-again” evolution, especially in light of 
the suggestion by some theorists that PN ejection is more 
likely at the luminosity peak of the shell flash period (e.g., 
Schönberner 1983); were this the case, the next such flash 
would occur at idyn = Aiflash and ¿dyn/Aifiash ratios greater than 
unity in Figure 7 would be expected for postflash “born- 
again ” CSPNs. No such objects appear in the present sample, 
although it is perhaps too small and contains too few low-mass 
CSPNs to draw any definite conclusions. 

Future work should nevertheless investigate in greater detail 
the uppermost objects (NGC 7293, NGC 1360, and NGC 
4361) in Figure 7 for additional evidence for or against the 
“ born-again ” hypothesis. Such an investigation is outside the 
scope of the present discussion; we wish to point out, however, 
that for these three particular low-mass CSPNs, ievol exceeds 
idyn in Table 1 already, and so the time scale disagreement 
would become even worse were the “ born-again ” mechanism 
to increase ievol by some additional amount. Therefore, we 
must look elsewhere to explain the time scale disagreement for 
these three objects, because not only the late He shell flash but 
also the rapid nebulae photoionization phenomena are unable 
to explain values of ievol many times greater than idyn. In § IVd 
below, we shall discuss the implications of Figure 7 for time 
scale disagreement of the majority of objects in our present 
sample, those with ievol values less than idyn. 

c) Empirical Residual Envelope Masses 
Turning finally to possibility (3) concerning the zero points 

of the two time scales, ievol and idyn, we shall assume here that 
tdyn = 0 corresponds to the end of the “ superwind ” mass-loss 
phase which occurs at the tip of the AGB to produce an 
expanding planetary nebula and that our derived values of idyn 

reflect the time elapsed since this occurrence (see § IVa above, 
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0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 

C' S 
Fig. 7.—The ratio of the dynamical age of planetary nebulae to the interflash period (i.e., the interval between He shell flashes) of the central stars, as a function of 

CSPN core mass for the objects in our combined sample. The small value of this ratio argues against the “ born-again ” hypothesis. 

which presents our reservations regarding this interpretation 
of Tdyn). Meanwhile, the evolutionary time scale we have 
adopted—combining the evolutionary models of Schönberner 
(1983) and Wood and Faulkner (1986) as described in § Ilia 
above—has its zero point (fevol = 0) corresponding to an end of 
the superwind mass-loss phase at log Tctt = 3.8. The values we 
derive for ievol, however, depend critically on this assumed ter- 
mination of the superwind phase, as is demonstrated by equa- 
tion (1) for the transition time from the end of the superwind 
PN ejection to the point at which Te{{ = 30,000 K and the 
CSPN begins to ionize the nebula. Renzini (1981) has correctly 
pointed out the difficulty in applying this equation to solve for 
the unknown transition time, owing to the fact that the 
residual envelope mass (MeR) remaining at the end of the 
superwind is itself a largely unknown quantity theoretically; 
we are not able to determine it directly by observing the proto- 
CSPN at the end of the superwind phase. 

We are therefore left to speculate, as have Renzini (1981) and 
Iben and Renzini (1983), about CSPNs having long transition 
times caused by increased values of MeR, due to a premature 
end to the superwind PN ejection process. But recall that 
Schönberner (1983) argues against treating MeR as a com- 
pletely free parameter, citing the hydrodynamical pulsation 
studies of Härm and Schwarzschild (1975) and Tuchman, Sack, 
and Barkat (1979), which indicate that the pulsational insta- 
bility thought to feed the mass-loss process dies out when Me 
falls below ~ 10-3 M0. We note, however, that Schönberner’s 
own criteria for defining the ievol zero point, which we have 
adopted heretofore as well with only a slight modification to 
couple his models with those of Wood and Faulkner (1986), is 
based upon the post-AGB models reaching a specific Tet( inde- 
pendent of core mass and not upon reaching a critical MeR as a 
function of core mass. 

With this preface, we can now address our third option for 
resolving the ievol versus tdyn time scale disagreement, noting 
that the nebular age estimates may provide the key piece of 

additional information necessary to solve equation (1) with its 
two unknowns, itr and MeR. Our approach here is a strictly 
empirical one, in which we consider the following question: 
Given that the values adopted for the transition time of each 
CSPN are uncertain owing to the unknown residual envelope 
mass (MeR) remaining when the superwind ceases, does one 
derive reasonable empirical residual envelope masses (here 
denoted M'eR) by requiring that the transition times be such 
that the ievol match the observed tdyn of the surrounding 
nebulae? 

We chose to derive the empirical residual envelope mass 
estimates M'cK necessary to answer this question without 
repeating the model calculations themselves by adopting a 
series of simplifying assumptions. First, the envelope mass at 
l°g ^eff = 3-8 (here denoted MeRo) as a function of core mass is 
determined by interpolating between data published along 
with the evolutionary models of Schönberner (1983) and Wood 
and Faulkner (1986); note that we assume these evolutionary 
models yield the correct envelope mass MeRo at log Teff = 3.8 in 
the derivation of M'eR which follows. The empirical residual 
envelope mass which would result were the superwind to end 
at time f instead of t0 is thus : 

where Me is the rate of change of envelope mass due to both 
nuclear burning and surface mass loss after the superwind has 
ceased and is a function not only of time but also of CSPN core 
mass. By the above definition of MeRo, t0 corresponds to 
tgvoi = 0 and t' corresponds to evolutionary time (ievol — idyn). 
For i' < 0 (i.e., observed values of idyn > ievol), the lack of evolu- 
tionary models as functions of time prior to log -^eff — 3.8 
without superwinds forces us to make the simplifying assump- 
tion that Me(i) is a constant, here denoted M0 = Mn + Mw 

as the sum of constant nuclear burning and wind loss rates, for 
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ievoi < Equation (3) therefore becomes 
MeR — AfeRo Mo(ídyn tevoj) , ídyn > tevol • (^') 

Equation (4) demonstrates how the constant rate at which the 
envelope mass decreases (M0 < 0) determines how much 
empirically deduced “ additional ” residual envelope mass (M'eR 
— MeRo) is consumed during the extra interval (idyn — ievol) 
required to reconcile the two time scales; equation (4) applies 
only to those object where we find “old” nebulae around 
“ young ” central stars. We shall later return to objects having 
¿evoi > tdyn to derive M'eR from equation (3) by another 
approach. 

Following Schönberner (1983), values of M0 were calculated 
assuming that the mass loss from the stellar surface after the 
superwind ceases is given by the Reimers rate : 

Mw = -4 x IO“13 M0 yr-1 r,(^j (5) 

(Reimers 1975; Kudritzki and Reimers 1978), with the param- 
eter rj ~ 1 and the remaining parameters in solar units. Substi- 
tuting g = GM/Rl and expressing R* in terms of L* and Teff in 
solar units, we can rewrite equation (5) as follows : 

(6) 

Meanwhile, the rate Mn at which the envelope mass decreases 
due to nuclear burning follows from the value of L* for each 
CSPN model and the conversion factor 6 x 1018 ergs per gram 
of hydrogen consumed given by Iben and Renzini (1983). 
When converted into appropriate units, this implies : 

M„ = -1 x IO"11 M0 yr'1 Xe(j±) , (7) 

where Xe is the mass fraction of hydrogen in the CSPN 

envelope (here set equal to 0.72 based on the nominal value 
y = 0.09 we find from our model atmosphere analysis of 
CSPN). The net rate of envelope mass consumption (M0) then 
follows from the sum of Mw and Mn, both evaluated at ievol = 
0. Figure 8 plots this M0 sum as a thick line along each of the 
model tracks used here (see Fig. 1 of Schönberner 1983); the 
thin straight lines in Figure 8 show Mw for each of the CSPN 
models based on equation (6), in which L* and M* are essen- 
tially constant during the horizontal phase of evolution in the 
H-R diagram, leaving Mw with only a T¿f

2 dependence; finally, 
the dashed lines represent Mn for each model based on equa- 
tion (7), and hence these behave exactly as does L* as a func- 
tion of Tç{{. Compare Figure 8 to Figure 1 of Schönberner 
(1983). 

Note from Figure 8 that the Mw component of M0 increases 
with decreasing backward in time along the model tracks. 
Were the simplifying assumption of constant M0 for ievol < 0 
to be dropped in favor of a detailed evolutionary calculation 
progressing backward in time from log Teff = 3.8 in the 
absence of a superwind, the residual envelope mass required to 
reconcile the observed idyn and ievol ages would therefore be 
greater than the simple empirical estimate M'eR derived on the 
basis of equation (4), in which we have assumed M0 is a 
constant. 

Returning briefly to equation (3) for the few objects in our 
sample having ievol > idyn, we note that this equation in effect 
duplicates the model calculations of Schönberner (1983) and 
Wood and Faulkner (1986) for CSPN evolution to hotter tem- 
peratures from log Teff = 3.8 (t0 corresponds to ievol = 0; i' 
corresponds to ievol — idyn and is here greater than zero, 
resulting in a superwind which ceases at a higher temperature 
than log = 3 .8). We therefore need not repeat these model 
calculations in order to determine M'eR; equation (3) implies 
that the superwind in this case continues until the theoretical 

Fig. 8.—Net rate at which a CSPN consumes its envelope mass via nuclear burning {dashed lines) and mass loss in a Reimer’s wind from the surface {thin lines), 
along the evolutionary models of Schönberner (1983) and Wood and Faulkner (1986). Our concern is with M for effective temperatures less than log Teff = 3.8, which 
we assume to be constant for simplicity. 
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Mc/M0 

Fig. 9.—Empirical residual envelope masses necessary to reconcile the dynamical and evolutionary time scales for each of the objects in our combined sample 
(representative error bars are shown for observational data from McCarthy 1988) as a function of CSPN core mass. Solid line shows the residual envelope masses 
which result from the assumption that the superwind ceases at log Tm = 3.8 (see Schönberner 1979,1983; Wood and Faulkner 1986); dashed line shows the average 
value of log M'eR we find for our combined sample. 

model evolutionary time given by t' = ievol — idyn. Thus, our 
empirical residual envelope mass is simply 

= » ¿evol > *dyn » (8) 
which can be determined directly from the published models 
(see especially Fig. 3 of Schönberner 1983), because Me is a 
well-established function of effective temperature and hence 
evolutionary time beyond the log Teff = 3.8 zero point. 

Figure 9 shows the results of these empirical residual 
envelope mass calculations for each CSPN in our combined 
sample. The points in this figure, which in most cases are lower 
limits to M'eR as pointed out above for idyn > ievol, fall below 
10“2 M© over the entire range of CSPN masses spanned by 
our sample and do not differ by an implausible amount from 
the MeRo values assumed by Schönberner (1983) and Wood 
and Faulkner (1986). The solid line in Figure 9 shows the 
residual envelope mass, MeRo, at log ^eff — 3 .8 from these evo- 
lutionary models. Therefore, it would seem entirely possible 
that the poorly understood superwind mass-loss phase ends 
with a residual envelope mass M'eR instead of MeRo as adopted 
by the evolutionary theorists on the basis of their ievol = 0 at 
l°g Te{{ = 3.80 (or 3.75) constraint on this transition phase. 

d) Discussion 
The results of our numerical experiment simulating the 

photoionization of an ejected AGB envelope suggested that the 
expansion rate of the ionization front can indeed exceed that of 
the bulk material. The question remained, however, To what 
extent do our simple photoionization models resemble real 
planetary nebulae? Recall that the possible absorption of 
Lyman continuum photons by dust was ignored in our model 
calculations; Spergel, Giuliani, and Knapp (1983) calculated 
the photoionization of AGB envelopes with and without dust 
using the CSPN models of Paczynski (1971). They found differ- 

ences of at most a factor of 2 in the time required to completely 
ionize a surrounding envelope of a specific mass (selected based 
on the CO emission results of Knapp et al 1982) and hence 
also a specific outer radius. Our results based on equation (2) 
are in general agreement with their “no dust” results, apart 
from differences in the assumed CSPN evolutionary time scales 
(note the questionable evolutionary time scales of the Paczyn- 
ski models owing to an early helium shell flash, as pointed out 
by Iben and Renzini 1983). Therefore, we conclude that dust 
absorption will not alter the behavior of our simple photoion- 
ization models sufficiently to rule out this possible explanation 
of the ievol versus idyn time scale disagreement. 

Potentially more serious is that our derivation of equation 
(2) considered only photoionization of an ejected AGB 
envelope having a fixed radial density profile n(r). For simpli- 
city, we neglected the probable compression of the AGB 
envelope into a uniform density shell (n(r) — <n), Rt < r < rs) 
due to the expansion of the Te ~ 104 K ionized volume and/or 
a fast wind from the CSPN (see Kwok, Purton, and FitzGerald 
1978; Giuliani 1981; Kwok 1983; Schmidt-Vogt and Koppen 
1987a, b). Thus, while our simple numerical experiments do 
succeed in demonstrating how it is possible to produce large, 
low-bulk vexp ~ Fej ionized shells—for which one would calcu- 
late “ old ” idyn = rjvexp—around young planetary nebulae 
central stars, more detailed calculations will be required in 
order to determine if in fact real planetary nebulae behave in a 
manner similar to these model ionized AGB envelopes. At 
present, our rapid photoionization model remains a possible 
contributing factor to the presence of “ old ” planetary nebulae 
around “ young ” central stars. 

Our investigation of the second possibility, that the CSPNs 
have undergone a late He shell flash, resulted in Figure 7 above 
and the suggestion that the uppermost objects in this figure 
(NGC 7293, NGC 1360, and NGC 4361) should be examined 
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for additional evidence of a late He shell flash, although this 
mechanism, if it operates at all, would make the time scale 
disagreement even worse for these low-mass objects having 
igvoi > idyn already. Here we wish to draw attention instead to 
the large number of objects in Figure 7 with very small values 
of the ¿dyn/Aífiash ratio. Since these objects all share the more 
common idyn > ievol time scale disagreement, the possible 
“ born-again ” experience is a very unlikely explanation of this 
disagreement for the majority of CSPNs in our sample. Fur- 
thermore, as we have pointed out before (Mendez et al 1988), 
we find a predominance of “ old ” nebulae around “ young ” 
central stars regardless of the temperature of the central star; 
according to the time scales along the evolutionary tracks cal- 
culated by Iben (1984) for such “born-again” CSPNs, they 
would tend to be observed predominantly at high values of 
Teff. Hence we conclude that, while helium shell flashes may 
alter the evolution of a small fraction of CSPNs in our sample, 
the majority of the “old” nebulae around “young” central 
stars in Figure 1 must be explained by some other mechanism. 

In addition to the high S/N requirements restricting our 
sample to relatively bright CSPNs, the NLTE model atmo- 
spheres we have used to date have been calculated assuming 
hydrostatic equilibrium. Thus, our sample has been restricted 
to CSPNs having absorption-line (sd O-type) spectra. The 
advent of nonhydrostatic model atmospheres (Puls 1988; 
Gabier et al 1989) will allow us to begin the similarly distance- 
independent model atmosphere analysis of the Wolf-Rayet 
(WR-type) CSPNs, many of which show evidence of being 
H-deficient (Mendez et al 1986) and may have very different 
evolutionary histories. 

The third possible explanation we considered above was 
that the superwind mass-loss phase might very well come to an 
end leaving behind a residual envelope mass different than 
that assumed by either Schönberner (1983) or Wood and Faul- 
kner (1986) in their evolutionary model calculations. Adopting 
an empirical approach, we were able to derive estimates (M'eR ; 
see Fig. 9) of the theoretically unknown residual envelope 
masses MeR on which the transition times depend according to 
equation (1). The implications of these results for the ievol 
versus idyn time scale disagreement are the following: the slight 
additional residual envelope mass we infer for most CSPNs 
from the difference (M'eR — MeRo) is all that is required to 
reconcile the evolutionary and dynamical time scales, 
assuming for the moment that idyn is correct (at the close of this 
section, we will reconsider the customary definition of idyn). By 
this view, the “ old ” planetary nebulae are indeed old, and the 
“young” central stars are older than the Schönberner (1983) 
and Wood and Faulkner (1986) evolutionary time scales 
suggest, owing to the extra transition time required to consume 
the additional residual envelope mass (M'eR — MeRo) we derive 
on the basis of equation (4). 

Note further that for the few low-mass central stars in which 
originally ievol > idyn, equation (3), equation (8), and Figure 9 
suggest that the residual envelope mass at the end of the super- 
wind mass-loss phase is actually slightly less than the value of 
MeRo assumed in the model calculations. As a consequence of 
the inverse relationship between envelope mass and effective 
temperature (shown explicitly in Fig. 3 of Schönberner 1983), 
these low-mass central stars would evolve more rapidly than 
previously believed toward higher temperatures if the super- 
wind carries away a greater amount of their envelope mass 
(McCarthy 1988). 

Evidence that low-mass CSPNs may indeed evolve quickly 

to high Teff comes not only from the sample of nebulae studied 
by Gathier (1984), which as we mentioned in § IIIc above may 
be dominated by central stars many times older than their 
surrounding nebulae, but also from a previous observation of 
ours (Mendez et al 1988) that we find a curious absence of 
low-mass, low-Teff central stars in our distance-independent 
study of CSPNs. While this may be a selection effect, given the 
small size of our sample at present (23 CSPNs) and our bias 
toward more luminous, and therefore more massive, central 
stars, we note that the difference in visual magnitude Mv 
between 0.8 and 0.55 M0 central stars at Teff = 30,000 K is 
small compared to the difference in visual magnitude Mv 
owing to the bolometric correction between 30,000 K and 
100.000 K (AMy = 2m5 and 4T0, respectively). Since our 
sample does include four CSPNs with masses less than 0.6 M0 
and Teff > 65,000 K, the fact that we find no such objects in our 
sample with Teff < 65,000 K suggests a genuine absence of 
low-mass, low-Teff CSPNs and lends support to the contention 
that these low-mass central stars evolve quickly to high Teff as 
a result of their superwind mass-loss phases continuing beyond 
log Teff = 3.8. This contention is examined by Gathier and 
Pottasch (1989), who also consider the possibility that greater 
post-superwind mass-loss rates may be responsible for speed- 
ing the evolution of low-mass CSPNs toward higher effective 
temperatures (see also Trams et al 1989). 

It is worthwhile to consider once again the theoretical basis 
for the solid line representing MeRo as a function of core mass 
Mc in Figure 9. It arises from the constraint, imposed by 
Schönberner (1983) and Wood and Faulkner (1986) in their 
evolutionary calculations, that the superwind phase ends at a 
single specific temperature independent of core mass (see § Ilia 
for details). But the pulsational studies (Härm and Schwarz- 
child 1975; Tuchman, Sack, and Barkat 1979) on which this 
transition temperature is assigned studied only a very narrow 
range of core masses (0.62-0.68 M0 ; critical envelope masses 
1.0 x 10_3-1.4 x 10“3 M0). While this does in fact lead to a 
transition temperature between log Teff = 3.7 and 3.8 for a 0.65 
M0 CSPN, we do not agree with the assumption that this 
same transition temperature must therefore apply to all 
CSPNs regardless of core mass. Unfortunately, the mecha- 
nisms responsible for the superwind phase itself are poorly 
understood at present; specifying precisely when the super- 
wind phase ceases for all CSPN masses cannot therefore be 
done theoretically with any confidence on the basis of just the 
Härm and Schwarzschild (1975) or Tuchman, Sack, and 
Barkat (1979) results alone. 

Our empirical residual envelope masses span the range of 
core masses from 0.546 to 0.87 M0 found in our sample of 
CSPNs. Note that the scatter of M'eR at a given core mass in 
Figure 9 is large; a linear or quadratic least-squares fit through 
these points has little significance, being influenced mainly by 
the outlying points. The distribution is therefore best described 
by a constant value of MeR independent of core mass, and we 
have indicated this value as a horizontal dashed line through 
Figure 9 to contrast it with the theoretical MeRo curve resulting 
from the log Teff = 3.8 constraint. The implication of a con- 
stant MeR for all core masses is illustrated in Figure 10 
(adapted from Fig. 3 of Schönberner 1983); from this figure, it 
is clear that low-mass central stars must evolve quickly to high 
temperatures if the superwind continues until a residual mass 
of ~ 10~3 M0 is reached. If the absence of low-mass CSPNs at 
low effective temperatures remains as our sample increases in 
size, we would interpret this as strong evidence against the 
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TABLE 2 
Inner/Outer Radii Ratios for Individual Nebulae 

Vol. 351 

Fig. 10.—Our average value of log M'tR shown in the context of Fig. 3 of 
Schönberner (1983), relating the decrease in CSPN envelope mass to the 
increase in which results. Asterisks (*) show the temperature to which 
CSPNs would evolve were the superwind to continue until Me = 10-3 M0 is 
reached; note that low-mass CSPNs would evolve quickly to high effective 
temperature were this to occur. 

assumed MeRo curve in Figure 9 and in favor of a more con- 
stant MeR behavior with core mass, such as that implied by the 
empirical residual envelope mass distribution. 

Finally, it is important to stress that throughout this paper 
we have considered each of the three possibilities for explaining 
the disagreement between idyn and ievol shown in Figure 1 inde- 
pendently of the other two possibilities. In particular, we wish 
to stress that the empirical residual envelope masses (M'eR) were 
derived above on the assumption that the customary idyn esti- 
mates represent the dynamical ages of the surrounding planet- 
ary nebulae, and we found that the additional envelope masses 
(M'cR — MeRo) needed to reconcile the evolutionary and 
dynamical time scales were not unreasonably large (i.e., all our 
M'eR < 10-2 Mq). On this basis, we were unable to rule out a 
premature end to the superwind phase as an explanation for 
the time scale disagreement. Note the distinction between this 
conclusion and the claim that our M'eR empirical residual 
envelope mass estimates in Figure 9 are “correct”; for reasons 
we will discuss below, there is reason to treat them as upper 
limits to MeR, which in fact strengthens the argument in favor 
of this explanation as a means of reconciling the time scale 
disagreement. 

The reason why the M'eR empirical residual envelope masses 
are likely to be overestimates of the true MeR stems from our 
use of the customary definition of the dynamical ages of the 
surrounding nebulae, namely idyn = rjvexp. As we pointed out 
in § Illh above and emphasize here at the recommendation of 
an anonymous referee, the use of outer nebular radii (rs) instead 
of inner radii (Rf) leads to a value of idyn greater than the time 
since the end of the superwind phase. We then overestimate 
MeR when we derive M'eR according to equation (4). There are 
unfortunately only a few planetary nebulae in our sample for 
which we can determine the ratio of Ri/rs from the literature 
(these are listed in Table 2). For the remainder, it is necessary 
to consider models of the expected behavior of the ratio Ri/rs 
as the nebula expands; both Phillips (1984) and Taylor, 
Pottasch, and Zhang (1987), have suggested that the fractional 
shell thickness of a planetary nebula (1 — R¿/rs) is expected to 

Object Ri/rs Reference 
(1) (2) (3) 

NGC 7293   0.68 Phillips 1984 
A 36   0.70 Perek and Kohoutek 1967 
NGC 1535   0.40 Chu 1989 
NGC 3242   0.30 Phillips 1984 
NGC 7009   0.54 Phillips 1984 
NGC 6629   0.45 Taylor, Pottasch, and Zhang 1987 
NGC 6891   0.50 Phillips 1984 
IC418   0.31 Taylor, Pottasch, and Zhang 1987 
He 2-108   0.83 Henize 1967 

increase as the nebula expands. Figure 11 presents the com- 
bined samples of these two nebular studies on the same plot 
(note that Phillips tabulated his measurements in terms of 
AR/d = (rs — Ri)/2rs, which we have transformed into Ri/rs = 
1 — 2(AR/d) for purposes of this discussion). We feel that there 
is little justification for fitting a model curve through the points 
in Figure 11 given the amount of scatter in the diagram; 
although the ordinate of the plot, R//rs, is distance indepen- 
dent, the abscissa depends on the angular radii of the nebula 
and the (rather uncertain) assumed distance. We would there- 
fore choose to simply adopt the average value, <Ri/rs) = 0.43, 
for the remaining objects in our sample not found in Table 2. 

Note that the ratio of inner to outer nebular radii span a 
range from 0.3 to 0.8—with an average value of 0.5—for the 
objects in our sample with measureable inner radii (Table 2). 
This is consistent with Figure 11, given the small number of 
nebulae in Table 2; the major selection effect expected would 
favor nebulae with large radii, having perhaps smaller values of 
Ri/rs. Hence, a refined set of residual mass estimates can be 
derived from Table 1 by applying the correction, MeR = 
(Ri/rs)(M'eR — MeRo). As a result of this first-order correction, 
the points above the solid line in Figure 9 will move roughly 
halfway in the direction of the solid line representing MeRo. 
However, we believe that this first-order correction is still 
insufficient to yield “ correct ” residual mass estimates, because 
the definition of idyn = Ri/vexp still neglects the detailed 
dynamics of an expanding planetary nebula shell (e.g., the 
interaction between the slow superwind ejecta and a fast wind 
from the young central star, which is thought to increase vcxp 
with time). Lastly, recall that in our derivation of equation (4) 
above we assumed a constant mass-loss rate M0 for tcyol < 0; 
Figure 8 clearly suggests that this assumption must be dropped 
in order to derive “correct” empirical residual envelope 
masses, because equation (4) will lead to underestimates of the 
true MeR. In the end, an accurate picture of the AGB star to 
planetary nebula transition will require that we abandon both 
our simplifying constraints on the end of the superwind phase 
and our simple models of the subsequent expansion of planet- 
ary nebulae. 

V. CONCLUSIONS 

We have derived estimates of the CSPN residual envelope 
mass remaining at the end of the superwind AGB mass-loss 
phase using an empirical approach based on the additional 
time scale information provided by the dynamical expansion of 
the surrounding planetary nebulae. We believe that the dis- 
agreement between our derived evolutionary and dynamical 
ages are due to departures of the residual envelope masses 
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Fig. 11.—Ratio of planetary nebulae inner to outer radii as a function of the outer radii, taken from the work of Phillips (1984) and Taylor, Pottasch, and Zhang 
(1987). Note the large scatter; only the RJrs ordinate is distance independent. 

from those predicted on the basis of a temperature constraint 
governing the end of the superwind phase; our technique for 
determining empirical residual envelope masses may be an 
important step toward a better understanding of the superwind 
mass-loss mechanism and the transition from the AGB star to 
planetary nebula phases of stellar evolution. However, the pos- 
sible effects on the dynamical time scale due to the rapid 
photoionization of ejected material need to be better under- 
stood before more accurate empirical envelope mass estimates 
can be derived; a well-determined set of nebular shell inner 
radii used instead of outer radii would also improve upon our 
existing dynamical age estimates. Finally, we have shown that 
the time scale disagreement present in our sample cannot have 
its origin entirely in the late He shell flash hypothesis, although 
our sample does not at present include any WR-type CSPNs 
which, being hydrogen deficient, may have quite different evo- 
lutionary histories. 
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