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ABSTRACT 

An empirically determined relation between the ionized masses of planetary nebulae and a 
particular function of observational quantities is used to derive distances to 299 primarily nearby 
planetary nebulae. These distances are used to investigate the scale height of the galactic distribution 
of planetaries (125 pc), the rate of formation of planetaries (5=±2X 10-3 PN kpc-3 yr_1), and certain 
aspects of the evolution of the nebulae. 

Subject heading: nebulae: planetary 

I. INTRODUCTION 

An essential requirement for an investigation of the 
statistics of planetary nebulae (PN) is a rehable distance 
scale. The classical method of deriving distances to large 
numbers of PN has been based on the assumption 
that each has approximately the same ionized mass 
(Shklovsky 1956 a, b\ O’Dell 1962; Seaton 1966; Cahn 
and Kaler 1971; Cudworth 1974; and others). This 
follows from the more general suppositions that PN 
have comparable total masses and that most of them are 
optically thin to Lyman continuous radiation from the 
central star. More recently Acker (1978) has computed 
distances to PN by utilizing a variety of methods: she 
assumed uniform masses for optically thin PN and 
uniform nebular luminosities for optically thick PN; 
additionally, her tabulation includes distances de- 
termined independently of astrophysical assumptions 
for certain individual PN. Although Acker’s (1978) dis- 
tances should be the most statistically rehable at this 
time; there are reasons for believing that her distances 
to optically thick nebulae have been inaccurately de- 
termined and that more trustworthy distances can be 
derived for them. 

As Acker (1978) points out, Cudworth (1974) has 
concluded that the luminosity of a PN is not constant 
during the optically thick stage. Not only is the constant 
luminosity assumption central to Acker’s (1978) dis- 
tance computations for optically thick PN, but some of 
the criteria she uses for distinguishing the optically thick 
nebulae in the first place are based upon this assump- 
tion. 

Recent work by Pottasch et al. (1978), Pottasch (1980), 
and Maciel and Pottasch (1980) has demonstrated that a 
large fraction of known PN are likely optically thick 
and, furthermore, a strong correlation exists between the 
nebular ionized mass and the nebular radius or density. 
This latter discovery leads to an alternative way of 

identifying and determining distances to the optically 
thick PN, which was first exploited by Maciel and 
Pottasch (1980). 

In § II, after the derivation and discussion of perti- 
nent physical relations, the ionized nebular mass is 
empirically related to a quantity derivable from observa- 
tion. This relation is used in § III to derive distances to 
all PN with measured free-free radio fluxes and angular 
diameters; this then enables the local galactic distribu- 
tion of PN to be examined. In § IV the frequency 
distribution of nebular radii is derived and discussed; 
conclusions about the formation rate of PN then follow. 
Some discussion regarding the luminosity evolution of 
PN comprises § V, and the paper concludes in § VI with 
a brief summary. 

II. ANALYSIS 

The radio free-free emission coefficient at frequency v 
can be written (Oster 1961; Milne and Aller 1975) 

jv = 3.75X lO-40/-1/2/^ 

X j[V(H+) + V(He+)] 

xln ( f 95.X .1013/3/2 j +4Af(He+ + ) 

X In 
2.47X 1013f3/2 

V 
ergs cm 3 s 1 Hz 1, 

(1) 

where Ne is the electron density (cm-3); V(H+), 
V(He+), and V(He+ + ) are the densities (cm-3) of 
singly ionized H and singly and doubly ionized He, 
respectively, and t is the kinetic temperature in units of 
104 K. Taking V(He+)/V(H+) - V(He+ + )/V(H+) 

612 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
82

A
pJ

. 
. .

26
0 

. .
61

2D
 

LOCAL PLANETARY NEBULAE 613 

= 0.06 [and thus Ne = 1.18Y(H+ )] as being representa- 
tive ionic abundances for PN and setting v = 5X109Hz, 
a frequency at which many radio flux data are available 
and at which PN are expected to be optically thin, the 
emission coefficient becomes 

75 GHz= 3.75X \0~39N?f(t) ergs cm-3 s-1 Hz“1, (2) 

where f(t) = l/2(l +0.110 In r' 2), a slowly varying 
function of temperature. After integrating the emission 
coefficient over the nebular volume, the flux at distance 
D (cm) from the nebula can be written as 

F5 GHz — 
jJs GHz dV 

AmD1 

are used. To ensure accuracy, only PN with a spectro- 
scopic parallax of a companion star or with at least two 
independent distance determinations all of which are 
within 20% of the mean of those distances are included. 
As it happened these stringent criteria eliminated all PN 
with expansion distances. Table 1 lists these mean dis- 
tances for the 14 PN which meet the criteria and also 
tabulates 

log M (fit)\'/2 

M0\ e j 

as computed from equation (6); the requisite angular 
diameter and flux data are Usted in Table 2 and are 
discussed in § III. Figure 1 illustrates the relation be- 
tween 

3.75X10“39 , -,/■Ar2 _2_lu_, — —-/(/)/AffdFergs cm 2s Hz *, 
477-D2 j 

M 
Mq 

fit) 1/2 
and 02/S, 

(3) 

where t is taken to be constant throughout the nebula. 
The nebular ionized H mass is given by 

M = 1.67 X 10“24JN(ñ+ ) ¿K = 1.42 X 10"24JNe dVg. 

(4) 

It is convenient to define the “filling factor,” e, for 
the nebula as the ratio of the electron density averaged 
over the volume to the electron density averaged over 
the mass, i.e., 

a function of observable quantities which is related 
to the nebular radius (see eqs. [9] and [12]); here S = 
lO23^ GHz, the flux at 5 GHz in janskys, and 0 is the 
angular diameter, now and hereafter expressed in arcsec. 
It is apparent that the ionized mass increases by a large 
factor as the nebula expands and as, presumably, the 
degree of nebular optical thickness diminishes. The two 
mean lines in Figure 1 are drawn by eye estimate in 
order to more formally define the relation exhibited by 
the plotted points. These adopted mean lines differ Uttle 

TABLE 1 
Masses of Selected Planetary Nebulae 

4irR3jN?dV 
(5) 

where R is the radius of the ionized portion. Equations 
(3), (4), and (5) can be combined to give 

— 3.52X lO-9F5GHz.D
503g2, (6) 

where 0 — 2R/Z) is the nebular angular diameter. 
The quantity [M2f(t)/e\ can be rehably evaluated for 

only those PN with accurately and independently de- 
termined distances. For this purpose Acker’s (1978) 
compilation of distances to individual PN based on 
methods not requiring astrophysical assumptions (e.g., 
distances based on spectroscopic parallaxes of compa- 
nion stars, a comparison of angular expansions with 
expansion velocities, kinematics, and interstellar extinc- 
tion) and Khromov’s (1979) list of expansion distances 

PN £(pc) Log MQ\ e J 

1/2 

NGC 40 ... 
NGC246 . 
NGC 1514 
NGC 2452 
NGC 2867 
NGC 3132 
NGC 6567 
NGC 6572 
NGC 6772 
NGC 6804 
NGC 6894 
NGC 7026 
IC 1747.... 
Ml-59  

1000a’b 

430c 

660c 

3000a’d 

1350a,b 

840c 

1000a’d 

680a,b 

1450a’b 

1350a,b 

-1.07 
-0.92 
-0.87 
-0.70 
-1.63 
-1.01 
-2.09 
-1.87 
-0.64 
-0.69 
-1.11 
-0.79 
-1.17 
-2.27 

aNebular extinction and a mean absorption law in 
the galactic disk. 

bNebular radial velocity and a model of galactic 
rotation. 

c Spectroscopic parallax of a companion star. 
d Nebular extinction compared with extinction of 

angularly nearby stars. 
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LOCAL PLANETARY NEBULAE 619 

Fig. 1.—The relation between what is essentially the nebular 
ionized mass and the observed quantity 92/S\ dots: The individual 
nebulae listed in Table 1; lines: The adopted mean relations 
expressed by eqs. (7) and (10). 

from relations obtained by a least-squares analysis, and 
they have some advantage in simplicity over a more 
sophisticated approach. A similar plot of all PN with 
individually determined distances shows very large 
scatter but yields comparable results if median values of 

log M t /(Q \1/2 

M0 \ e / 

within various intervals of 02/S are computed. The 
equations of the two mean lines, the resultant nebular 
distance derived from equation (6), and the nebular 
radius are given by, for log (62/S) <3.65: 

log 
M 1/2 

log y-4.50, 

D = 324| -y ! 7 pc, 

ÍR = 7.85X 10 I I pc, 
2 \ 3/5 

and for log (02/S) > 3.65: 

log 
M M 

e 

1/2 
= -0.85 

^ 9300 D — pc, 
3cV/5 P 

{0'S) 

R — 2.26X 10~2 1~) pc 
e2 2 \ 1/5 

(7) 

(8) 

(9) 

(10) 

(11) 

(12) 

Equations (7) and (9) lead, incidentally, to a relation 
between ionized mass and radius which is virtually 
indistinguishable from the mean relation between these 
parameters found by Pottasch (1980) if his values of t 
and e are selected. 

From equation (9) or equation (12) one notes that 
R = 0.12 pc when log B2/S — 3.65; this then would be 
the typical radius of a PN when it first becomes opti- 
cally thin. The uncertainty in this determination of the 
transition radius is probably about 0.02 pc. 

III. DISTANCES AND GALACTIC DISTRIBUTION 

a) Distances 

Table 2 lists 299 PN for which the required data are 
available. The angular diameters in the third column 
have been obtained primarily from Perek and Kohoutek 
(1967). If a nebula does not appear circularly symmetric, 
the largest dimension is adopted for the angular diame- 
ter; this is done in hopes of minimizing the effect of 
projection on the adopted angular dimension. Radio 
fluxes, listed in the fourth column, are taken from the 
compilations of Cahn and Rubin (1974), Cahn (1976), 
Milne and Aller (1975), and Milne (1979); one radio 
flux measurement is obtained from Khromov (1979). If 
an available flux measurement is at a frequency other 
than 5 GHz, an adjustment of that flux to p = 5 GHz 
was made using equation (1). The fifth column tabulates 
the nebular radii computed from equation (9) or equa- 
tion (12); the sixth column tabulates the distances com- 
puted from equation (8) or equation (11). 

The distances derived for the 122 optically thin nebu- 
lae (\og02/S>3.65) are, of course, approximately the 
same as those determined by other investigators using 
the Shklovsky method. It is possible that some of the 
most expanded PN become optically thick for a second 
time as their central stars contract to near white dwarf 
dimensions, thereby resulting once again in a smaller 
ionized nebular mass (Seaton 1966); however, it is ex- 
pected that a very small fraction of these PN should be 
affected by this, and the effect is ignored here. 

The 177 optically thick PN (log 02/S < 3.65) 
have computed distances which are smaller than the 
Shklovsky method distances. From Figure 1 it is ap- 
parent that the most compact PN are likely to have 
ionized masses smaller by about a factor of 100 in 
comparison to a typical optically thin PN; hence, their 
derived distances will be a factor of 10 or so smaller 
than the distance computed on the basis of assuming a 
“normal” ionized mass. 

It should be noted that the distances derived here 
often differ significantly from those of Maciel and 
Pottasch (1980), who also computed distances to some 
of the same PN allowing for a diminished ionized mass 
due to optical thickness. They used an empirically de- 
termined linear relation of the form M = aR + b to 
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relate mass and radius. This relationship leads to similar 
distances to those derived here except for the very small 
PN and the very large PN. The use of the linear relation 
leads to overestimates of the distances to large PN 
because it allows the mass to increase indefinitely with 
radius without an optically thin cut-off. For small PN 
the linear relation with b<0 does not enable a physi- 
cally real distance to be derived or it leads to an 
overestimate of the distance relative to the distance scale 
found here. 

b) Galactic Distribution 

The investigation of the distribution of PN perpendic- 
ular to the galactic plane is made complicated by incom- 
pleteness effects; an attempt is made here to correct for 
incompleteness in an empirical manner. 

Cahn and Wyatt (1976) find, for the nearby faint PN 
they investigated, a north-south asymmetry in equatorial 
coordinates. They concluded that a deeper and more 
thorough search of northern declination skies had led to 
a relative deficiency in the known number of such PN 
with negative declinations. This list of 299 PN, broken 
down into size and distance subsets, has also been 
examined for possible incompleteness due to surveying 
and/or observational biases. A definite directional 
asymmetry is found only for more distant PN which, 
however, seems fully explainable by the galactic radial 
density gradient. No correction is therefore made for 
directionally dependent incompleteness. Some care is 
taken in what follows to allow for the effects of distance 
dependent incompletion. 

If it is assumed that the number density of local PN is 
uniform in the galactic plane and as a function of 

distance z from the galactic plane is given by the ex- 
ponential law, 

P = Poe~kz> (13) 

then it is easy to derive the density projected onto the 
galactic plane 

_2Po 
Pl_ k ’ 

the number N of PN closer than distance D from an 
observer at z = 0 

N — 2ttp0 
Pi 
k (15) 

and the fraction fz of all PN which are within distance z 
of the galactic plane 

L=\-e~kz- (16) 

A perusal of the compilation of nebular distances and 
radii given in Table 2 indicated that the discovery of 
most PN might be essentially complete to a distance 
somewhat beyond 1 kpc; large PN, however, are less 
evidently complete to that distance. To investigate this 
more formally, the 266 PN with R < 0.24 pc were 
selected, and equation (15) was used to compute p0 for 
regions at successive distance intervals of 100 pc. As an 
example, the number of these PN with 800 pc < D < 900 
pc is seven. Writing equation (15) once for D = 800 pc 
and again for D = 900 pc, then subtracting these equa- 
tions and taking k = % kpc-1, yields p0 = 52.5 kpc-3. 
Figure 2 plots the other computed values of p0 and 

80 

60 

40 

20 

0 
0 »5 1.0 1.5 2.0 2.5 

DISTANCE (Kpc) 

Fig. 2.—The computed galactic plane density of PN whose radii are smaller than 0.24 pc plotted vs. distance. The observed number of 
PN within each 100 pc distance interval is indicated. The actual galactic plane density of these PN is apparently about 55 kpc-3; the 
diminishing densities derived for distances beyond about 1.5 kpc are attributed to incompleteness. 
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Fig. 3.—The fraction of PN which are within distance z of the 
galactic plane. Dots: The observed distribution for PN with radii 
smaller than 0.24 pc and distances less than or equal to 1.25 kpc; 
line: An exponential distribution corresponding to a scale height of 
125 pc. 

indicates the counts of PN within 100 pc intervals of 
distance from 400 pc to 2500 pc. Very similar results 
were obtained for other values of k between 5 kpc-1 

and 15 kpc-1. On the basis of Figure 2 it is apparent 
that this sample of PN is essentially complete out to a 
distance of about 1.25 kpc and, as will be of interest 
later, p0 for PN with R < 0.24 pc is approximately 55 
kpc~3. 

Selecting the 67 PN of this sample whose distances 
are less than or equal to 1.25 kpc, the fraction of these 
which are within distance z of the galactic plane may be 
computed as a function of z; in doing this, half of each 
PN is considered to be within its computed z distance 
and half beyond that distance. Figure 3 shows the 
relation found by this procedure. The solid curve in 
Figure 3 is the expected fz versus z relation computed 
from equation (16) with k = % kpc-1. The very close 
agreement between the theoretical curve and the plotted 
points indicates that the assumed exponential law quite 
closely represents the distribution of PN and that the 
scale height is given adequately by k-1 —125 pc. This 
differs little from previous derivations of this quantity 
(e.g., Cahn and Kaler 1971), and it is similar to the scale 
height of main sequence stars of approximately 2 M0 

(Allen 1973). 

IV. DISTRIBUTION OF RADII AND FORMATION RATE 

A histogram of the frequency of occurrence of PN 
radii is shown in Figure 4a. Figure 4b is a similar 
histogram for the 54 PN within 1000 pc. It should be 
less affected by incompleteness. An attempt is also made 
to correct the observed number of PN within various 
radii intervals for the effects of incompleteness. For this 
purpose, nebulae within each 0.02 pc radius interval, or 
larger interval if necessary to give a minimum of about 
30 PN, were considered separately. Equation (15), with 

Fig. 4.—(a) For all 299 PN, the number within each 0.02 pc 
radius interval, (b) For the 54 PN closer than 1000 pc, the number 
within each 0.04 pc radius interval. ( c) The galactic plane density 
of PN as a function of nebular radius after correcting for incom- 
pleteness. (d) The distribution of nebular radii expected from a 
simple theory of uniformly expanding PN. 

k = & kpc-1, was used to compute p0 versus D out to 
each successive PN arranged in order of distance. In 
doing this, each PN was again considered to be “smeared 
out” such that half of it was closer than its computed 
distance and half of it farther away. For example, for 
the closest PN in the radius interval 0 pc < R < 0.02 pc, 
Z) = 0.178 kpc and V = 1.5 yielding p0 —34.1 kpc-3 

from equation (15). Figure 5 plots the computed values 
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Fig. 5.—The galactic plane density of PN with radii smaller than 0.02 pc which is implied by the number of such PN which are closer 
than distance D. The densities are computed from eq. (15) with Æ = 8 kpc-1. The graph indicates that knowledge of the presence of these 
small PN is essentially complete out to somewhat beyond 1 kpc and that a reasonable estimate of p0 for these PN is 16.5 kpc-3. 

of po versus Z) for V = 0.5 to 35.5 (the 36 PN in this size 
range out to slightly beyond 2 kpc) in unit steps of N. 
An examination of the distribution of the plotted points 
suggests p0 —16.5 for PN in the smallest radius interval; 
normalizing to a 1 pc radius interval gives p0 ^ 825 
kpc-3 pc”1. This procedure is repeated to determine 
approximate values of p0 for nebulae in other radius 
intervals. Figure 4 c displays the resultant histogram 
which should, then, approximately represent the true 
radius distribution of PN. 

It is curious that the greatest frequency of occurrence 
is for the very small and the very large PN; there is also 
a definite minimum in the number of PN near R — 
0.12 pc. 

An attempt was made to reproduce the observed size 
distribution by constructing a simple model for an ex- 
panding PN. Figure Ad illustrates the expected size 
distribution, normalized to p0 = 150 PN kpc”3 pc”1 as 
found for optically thin nebulae with R< 0.24 pc, of the 
ionized Stromgren zones of uniform density PN with 
nonvariable central stars. It is also assumed that the 
nebulae have constant total mass, have outer surfaces 
which expand at constant velocity, and become optically 
thin at a radius of 0.12 pc. The large number of PN at 
small radii is a consequence of an initially small ioniza- 
tion front velocity. With declining density, the velocity 
of the front increases so fewer PN are predicted to have 
the larger radii. Just before the transition to optical 
thinness, the ionization front velocity is twice the expan- 
sion velocity of the medium; hence the discontinuity at a 
radius of 0.12 pc, where the expected number of PN per 
unit radius interval doubles. The similarity of the theo- 
retical distribution to the observed distribution for PN 
with Ä<0.24 pc is evident. Furthermore, this simple 
model is consistent with the observation that among the 
higher surface brightness PN, expansion velocity in- 
creases with radius (Bohuski and Smith 1974). It does 

seem, however, that the simple theoretical model pre- 
dicts too few of the smallest PN and far too few PN 
with R > 0.24 pc. Factors which might improve the 
agreement are continuous or episodic mass loss from the 
central stars of the smallest, hence youngest, PN, thereby 
increasing the time during which the ionized radius is 
small, and diminished expansion velocities for the largest 
PN due to friction with the interstellar medium, hence 
leading to a relatively larger number of these PN. Other 
factors undoubtedly of importance in modeling the size 
distribution are nebular radial density gradients and a 
changing luminosity of stellar ionizing photons during 
the optically thick stage (see § V). In any case, the 
appearance of the size distribution histogram and its 
approximate similarity to the predictions of the simple 
model for an expanding PN give confidence in the 
essential correctness of the distance scale used here. 

The rate of formation of PN in the galactic plane is 
given by 

r(kpc”3yr”1) 

= 1.02X10”6po(kpc”3 pc”1)u(km s”1), (17) 

where v is the velocity of the ionization front for opti- 
cally thick nebulae, and for optically thin nebulae it is 
the velocity of the outer boundary of nebular material. 
From Figure 4c, p0~155 kpc”3 pc”1 for optically thin 
nebulae smaller than 0.24 pc in radius. The area under 
the histogram in Figure 4 c gives a total density in the 
galactic plane for all PN with R < 0.24 pc of 53 kpc”3, 
or po“ 220 kpc”3 pc”1. Especially uncertain is the 
parameter v. Cahn and Wyatt (1976) present arguments 
for taking v = 20 km s”1, whereas Smith (1976) suggests 
ü = 30 km s”1 as a low estimate. Therefore, a rather 
uncertain formation rate in the range 5±2X10”3 PN 
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kpc-3 yr-1 seems to be indicated. This rate is virtually 
identical to that found by Cahn and Wyatt (1976) and 
is comparable to the rate of formation of white 
dwarfs given by Weidemann (1977) of 2-iX10-3 

WDkpc-3yr-1. 
It is also of interest to estimate the number of PN in 

the Galaxy. The derivation of this quantity is clearly 
dependent upon the nebular radius interval being con- 
sidered and assumed galactic parameters. The radius 
range 0 pc to 0.24 pc is selected to avoid dealing with 
the smallness of the statistical sample of large PN. The 
surface density of PN with R < 0.24 pc is found from 
equation (14) to be P! = 13 kpc-2. If the local mass 
density projected onto the galactic plane is 0.019 gem-2 

(Allen 1973) and the number of PN per unit mass is 
constant in the Galaxy, then there are about 14000 PN 
per 10-u M0. 

V. LUMINOSITY EVOLUTION 

The value of the luminosity of PN at 5 GHz is given 
by 4ttD2F5 GHz which is, using equations (8) and 
(9) or equations (11) and (12) and recalling that S = 
1023F5ghz, 

L5Ghz = 1-37X 1021R1/3 (pc) ergs s-1 Hz-1 

for R < 0.12 pc, (18) 

or 

_ 1.19X1018 

5GHz_ R3 (pc) 
ergs s 1 Hz 1 

for R> 0.12 pc. (19) 

Figure 6 illustrates this luminosity-radius dependence. It 
is evident that there is a significant increase in luminos- 

Fig. 6.—The nebular luminosity at 5 GHz vs. nebular radius 
which follows from the adopted relation between M[f(t)/e]x/2 

and 62/S expressed by eqs. (7) and (10) and shown in Fig. 1. 

ity during the optically thick stage; equation (18) pre- 
dicts a 1.2 mag difference between the smallest (R^ 
0.005 pc) and the largest (R^0.12 pc) of the opti- 
cally thick PN. The peak 5 GHz luminosity at R = 
0.12 pc predicted by equations (18) or (19) is 7X1020 

ergs s-1 Hz-1. 
If there is one ionization of H for each Lyman 

continuum photon emitted by the central star, then the 
number of Lyman continuum photons Q emitted is 
(Osterbrock 1974) 

Q = 2.60X 10-,3g(i) jNe2dVs-\, (20) 

where g(t) is a slowly varying function of temperature 
and g( 1) = 1. Using equation (2), 

^5ohz = 3.75X10“39/(0 jNe2dVergs s-1 Hz"1. 

(21) 

Combining equations (20) and (21) and taking g(t)/f(t) 
= 1 gives the proportional relation: 

Q = 6.9X 1025L5 GHz. (22) 

Thus a nebular 5 GHz luminosity of 7X1020 

ergs s-1 Hz-1 corresponds to 5X 1046 stellar Lyman 
continuum photons s-1. The increasing nebular 5 GHz 
luminosity during the optically thick stage, which is a 
consequence of the empirical relation shown in Figure 1, 
implies a steadily increasing emission of stellar Lyman 
continuum photons. This, of course, does not necessarily 
require that the stellar luminosity be increasing; in fact, 
the results here are qualitatively and approximately 
quantitatively consistent with early central star evolu- 
tion at constant luminosity but increasing effective tem- 
perature as described by Pottasch et al. (1978). 

VI. SUMMARY 

Distances and radii of 299 PN have been computed 
after making allowances for the incomplete ionization of 
the nebular mass for that majority of PN which are 
optically thick in the Lyman continuum. For many of 
these radiation bounded PN, the derived distances and 
radii are significantly smaller than previously published 
values. Despite this, the distribution of PN perpendicu- 
lar to the galactic plane (scale height ~ 125 pc) does not 
differ significantly from that found by others. The size 
distribution for PN is derived by correcting the “raw” 
size distribution for incompleteness within each nebular 
radius interval. This “true” radius distribution differs 
markedly from any previously derived radius distribu- 
tion for PN but it seems interpretable, at least to first 
order, on the basis of a simple model of nebular expan- 
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sion. The radius distribution also leads to an estimate 
for the galactic plane formation rate of PN of 5±2X 
10“3 kpc-3 yr-1, which is comparable to estimates of 
the formation rate of white dwarfs. Finally, a significant 
increase in the 5 GHz luminosity during the optically 

thick stage is demonstrated to also be a consequence of 
the adopted distance scale. 

I thank William Kovach for valuable discussions and, 
especially, Julius Cahn for much valued help and advice. 
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