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RESUMEN

Hemos calculado el factor de llenado para treinta y cinco nebulosas planetarias galicticas, NP,
cuyas distancias no se basan en argumentos estadisticos. Encontramos que aproximadamente la mitad
de las NP de nuestra muestra tienen factores de llenado menores que 0.16. Entre mds grande es la NP,
menor es su factor de llenado. Este resultado implica que: a) la pendiente de la relacién entre la masa
y el radio es menor que la encontrada previamente; b) la masa sigue aumentando con el radio para ob-
jetos con r > 0.1 pc, en contradiccion con las hipbtesis adoptadas para obtener distancias estadisticas;
c) las NP de Tipo I son dpticamente gruesas, y cinco de ellas, en nuestra muestra de ocho, tienen valores
de r entre 0.1 y 0.6 pc; d) no hay correlacion entre Mpolvo/Mg s ¥ el adio de las nebulosas; e) el valor
promedio de M o}vo/Mga es 5.2 X 1073, valor muy similar a? del medio interestelar. Se discuten las
escalas de distancias basadas en métodos estadisticos y se proponen dos nuevas escalas: una basada en
los flujos observados y otra en densidades obtenidas a partir de lineas prohibidas.

ABSTRACT

We have computed the filling factor for a sample of thirty- five galactic PN for which there are
distance estimates independent of statistical arguments. We found that about half of the PN in our
sample have filling factors smaller than 0.16. We found a strong correlation between the filling factor
and the size of the nebula in the sense that the larger the size the smaller the filling factor. Some im-
plications of this result are: a) the slope of the mass versus radius relation is smaller than previously
found, in better agreement with theoretical models; b) there is no flattening of the mass versus radius
relation for r > 0.1 pc, contrary to assumptions made in deriving statistical distances; c) Type I PN
are optically thick, and five objects in our sample of eight have r values between 0.1 and 0.6 pc; d)
there is no correlation between the Myyst/Mgas ratio and the radius of the nebula; e) the average
Mgyt /Mgas 1atio is 5.2 X 1072, value which is similar to that of the interstellar medium, A discussion
of the statistical distance scales is given and two new ones are proposed, one based on the observed
fluxes and another on the forbidden line densities.
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I. INTRODUCTION sity fluctuations produced a disagreement between den-
sities derived from forbidden-line ratios and those de-
rived from Hf surface brightnesses. An extreme example
quoted by them was NGC 7027. Osterbrock and Flather
(1959) studied in detail the density distribution in the
Orion nebula and showed that the densities derived from
radio fluxes were considerably smaller than those derived
from the [O II] 3726/3729 line intensity ratio, they sug-
gested a model in which only a fraction € = 0.03 of the
nebula was filled with high density material and the rest
was empty. Since then € has been called the filling factor
and it is defined as

Almost all nebulae show structure on photographs. In
addition to the clumpiness which gives them an inhomo-
geneous appearance, they show filaments, shells, bipolar
geometry, density gradients, etc. The role that these spa-
tial density variations play in determining basic param-
eters, like the gaseous mass and the ionization structure,
is paramount to the study of the formation and evolu-
tion of planetary nebulae. It is the purpose of this paper
to make a first approximation to the study of the spatial
density variations by determining filling factors and their
effect on different areas of PN research.

In their pioneering study of the electron density in

nebulae, Seaton and Osterbrock (1957), noted that den- € =N2(rms)/N3 (FL) , §9)
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where Ng(FL) is the density determined from forbidden
line ratios and Ne(rms) is the root mean square density
determined from a Balmer line or from the radio continu-
um flux. O’Dell (1962) using this definition of €, while
setting up a distance scale based on the method of sta-
tistical parallaxes and the known spectroscopic parallax
of NGC 246, obtained an average value of 0.7 for € and
a mass of 0.14 Mg for the optically thin shells. Seaton
(1966) estimated e for individual nebulae by visual ins-
pection of the photographs and drawings; for a sample
of thirteen PN, he obtained values ranging from 0.2 to
1.0 and a mean of 0.63. Webster (1969) in her study of
southern PN made estimates of € from the details of sur-
face brightness and dimensions of the nebulae given in
the catalog of Westerlund and Henize (1967); once
again the quoted values are rather large with most of
them clustering around 0.8. Kaler (1970) tabulated the
parameters for 250 galactic PN where again a visual es-
timate of the filling factors was made from photographs;
in cases where a photograph was not available € = 0.65
was assumed. The same values were later used by Cahn
and Kaler (1971) in deriving distances to galactic PN.

The first indications of a systematic variation of the
filling factor with nebular size came from the photoelec-
tric study by Torres-Peimbert and Peimbert (1977), TPP.
They adopted the Cudworth (1974) distance scale and
obtained N (rms) values from the observed HB fluxes
for the whole object. For most objects on their list Ne(FL)
> Ne(rms) implying small values of e. They estimated
that the average filling factor was 0.05. This reduced the
adopted calibration mass for the optically thin Cudworth
scale from 0.50 Mg to 0.11 M. From the observations
by TPP and the distance scale of Seaton (1968) and
Webster (1969) an average filling factor of 0.075 is ob-
tained. Nevertheless, the existence of small values of e
was mostly ignored in studies of PN that followed.

Since the determination of € required an estimate ot
the distance and since the measurements of the distances
to individual nebulae were not very accurate, a proper
analysis of the effects of the filling factor on PN studies
could not be attempted.

In the last few years, the situation has changed con-
siderably as good progress has been made in estimating
distances to individual nebulae using different methods.
Pottasch (1980) compiled a list of 28 PN with good dis-
tance estimates based on: spectroscopic parallaxes, inter-
stellar extinction diagrams and the angular expansion-
radial velocity method. For several of these nebulae
Ne(FL) values had already been determined by various
authors. From these data Pottasch obtained e values and
concluded that they are close to unity with a few neb-
ulae having values as small as 0.3. For some of the very
small nebulae € was found to be larger than unity; as was
pointed out by Pottasch (1984),this may be due to an
underestimate of the angular size, since Ne(rms) < §~-3/2,
or to the presence of large density gradients. Similarly
Gathier (1987) compiled a list of 30 PN and found that
(e)=0.75.

Most of the recent papers on PN have adopted values
of € ranging from 0.5 to 1.0. In what follows we will de-
termine e values independent of statistical distances scales,
moreover we will re-examine the problem of the variation
of € with nebular size. A summary of this work was pre-
sented by Mallik and Peimbert (1988).

II. DETERMINATIONS OF €

In this section, we will discuss three different sets of e
values: a) a new set of determinations based on PN with
distance estimates independent of statistical distance
scales, called scale independent € values, b) a set of val-
ues based on the Cudworth distance scale (TPP) and, c)
a set of values based on the Daub (1982) distance scale.

a) Scale Independent € Values

We will adopt the definition of € by Osterbrock and
Flather (1959) presented in equation (1), which is the
same as that adopted by TPP and by Pottasch (1980).
Notice that this definition of the filling factor is the sim-
plest; it provides only a first approximation to depict a
complex density distribution since N¢(FL) corresponds
to the average value of the high density regions while the
low density regions have values different from zero.

The root mean square density of a spherical nebula is
given by

1£(t)
6% d

N2 (rms) o

) 2)

where T is the observed flux corrected for reddening of a
Balmer line or the radio continuum flux, f(t) is a known
function that depends weakly on the electron temper-
ature, 0 is the angular radius of the object, and d its dis-
tance to the earth. The forbidden line method yields local
densities independent of d, therefore the derived filling
factor is inversely proportional to the distance adopted,
that is

N2 (ris 1
N2 (FL) d

and a larger statistical distance scale will yield smaller
values of e,

In Table 1 we present distances for 35 PN which are
independent of any statistical distance scale and that
have reasonably good Ne(FL) determinations. The dis-
tances are from: a) Gathier, Pottasch, and Pel 19864,
and Gathier, Pottasch, and Goss 1986b, based on the
interstellar extinction method and 21-cm absorption
measurements, b) Méndez ez al. (1988), based on the
atmospheric analysis of the central stars, c) Daub (1982),
based on at least two independent methods, these ob-
jects were used by Daub to calibrate his distance scale,
d) Masson (1986) from VLA observations of the expan-
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TABLE 1

DISTANCES, SIZES, DENSITIES, FILLING FACTORS AND MASSES

d Source of r Ng (1ms) Ne (FL) Source of M§ (e)
Object (kpc) distance (pc) (10° cm™?) (10° cm™?) Ne(FL)T ¢ (1073 Mg)
1) 2) 3) 4) ($) 6) ) (®) (&)
NGC 40 1.0 D82 0.09 1.29 2.8 K86 0.21 45.3
NGC 1535 2.1 M 0.09 1.67 5.3 K86 0.10 40.9
NGC 2346* 1.06 Gl 0.15 0.27 0.7 PTP87a 0.15 37.5
NGC 2392 2.7 M 0.30 0.42 3.3 K86 0.016 150.8
NGC 2440* 2.19 Gl 0.28 0.49 5.0 K86 0.010 116.1
NGC 2452* 3.57 Gl 0.19 0.54 4.5 K86 0.014 45.7
" " 3.0 D82 0.15 0.58 4.5 K86 0.017 27.3
NGC 2792 1.91 Gl 0.055 2.7 3.0 TPP 0.81 42.8
NGC 2818% 3.2 T 0.305 0.18 0.5 PIP87a 0.130 198.8
NGC 2867 1.35 D82 0.039 4.62 8.9 K86 0.27 15.1
NGC 3132% 0.54 Gl 0.082 0.57 0.6 K86 0.90 31.5
" " 0.84 D82 0.129 0.46 0.6 K86 0.59 80.4
NGC 3211 1.91 Gl 0.064 1.74 5.0 TPP 0.12 16.6
NGC 3242 2.0 M 0.18 1.27 3.4 K86 0.14 293.6
NGC 3918 2.24 Gl 0.064 3.81 6.6 K86 0.33 60.4
NGC 5315* 2.62 Gl 0.031 17. 30.0 K86 0.32 30.2
NGC 6369 2.0 G2 0.143 2.71 6.0 AK87 0.20 371.
NGC 6537* 2.4 G2 0.057 7.43 12.6 K86 0.35 86.4
NGC 6567 1.68 Gl 0.044 3.94 12.0 K86 0.11 11.9
" " 1.0 D82 0.026 5.1 12.0 K86 0.18 4.0
NGC 6572 0.68 D82 0.024 10.6 13. K86 0.665 12.7
NGC 6578 2.0 G2 0.040 5.23 6.4 K85 0.67 29.0
NGC 6803 3.0 G2 0.039 6.72 10.0 K86 0.45 28.2
NGC 6804 1.35 D82 0.203 0.28 0.7 K86 0.16 99.1
NGC 6884 1.8 G2 0.028 9.73 10.0 TPP 0.95 22.1
NGC 6886 1.7 G2 0.024 7.52 10.0 K86 0.565 8.3
NGC 6891 3.8 M 0.136 2.7 5.0 AK87 0.29 357.0
NGC 7009 2.4 M 0.150 2.07 6.0 PTP87b 0.119 254.8
NGC 7026 2.5 G2 0.155 1.17 8.0 K86 0.021 66.2
v 1.78 D82 0.11 1.38 8.0 K86 0.030 33.8
NGC 7027 0.94 MA 0.038 17.2 80.0 PTP87b 0.046 21.4
NGC 7293* 0.30 M 0.56 0.043 0.162 H78 0.07 210.6
NGC 7354 1.5 G2 0.114 1.55 4.0 AK87 0.15 94.0
IC 418 2.0 M 0.059 9.60 15.0 PTP87b 0.41 133.6
IC 1747 2.5 G2 0.077 2.15 3.0 K86 0.51 73.9
oo 2.25 D82 0.069 2.26 3.0 K86 0.57 59.5
IC 2448 3.5 M 0.075 2.28 12.0 K86 0.036 19.3
He 2-108 8.3 M 0.22 0.77 2.0 K86 0.148 333.3
He 2-131 0.59 Gl 0.008 22.5 20.0 K86 1.26 1.2
He 2-138 5.0 M 0.086 2.96 8.0 TPP 0.137 73.7

+ AK 87: Aller and Keyes 1987; D82: Daub 1982; Gl: Gathier et al. 1986a; G2: Gathier et al. 1986b; H78: Hawley 1978; K85: Kaler
1985; K86: Kaler 1986; M: Méndez et al. 1988; MA: Masson 1986; PTP 87a: Peimbert and Torres-Peimbert 1987a; PTP 87b: Peimbert
and Torres-Peimbert 1987b; T: Tifft et al. 1972; TPP: Torres-Peimbert and Peimbert 1977.

* Type I PN,

sion of NGC 7027 and, e) Tifft, Connolly, and Webb

(1972), by assuming that NGC 2818 belongs to the clus- N, (rms) = 1.57 X 10% [ | . 4)
ter with the same name. The samples of Gathier et al.

and Méndez et al. in Table 1 are mutually exclusive. The where S is the 5 GHz flux in 1072% erg cm™2 s7! Hz™!
Ne(rms) values given in Table 1 have been determined 0, the angular radius given in arcseconds, andd the distan-
from the equation ce in kiloparsecs. The radio fluxes and the angular radii
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have been taken from the compilation by Daub (1982).
The forbidden line densities are based mainly-on meas-
urements of the [O II] and [S II] line ratios and in some
cases of the [Cl III] and [Ar IV] line ratios; they have
been mostly taken from Kaler (1986) supplemented by
data from Peimbert and Torres-Peimbert (19874, 1987b)
and Aller and Keyes (1987). The sources of the Ne(FL)
value and the e value are presented in columns (7) and
(8) of Table 1, respectively.

For NGC 7293, the measurements by Hawley (1978)
were added to obtain integrated [S II] fluxes representa-
tive of the entire nebula and from these, the N¢(FL) was
derived.

The filling factors have been plotted against the radii
for all the objects in Figure 1. When a nebula has more
than one independent value of the distance in Table 1,
its positions on Figure 1 have been connected by a dashed
line. Before discussing this figure, we must discuss the
observational selection effects on the sample.

We have two possible selection effects; a) how repre-
sentative of galactic PN is the sample of known PN (for
example those in the Perek Kohoutek catalogue), and b)
how representative of the known galactic PN is the sam-
ple in Table 1.

To the first question we have two observations to
make: (7) large nebulae have low surface brightness and
all observational methods preferentially select against
them; excepting NGC 7293 this would explain the ab-
sence of very large nebulae in our sample, (i) due to in-
terstellar reddening the incompleteness of the sample of
known PN is larger for objects towards the galactic cen-
ter; in this sense known PN are more representative of
the solar neighborhood.

To answer the second question, we need to know if
there was a selection effect in the three parameters
needed to place an object in Table 1, namely: flux, dis-
tance and Ng(FL).

We consider that there is no selection effect due to
the flux since most known PN with distances smaller
than about 3 kpc have measured radio and Balmer lines
fluxes.

Distances based on interstellar extinction and 21-cm
absorption require the nebula to be in, or close to, the ga-
lactic plane and at large enough distances to show signi-
ficant reddening and 21-cm absorption; since PN show a
strong concentration to the plane there is no obvious ob-
servational selection involved here. The sample by Mén-
dez et al. (1988) does not utilize any property of the
nebula and is based on properties of the central star; the
method depends upon the presence of absorption lines
in the stellar spectra of bright O type stars. Moreover, a
strong nebular continuum contaminates the stellar spec-
trum, therefore the sample avoids smaller high surface
brightness nebulae. In a sense, the sample of Méndez et al.
is complementary to those of Gathier ez al. (19864,b).
This produces a more representative distribution of
sizes.

The major selection effect is produced by Ne(FL),
since forbidden line ratios are almost insensitive below
300 — 400 cm™, Hence filling factors are difficult to
determine for large PN. We have considered this effect
in some detail and determined the region of the € versus
r diagram that is inaccessible to € determinations. For
nebulae that are ionization bounded, we have used the
optically thick distance scale by Cudworth (1974) given
by

d =0.0178 I(HB)™1/2 pc, )
which corresponds to

r=14.73 e~ 1/3Ng=2/3 pc. 6)

In Figure 1 we have drawn two lines for Ne(FL) equal to
500 and 1000 cm™3; in general it is not possible to place
objects to the right of these lines in this diagram. It is
possible to find a similar restriction for optically thin
nebulae (density bounded) by assuming that they have
a mass given by

M(e) = €!/2 M(rms) @)

o 0 o= —ri—- - r=0.56
PR

0.0

0 0.1 0.2 0.3 0.4
r(pc)

Fig. 1. Filling factor versus radius diagram for PN with scale-
independent distances. Filled circles denote Type I PN, open
circles the rest. Those circles joined by broken lines denote the
same object with two different distance estimates as given in
Table 1. The areas to the right of the solid lines correspond to
optically thick PN with N¢(FL) smaller than 10® and 500 cm™
respectively, while the area to the right of the broken line cor-
responds to optically thin PN with Ng(FL) smaller than 500
cm™3 (see text).
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with M(rms) = 0.50 M (Cudworth 1974), therefore
r=1.677 e 1/6 N.—1/3 pc. 8)

From the previous discussion, we consider that the
sample in Table 1 is representative of the known PN
in the solar vicinity with r values smaller than 0.2 pc,
we consider that there are no strong observational ef-
fects against objects inside the permitted region in Fig-
ure 1. Observational selection prevents nebulae with
low density and large filling factors from being dis-
covered. However, even if we presume that this effect
is pronounced at densities as high as 500 cm™, we still
have a huge gap in our permitted region where there are
almost no PN with large r and large € . For r > 0.14 pc
the twelve objects have € < 0.21 while for r > 0.08 only
two out of eighteen have ¢ >0.22. We therefore con-
clude that a real effect of decreasing filling factors with
increasing size independent of the effects of observa-
tional selection is present.
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From the sample in Figure 1 we obtain

loge=—(1.74+0.21) — (091 £0.18) logr ,  (9)

with a correlation coefficient of —0.65. From the data
in Table 1 and equation (9) we obtain that the average
difference between the “observed” € and the predicted
e is a factor of 2.14, i.e. that the mean llog (€j/€pred) |
i 0.33.

b) Daub’s € Values

A much larger sample of nebulae is available for sim-
ilar analysis if one uses the statistical distance scales. In
Figure 2 we present the € verus r diagram for Daub’s
(1982) sample and his distance scale. From arguments
given above, we also show in Figure 2 the region inacces-
sible to filling factor determinations; the boundaries
have been drawn for two densities on the assumption
that the objects are optically thin and have a mass given
by equation (7) with M(rms) = 0.14 Mg. The M(rms)
value was chosen to be consistent with the Daub distance
scale. The N¢(FL) sources were the same as for PN in
the distance independent sample.

It is remarkable that very few large nebulae with
moderate to high filling factors (¢ > 0.2) are present in
Figure 2. An increase in the distance scale will lower the
€ values and will not destroy the trend present in Figure
2. From this sample it also follows that € decreases with
size.

For objects with r > 0.12, {e) is 0.10 for Type I PN
and 0.08 for the rest of the sample, i.e., there is no sig-
nificant difference in the (e) value between both sub-
samples.

From the Daub sample we obtain

log e=—(1.74 £0.22) — (0.92 £ 0.20) logr, (10)
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Fig. 2. Same as Figure 1 but for PN in Daub’s (1982) sample
adopting the Daub distance scale, The area to the right of the
broken lines corresponds to optically thin PN with Ne (FL) smal-
ler than 500 and 300 cm ™2 réspectively.

with a correlation coefficient of — 0.61 and in excellent
agreement with the relation found for the scale indepen-
dent sample.

c) Cudworth’s € Values

In Figure 3 we present the € versus r diagram for neb-
ulae in the TPP sample based on the Cudworth (1974)
distance scales for optically thick and optically thin ob-
jects. As in Figure 1 we show the region inaccessible to €
determinations for optically thin objects based on equa-
tion (7) for M(rms) = 0.50 Mg.

Figure 3 also shows the correlation between € and r,
in the sense that the higher the r value the smaller the €
value. From this sample we obtain

loge= f(2.38 +0.28) - (1.38 = 0.25) logr, 11

with a correlation coefficient of — 0.74.

d) Variations of € with Radius

Any changes in the distance estimates will move the
nebulae in Figures 1-3 but will preserve the appearance
of the diagrams. Moreover, a change in the distance scale
will preserve the slope of the log € versus log r relation.
The conclusion seems inescapable: the filling factor of
the three observed samples of PN shows a rather remark-
able correlation with size in the sense that larger nebulae
have smaller filling factors.
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Fig. 3. Same as Figure 1 but for PN in TPP’s sample adopting the
Cudworth (1974) distance scales for optically thick and optically
thin PN. The area to the right of the broken line corresponds to
optically thin PN with Ne(FL) < 500 cm™.

We will advance the hypothesis that the variation of
€ with r is due to mass loss from the central star. It has
been argued that the shaping of PN is due to the inter-
action of material ejected from the central stars at dif-
ferent velocities, the so called two or several wind mod-
els (e.g., Peimbert 1985 and references therein). We
propose that the main cause for the decrease of e with
r is the mass-loss episode at velocities of several thou-
sand km s™, when the star is hot enough to start to
ionize the nebula, that occurs after a previous mass-
loss episode at velocities of about 20 km s™!, when the
star is in the asymptotic giant branch. The high velocity
mass-loss process is responsible for: a) the central cavity,
which increases with time, b) the production of clumps
and filaments by the Rayleigh-Taylor instability (Ca-
priotti 1973; Kahn 1983); this production should also
increase with time since the momentum ratio of the
high velocity material to the low velocity material also
increases with time. The presence of spatial density
fluctuations produces two additional effects that de-
crease the value of e: PN could be optically thicker in
some directions than in others therefore the adopted
radius might be larger than the average one, moreover
M(e) will be the mass of the ionized material without
including the mass of the neutral material within the
adopted radius.

Density fluctuations are particularly pronounced in
Type I PN; these objects show bipolar structures con-
sisting of low density material with filaments, lobes,
and ansae along the major axis and of higher density

material along the minor axis (see Peimbert 1985 for a
discussion on the formation of Type I PN).

III. MASS VERSUS RADIUS RELATION
The ionized mass of a spherical PN of volume V, den-

sity Ng(FL) and filling factor € is given by
M(e)=(m)eN(FL)V ,
=(m)el/2 Ng(rms) V, (12)
=¢1/2 M(rms) ,
where (m) is the mean atomic mass per free electron.
For N(He)/N(H) =0.1,N(H*)= 0.8 Ng, expressing the

radius in parsecs and the mass in M equation (12) can
be written as

M(€) = 0.106 € N(FL) 13 - (13)

0.0 T T T

-0.5

log M (M)

-2.0[ 7

log r(pc)

Fig. 4. Mass versus radius diagram for PN with scale-independent
distances. Filled circles Type I PN, open circles the rest. The
straight line is the least squares fitting to the data given by
log M(e) = (-0.16 = 0.17) + (1.02 % 0.15) log r; with a correla-
tion coefficient of 0.77. The arrow indicates the change in mass
if an object is 1.4 times farther away than assumed.
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TABLE 2

MASS VERSUS RADIUS RELATION?

Radii range e a a Correlation
(pc) values M (e) M (rms) Coefficient Sampleb
0.01 - 0.56 0.01 - 1.0 1.02 £ 0.15 0.77 1
0.01 -0.33 1.0 1.43 £ 0.09 0.95 2
0.004 - 0.96 1.0 2.46 0.86 3a
0.032 - 0.27 1.0 1.88 0.77 3b
0.007 — 0.066 1.0 1.47 £ 0.12 0.92 4
0.004 - 0.12 0.01 - 1.0 1.21 £ 0.10 . Sa
0.12 - 0.46 5b

a. Given by M« 1% b. (1) This paper, scale independent sample; (2) Pottasch 1980; (3a) Phillips and
Pottasch 1984; (3b) Phillips and Pottasch 1984, 0.002 < M(1ms)/M@ < 0.20; (4) Gathier et al. 1983;
(5a) Daub 1982, optically thick sample; (5b) Daub 1982, optically thin sample under the assumption

of a constant mass.

In column 9 of Table 1 we present the M(e) values for
the scale independent sample. Figure 4 shows a plot of
M(e) versus r on a logarithmic scale. The mass increases
with r and does not show any effect of saturation at
large r values. Our result agrees with those by Pottasch
(1980), Phillips and Pottasch (1984), and Gathier
(1987) in the sense that most objects are optically thick
in at least some directions.

From a least squares fit to the data in Table 1, we
find

log M(€) = —(0.16 £0.17) + (1.02 £ 0.15) logr , (14)

with a correlation coefficient of 0.77, and where He 2—
131 was not included; equation (14) is also plotted in
Figure 4. This result is presented in Table 2 together
with similar determinations by other authors.

Several authors have determined ionized masses of PN
in recent years and have obtained relations between mas-
ses and radii that are steeper than ours (see Table 2). In
most of these determinations € has been assumed to be
unity and its variation with radius has been ignored. Pot-
tasch (1980) and Gathier ef al. (1983) used M(rms) val-
ues instead of M(e) values; if in their samples € & r=0.91
then from equation (12) it would follow that: M(e) «
1998 from the sample by Pottasch and M(e) « rl-02
from the sample by Gathier et al. (1983), in excellent
agreement with our result.

The slope derived by Phillips and Pottasch (1984) is
considerably larger than ours. Notice that if their sample
is reduced to objects in the 0.032 to 0.27 range, the
slope becomes substantially smaller, moreover, if there
is a systematic variation between € and r of the type
found in this paper the slope would become even smaller.

Daub (1982) attempted a filling-factor independent
plot of mass versus surface brightness, the latter being a
measure of the size, and found that forr >0.12 pc the
mass stops growing. He obtained 0.14 Mg for the op-

© Universidad Nacional Auténoma de México * Provided by the NASA Astrophysics Data System

tically thin limit assuming € = 1. In Table 1 many of the
objects have M(e) larger than 0.14 Mg, therefore not
only most PN with r between 0.12 and 0.5 seem to be
optically thick but their M(rms) value is considerably
larger than 0.14 Mg, and consequently the Daub dis-
tance scale is too short.

IV. DUST TO GAS RATIO

Several authors have found that the Mgysi/Mgas
ratio decreases by two to three orders of magnitude with
the size of PN (Nata and Panagia 1981; Pottasch et al.
1984; Pottasch 1987; Lenzuni er al. 1987). The dust
mass was obtained from the far infrared flux of these
nebulae utilizing the equation

4apd? F,

Mdust = 3 QV Bu (TD) (15)

where a is the size of the grains, p their intrinsic density,
Q, the emissivity, and Tp the dust temperature; Pot-
tasch (1984) has suggested a/Q, =1 X 1073 for A=60 um,
andp=3gcm™3,

We have used the distances from Table 1 and the
fluxes and dust temperatures given by Pottasch (1984)
to derive Mg, Of seventeen nebulae from our sample
and hence estimated Mgyg¢/M(€)gas. The results are
given in Table 3 and displayed in Figures 5 and 6. We
do not find any correlation of this ratio with size or fil-
ling factor of the nebulae. The average value of Mg,/
M(€)gas for the seventeen objects is 5.2 X 1073; this
value is similar to the value of 7 X 1073 estimated by
Savage and Mathis (1979) for diffuse cloudsin the galaxy.

It is well known that Fe, Si, Mg and Al are depleted
in gaseous envelopes of PN (e.g., Shields 1978, 1983;
Pwa, Pottasch, and Mo 1986). From the abundances re-
presentative of the solar photosphere, “local galactic”,
tabulated by Meyer (1985) we compute a mass fraction
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TABLE 3 R T T T T
.2346
DUST TO GAS MASS RATIOS B . i
o
o
Radius  F25um Tp Mgy Mg/M, e . ° .
Object  (10'7cm) (Jy) CK) (1075 Mg) (10°%) S . R .
= B ° o |
NGC 40 2.7 79.2  141. 12.5 2.76 g .. o °
NGC 23462 4.5 0.9  50. 44.4 11.8 e . I
NGC 2392 9.0 104 95 81.2 5.38
NGC 2440* 84 29. 115, 51.6 4.44 - -
NGC 28182 6.9 1.0 51. 1106 5.56 50 6804
NGC 2867 1.2 16. 130. 6.8 4.52 | | | | |
NGC3242 5.4 38.  115. 60.4 2.1 -2.0 -1:0 log € 0.0
II:IIg(C: Zgég :Z‘? 345 ’ 11;‘3 12;2 ;378 Fig. 6. Dust to gas ratio versus filling factor for the PN in Fig-
NGC 6572  0.72 177.  180. 5.1 4.0 ure 5.
NGC 6804 6.1 157 118 10.1 1.02
NGC 6884 (.84 15. 140 8.1 3.67
Sgg gggg 3’; ‘lé.‘s 1131(; 161:2 zfé significantly the plot in Figure 5. We presume that the
NGC7026 3.3 21 100. 54.5 8.23 earlier result where Mqy s¢/M(rms)g, s decreased apprecia-
NGC 7354 3.4 41. 115 36.9 3.93 bly with increasing r, was due in part to the effect of the
IC 418 1.8 224, 190. 43.1 3.22 filling factor decreasing with r.
a. Type I PN.

of 2.7 X 107 for these elements. From the assump-
tions that: about 15% of the oxygen is locked in silicate
cores, about 5% + 5% is located in polymer mantles (Me-
yer 1985), and that most of Fe, Si, Mg and Al are in
dust grains, we would expect a total Mgy s¢/Mg,s of about
4.6 X 1073, in excellent agreement with the average val-
ue derived from Table 3.

From equations (3), (12) and (15) it follows that
Mgyst/M(€)gas is independent of the distance to an ob-
ject. It is unlikely that errors in the infrared fluxes,
H(B) fluxes, sizes and N¢(FL) are large enough to alter

T | I I I | T
-1.8 | _
L]
n o _
(o]
o
-2 ° i
o [ 3
s o
~ o L]
©
= (<] ° o o
g o
-2.6 ° ]
o
-30 1L o -
1 1 | | 1 | |
17 18
log r{cm)

Fig. 5. Dust to gas ratio versus radius diagram for PN presented
in Table 2. Filled circles Type I PN, open circles the rest.
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V. DISTANCE SCALES

a) Scale Independent Sample

In Figure 7 we present the emitted HB flux, E(HB),
versus radius relation for the scale independent sample.
The first striking result is that there is no decrease of
E(HB) with radius which implies that the sample does
not become optically thin, in agreement with §III.
Secondly, for a given radius there is a scatter in E(HB)
of about an order of magnitude; we consider that the
scatter is real and that it is mainly due to the different
amount of Lyman continuum photons produced by
the central stars.

Under the assumption that all the objects are op-
tically thick, the average emitted flux, weighted by
the logarithm, is (E(HB)) =3.50 X 103 erg s™ which
yields a distance scale given by

d=0.0171 (HB) —1/2 | (16)

where d is given in pc and I(HP) in erg cm™2 57 ; To ob-
tain equation (16) and (E(HB)) we excluded He 2—131
because the central star might be in a very early stage of
evolution before being close to its maximum production
of Lyman continuum photons, we also excluded NGC
7293 because its central star is already in the descending
branch with apparently a diminishing temperature (Mén-
dez et al. 1988). A similar situation might be prevailing
in NGC 2818, which was also excluded.

We conclude from the previous discussion and the dis-
cussion in §11I, that most PN in the solar vicinity are op-
tically thick at least in some directions.

There are two well known objects of the solar vicinity
that are optically thin: NGC 2242 and NGC 4361 (eg.,

* Provided by the NASA Astrophysics Data System
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o
T

log E(HB) /<E(HB)

-1.8 -1.4 -1 .6 -0.2

0 -0
log r(pc)

Fig. 7. Log E(HB) versus log r diagram for the scale-independent
sample. ( E(HB) ) = 3.50 X 1034 erg s™! . The horizontal line and
the diagonal line correspond to the optically thick and optically
thin distance scales respectively by Cudworth (1974). His optical-
ly thin scale crosses our optically thick scale at r = 0.20 pc. The
arrow indicates the displacement of any given point if its distance
is increased by a factor of 1.4.

Torres-Peimbert et al. 1988), but by and large most well
known PN in the solar vicinity are optically thick. NGC
2242 is not in Table 1 because there is no reliable distan-
ce determination for it nor NGC 4361, because there is
no reliable filling factor determination for it.

We recommend equation (16) to obtain distances to
PN with radius in the 0.02 to 0.30 pcrange. For any given
object the error in the distance could be as large as a fac-
tor of three, but in general, it will be smaller than a factor
of two, which amounts to a difference of 0.6 in the log

E(HB)/¢ E(HB) ) value in Figure 7.

b) Cudworth’s Distance Scales

For optically thick PN with r < 0.07 pc, Cudworth
(1974) obtained

d=0.0178 1 (HB)-1/2 a7

under the assumption of the same E(HP) for all objects;
the mean value corresponds to ( E(HB)) = 3.79 X 1034
ergs .

Alternatively from PN with r < 0.07 pc in the scale-
independent sample (fourteen objects disregarding He
2-131) we obtain ( E(HB) )= 3.62 X 1034 erg s™!, which
corresponds to a constant of 0.0174 in equation (17) in
excellent agreement with Cudworth’s result. Moreover,
from PN with r > 0.07 pc in the scale independent sam-
ple, (eighteen objects disregarding NGC 2818 and NGC
7293) we obtain ( E(HB) ) =3.38 X 1034 ergs s™!, which
corresponds to a constant of 0.0168 in equation (17).
This result is in excellent agreement with our value for
objects with r < 0.07 and supports our hypothesis that

most PN in the scale independent sample are optically
thick.

For PN with r > 0.07 Cudworth (1974) assumed that
M(rms) =0.50 Mg and that they were optically thin. For
objects with r > 0.07 in our sample, we obtain M(rms) =
0.48 Mg in excellent agreement with the mass adopted
by Cudworth.

In Figure 7 we present the implied E(HP) fluxes from
Cudworth’s distance scales. The horizontal line corre-
sponds to the optically thick distance scale while the dia-
gonal corresponds to the optically thin distance scale. We
would like to make a few comments: a) the discontinui-
ty at r =0.07 pc predicted by Cudworth is not present in
the scale-independent sample. b) By adopting a constant
mass for PN with r > 0.07 pc, Cudworth is overestimat-
ing the masses and the distances for objects in the 0.07
to 0.20 pc range and he is underestimating the masses
and distances for objects with r > 0.20 pc. c) At least
in the case of NGC 7293 we propose that E(Hp) is
small because the central star is becoming fainter (Mén-
dez et al. 1988) and not because the object is optically
thin; moreover, the presence of molecules (Storey 1984)
indicates that the object has never been optically thin in
all directions. Consequently some large nebulae might
fit Cudworth’s optically thin distance scale not because
the objects are optically thin, but because the central
star is fading. The second largest nebula in the scale-in-
dependent sample is NGC 2818 which also shows mo-
lecular hydrogen emission (Storey 1984).

Moreover, it should alsc be mentioned that many
PN of Type I are larger than 0.07 pc and that all of
them are optically thick, contrary to the hypothesis by
Cudworth. For example the five Type I PN in the TPP
sample have r values larger than 0.17 pc and are optical-
ly thick.

¢) Daub’s Distance Scale

In Daub’s sample all Type I PN, twelve objects in all,
have r values larger than 0.1 pc, and ten of these have
values larger than 0.12 pc (see Figure 2). Moreover,
Type I PN are optically thick, in at least some directions,
as is shown by their strong [O I] and [N I] lines as well
as by the presence of molecular lines (e.g.,Huggins and
Healy 19864, 1986b; Zuckerman and Gatley 1988; Ro-
driguez 1988 and references therein). Consequently one
of the hypotheses on which the Daub distance scale is
based, namely that all the objects with r > 0.12 pc are
optically thin, is not valid. Another argument against
this distance scale follows from the increase of nebular
mass with radius in the scale-independent sample (see
§111).

The { M(rms) ) value for PN with r > 0.12 in the scale-
independent sample (comprising 13 objects) is 0.67 Mg
which is considerably larger than the M(rms) = 0.14 Mg
value adopted by Daub. Consequently the Daub distance
scale is shorter than both ours and the Cudworth distan-
ce scale.
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d) Ng(FL) Distance Scale

In Figure 8 we present the N¢(FL) versus radius dia-
gram as well as a least squares fit to the data given by

log Ne(FL) = (2.66 £ 0.20) — (0.96 £0.17) logr,  (18)

with a correlation coefficient of —0.70 and where r is
given in pc. This equation should provide good distance
estimates for objects with r < 0.20 pc. For larger objects
the diagnostic ratios become almost density independent.
We consider that in the future a N (FL) versus r relation
might prove to yield a better distance scale than that
given by equation (16). To improve this relation we need
higher accuracy in the [C1 III] atomic parameters as well
as more and better observational data for the [SII], [O II],
[C11HI] and [Ar IV] density determinations.

Sabbadin et al. (1984) obtained a similar relation be-
tween N (rms) and r for PN with r <0.1 pc, i.e Ne(rms)
« 11, For PN with r > 0.1 pc they found a change of
slope given by Ne(rms) & 1™ and concluded that the
larger nebulae in their sample are optically thin. Our scale
shows no sign of this change in slope. Phillips and Pot-
tasch (1984) obtained a steeper relation given by N (rms)
a r—1.34 From equations (1), (9) and (18) we obtain
Ne(rms) « r—1.42 for the scale independent sample, a
relation which is quite similar to that by Phillips and
Pottasch.

log Ne(FL)

! !
-2

o

log r (pc)

Fig. 8. N¢(FL) versus r diagram for the scale-independent sample.
The straight line is the least squares fit to the data given by
log Ne(FL) = (2.66 £ 0.19) — (0.96 = 0.17) log 1: with a correla-
tion coefficient of —0.70.

VI. CONCLUSIONS

From a distance scale independent sample of 35 PN
we found values of € in the 0.01 to 1 range with about
half of the objects having € smaller than 0.16. By compar-
ing the continuum emission derived from the optically
thin and optically thick parts of the spectrum Terzian
and Dickey (1973) concluded that most of the radiation
in their PN sample originates in clumps, in good agree-
ment with the low values of € presented in this paper.

We found that for the scale independent sample: 7) the
filling factor decreases with size as € =0.0182 (r/pc)—°-91,
if) the mass increases with size as M(€) = 0.692 (r/pc)1-02
Mg and consequently M(rms) o« r!-48, The increase of
M(e) with size implies that the large majority of the PN
in our sample are optically thick.

The Mgyst/M(€) ratio for the scale independent sam-
ple is uncorrelated with size. It is also uncorrelated with
€. Our result is in disagreement with previous investiga-
tions and apparently implies that there is no substantial
dust destruction with time in the nebular shells. The
average Mqyst/M(€) value for 17 PN is 5.2 X 1073, a
value that is distance independent, and that is similar to
that found in the interstellar medium.

The decrease of the Mgy st/M(rms) ratio with r found
by other authors in other samples might be due in part
to an € variation with size and in part to the presence, in
other samples, of population II PN with lower heavy ele-
ment abundances and smaller shell masses which would
artificially increase their distances in relation to those of
population I PN.

A statistical distance scale given by ( E(HB)» = 3.5 X
1034 erg s™! follows from the scale-independent sample
for objects in the 0.01 <r < 0.3 pc range. The PN for-
mation rate derived from this distance scale is almost the
same as that derived from the Cudworth (1974) distance
scale and is in good agreement with the white dwarf for-
mation rate, but it is lower than the formation rates de-
rived from Miras or OH/IR stars (e.g.,Phillips 1988). Our
statistical distance scale is also in good agreement with
that derived from the galactic rotation curve by Schnei-
der and Terzian (1983).

Also note that if the total number of ionizing
photons is constant during the evolution of PN, then
Ne2 (rms) r® = const., or € Ng2 (FL) r® = const.; since
the mass is given by M(e) « € Ne(FL) r® it follows that
M(e) x €!/2 r3/2 furthermore and since according to
equation (9) the scale-independent sample yields € «
r—0.91 it follows that M(€) « r1:04 in excellent agree-
ment with relation (14). Therefore the assumption that
the number of ionizing photons is constant during PN
evolution is consistent with the properties of the scale-
independent sample and with the distance scale pro-
posed by us.

For objects smaller than 0.07 pc our distance scale
agrees with the optically thick distance scale by Cud-
worth (1974). The M(rms) value for PN with r larger
than 0.07 is 0.48 Mg, in very good agreement with the
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value of 0.50 Mg derived by Cudworth. For objects in
the 0.07 < r < 0.20 pc range, the Cudworth optically
thin scale systematically overestimates the distances,
while for larger objects it underestimates them, with
the exception of optically thick PN with fading central
stars like NGC 7293.

The (M(rms) ) value for PN larger than 0.12 pc is
0.67 Mg for the scale-independent sample, a value con-
siderably larger than 0.14 Mg, the adopted value by
Daub (1982). Consequently, the Daub distance scale
is shorter than ours by a factor of 1.87 for objects in
the 0.12 <r < 0.3 pc range.

Out of the 12 Type I PN in Daub’s (1982) sample,
10 have radii larger than 0.12. They are known to be
optically thick from other evidences, contrary to Daub’s
assumption that all PN with r > 0.12 pc are optically
thin. A similar situation with respect to PN of Type I
prevails in Cudworth’s (1974) sample.

We found a relation between N¢(FL) and size given

by:
r(pc) =589 (Ne)~1-04

which can be used as a distance scale for objects in the
0.01 to 0.2 pc range.
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