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Abstract. Except for a very few planetary nebulae, it is usualliype | sources) for which it would be unsafe to apply such a
assumed that intrinsic extinction in such sources is companaethod?

tively small, and may be ignored. Such an assumption under- In the following, we shall propose that there may indeed be
pins all previous estimates of nebular distance employing tegidence for a strong evolutionary variation in visual extinction,
so-called “extinction” method. We here suggest that extincti@amd that levels of dust opacity in younger nebulae are often
may in fact be appreciable for sources having r&dik 0.1pc, appreciable. Such trends are also shown to be consistent with
and rise taC ~ 2 whereR = 8 10~3pc. Such trends are shownplausible models of shell expansion.

to be in reasonable agreement with a simple model of nebular

extinction.
2. The statistical data base

Key words: dust; extinction; planetary nebulae; survey For the purposes of this analysis we have employed four sepa-
rate estimates of nebular distances and radii based on two dif-
fering statistical procedures. In the first of these, initially exten-

1. Introduction sively developed by Daub (1982), a relationship is established

ween intrinsic distance and various observable parameters

. . . bet
VAVZEOE;?QS'EZ?’ ?;Er}ssnﬁeo(t))fsitrj\?;irg)glsainneiﬁ;y :::El?c? f';rt?r:?rt;figular size and radio flux) for a restricted sample of nebu-
9 ae at "known” distance - that is, for those where (presumably)

(6.9 Leene & Pottasch 1988; Pottasch et al. 1984; Phill fore reliable distances are available through estimates of spec-

& Mampaso 1988; Phillips & Cuesta 1994), and emission lWoscopic parallax, kinematic parallax and so forth. This cali-

grains has even been seen to extend into the far-red optical Si¥Siion is then employed to determine distances for a total of

trum (e.g. Eurtqn & Witt 1992), the ewd_ence for ass_omated %99 further nebulae; an analysis which has subsequently been
sual extinction is very much more restricted. In particular, cer-

tain type I/bipolar sources appear to be characterised by h:ghgated and improved by Cahn et al. (1992; hereafter referred

levels of dust opacity, most commonly concentrated towar 5 s CKS) toyield estimates for a yet greater sample (778) of
the nuclei (e.g. Calvert & Cohen 1978; Bohigas, 1994; Philli ch sources, Van de Steene & Zijistra (1994; VdSz) by con-

. - ; ast have employed galactic bulge sources to establish arelation
et al. 1985), the short-term time variability of which may lea ployed g g

to secular variations in larger-scale nebular structures (Allen tween radio continuum surface brightndssand distance,
g thereby enabling a statistical evaluation of distance for some

Swings, 1972) or modulations in central star luminosity (Cos- ! .
tero et al. 1986, 1993). 33 sources, whilst Zhang (1995) employs a synthesis of two

. related procedures to yield distances which are closely similar
For the larger proportion of planetary nebulae, however, P y y

S t0 those of VdSZ, but for a larger sample of 647 nebulae.
has usually been assumed that such intrinsic components of ex- . -
None of these methods lead to very secure distances for indi-

t!nctu_)n can pe regarded as small ornegligible. S_uch an assuingy al nebulae (VdSZ estimate internal errors-@f0%, whilst
tion, in particular, underpins the so-called extinction meth

- . . ang quotes an error range of 35-50%), and the various estima-

for determining nebular distances, whereby comparisons are ; . :
S Ions are clearly far from congruent (viz. the discussion of com-

made between observed nebular extinctions and those of nearby... . o

d ative nebular galactic bulge distributions by Zhang). Com-

stars of known spectral type (cf. Pottasch 1984). In Squgr risons between results based on these differing procedures

of this, Gathier et al. (1986) determined intrinsic extinction%a . o _
: . .are nevertheless useful in permitting cross-checks, particularly
Ep_v < 0.06mag in a subgroup of 13 nebulae for which this T L .
Where anomalies in extinction arise (see later). Such data bases

procedure was employed.

, . also possess two further appreciable advantages: firstly, that the
Is such a presumption true however for all categories of plan- P pp 9 Y y

etary nebulae, and are there particular subgroups (apart fare extensive, and permit statistically interesting trends in ex-
y ’ P group P f?nction to be evaluated; and second, that none of the data sets
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reddening of the observational data base. In this latter respe
however, one minor caveat should be stated: certain ofthec 41 .. e s
ibrating nebulae (i.e. those presumed to have well establist AR>02
physical parameters) rely upon distances evaluated through *°7 L
extinction method; a procedure which we will show to be ope | .
to possible error. In most cases, however, the sizes of nebu L LA .
so employed are such that levels of internal extinction are likes 25T
to be small. s |

The radii and distances cited above have subsequently b® | % .= .
correlated with measures of nebular extinction C tabulated 15+ "- i Ll S o B R *
Tylenda et al. (1992). Following the discussion of these authc - .

. . .. 14 a* & -,

we have, in particular, employed values of C deriving from ES . &y o
results, and mean estimates culled from the published literatL o5 1 AN ;
Radio/H3 extinctions have not been included, whilst results dt .E' _‘:.";\, - . .
riving from the Observatoire de Haute Provence have beene ° A o o
ployed sparingly. Distance (pc)

It has, as a consequence, proved possible to associatepx-1. Representative variation of observed extinction with distances
tinctions with some 521 nebulae in the Zhang tabulation; witfeduced by CKS. The central diagonal line corresponds to a mean
525 nebulae of CKS; and with rather smaller numbers (367 atnehd for the extinction distances tabulated by Pottasch (1994), whilst
258) for the VdSZ and Daub data sets. Since, in what followtbg flanking diagonal lines correspond to one standard deviation of
all four data sets are found to yield essentially similar results, \@&0r
shall confine our subsequent discussion to the more extensive
Zhang and CKS distance/extinction sets.

tincti

000 20000 25000

cultiesinidentification tend to restrict detections and/or distance
estimates to relatively closer sources; although it is interesting,
3. Extinction trends in planetary nebulae in this respect, to note that such trends are more obviously ap-

- . , L . arent for the CKS/Daub data sets than for the distances of
The variation of distance D with extinction C is represented ang/VdSZ.

Fig. 1 for the CKS data set; wherein we have also included a For the following analysis, wherein we evaluate trends of

meantrend based on the Summ_a“( of extinction dlstan(_:es N RO%inction with source radius, we propose to side-step this diffi-
tasch (1984, central diagonal line; flanking diagonal lines cqfy Ity by defining a so-called “corrected” extinCtistCy, for
respond to an error of one standard deviation). A compilationg y nebular subgroup.

22 more recent extinction distances from Martin (1994), Kaler

& Lutz (1985) and Gathier et al. (1986) yields a broadly com- S LG [r, Dy

parable gradien{C/D) = 0.36 + 0.19, whilst a comparative (" Ceorr) = S D, [ }

analysis for the data points in Fig. 1 yiel$/D) = 0.40+0.55. =t

For the CKS and other distance sets, therefore, it would app@giere(D) = n~1 """ | D, is the mean distance for the entire

that the scatter range ifC/D) is considerably greater thandata set..

would be anticipated from extinction-distance measures; a dis- Values™C,,,. can be regarded as comparable with the cor-

parity which is evident from even a casual inspection of Fig. dected extinction of any other nebular subgroup (56yc..)

and may reflect comparatively large internal errors in distangg®viding the mean associated gradié@yD),, = (C/D);—

D(CKS) as much as the appreciable range of gradi¢di8ID  that s, the distributions of nebular subgroupand on the sky

through which the nebulae are observed. are such as to sample available extinction gradients randomly.
None of the nebular samples for which distances have begils, in turn, will arise providing sample numbersandk are

evaluated can be in any respect regarded as complete. Tlusficiently large, and the distributions of nebulae upon the sky

for instance, larger nebulae have surface brightnesses whigh reasonably extended.

are frequently considerably lower than for less evolved nebu- As an initial application of this procedure, we note that

lae, leading to difficulties in detection at (in particular) largef the results of CKS are divided into two subgroups having

distances, where levels of intervening interstellar extinction are< (.08pc andr > 0.08pc (yielding corresponding sample

also enhanced. As a consequence, there is a bias towards defgghbersm(r < 0.08pc) = 229; k(r > 0.08pc) = 296),

ing nebulae at small distances D, and mean estimates of distape® (™ C,..(r < 0.08pc)) = 1.53 + .06, and (*Ceopr(r >

for nebular radii greater thaR ~ 0.2pc are correspondingly 0.08pc) >= 0.92 + .04. That is, the difference in corrected

reduced - as, for that matter, are mean extinctions (see Philliyginctions between small and larger nebulae

(1987) for further discussion of this problem, and of the pro-

cedures which have been employed to minimise such effect8Ccorr =

Similar biases may also influence mean estimates of distance for

smaller nebulae, since reduced intrinsic radio fluxes, and diff® Ceor: (r < 0.08pc)) — (*Ceorr(r > 0.08pc)) = 0.61 .07

)

n
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Fig. 2. Variation of corrected extinction with nebular radius (see text= Seu, . {:.“
where the lines connecting the bars denote the average extinction (c IR "u Lo, ‘Lh

. .. . . . ‘e [ .
tre lines) and error limits (flanking lines). The right hand panel refei *te,. "mg ', “IA a,
to radii based on the analysis of CKS, whilst the left hand panel cc %3 AR tbe TP SV
responds to radii deduced by Zhang (1995). Note, in particular, tt i "’iho ; LYY M
the bin centred otbg(R/pc) = —2.11 (right hand panel) represents T 1
an average oved log(R/pc) = 0.46, whereas other bins in this fig- 0.2 f f f f
-2,2 -1,7 -1,2 -0,7 -0,2

ure are of widthA log(R/pc) = 0.23. Similarly, the bin centred on
log(R/pc) = 0.09 (left hand figure) covers a rangklog(R/pc) =
0.52, whilst other bin widths aré\ log(R/pc) = 0.26. Despite some Fig. 3. Variation of “excess” extinction with nebular radius (see text),
difference in mean extinction, the trends appear broadly similar  where the data points correspond to nebular radii based on the proce-
dures of Zhang (1995; black bullets) and CKS (black boxes). In both
cases, a constant extinction value has been subtractedfram(Fig.

2), presumed to correspond to a mean value of interstellar extinction;

Zhang data set. It is apparent, in brief, that where nebulae H}%remaining trend to higher extinctions at small radii is taken to be

divided according to intrinsic radius. then there is evidence thre?l, and to arise from dust directly associated with the nebulae. Var-
g ’ |8‘us models are also illustrated, and described in the text. The lowest

smaller nebulae have significantly higher levels of extinctiq e refers to a model with “standard” parameters, prior to any at-
than larger sources. tempt at fitting, whilst the filled squares correspond to a case where

It is interesting, given this trend, to establish whether angxternal shell extinction alone is important. The two remaining curves
thing may be determined about the radius of onset of higherrespond (primarily) to interior shell extinction, and refer to models
extinctions, and the manner in which extinction varies with rahere Ul is increased over “standard” values by a factor 4.1 (case A;
dius. black triangles), and where U1 is decreased by 2.15and = —0.94

To evaluate this, we have further binned the data sets ifgSe B: black bullets)
nine ranges of\ log(R/pc), as illustrated in Fig. 2. Although
the median bin sample numbers are now smatesgbin '), At this point, it is pertinent to ask whether such levels of ex-
they are still sufficiently large to ensure comparability betweginction are physically plausible; given all that we know about
differing estimates o€, and yield trends with tolerably high nebular physical properties, is it reasonable to suppose that
levels of statistical significance. strong evolutionary trends in extinction might actually arise,

Both sets of results based on the distances of CKS and Zhaing be detectable through observation?
yield very similar trends, in the sense that extinction is signif-
icantly smaller for larger nebula&(> 0.1pc), and increases . L
rapidly to smaller radii (although note that the values of CK% Model trends in nebular extinction
are in all cases systematically larger). This comparability &elatively little is known concerning the composition, physical
trends is perhaps more clearly divined in Fig. 3, where we hasiearacteristics, and masses of dust residing in planetary nebulae.
removed a base extinction from both data sets (assumed to ®p-the other hand, where regions of higher grain opacity can be
resent the invariant component of interstellar extinction), amiscerned, then it appears that they are highly fragmented (as in
compared the results with various model trends to be discus$&gC 7027; Atherton et al. 1979) or strongly concentrated (as
inSect. 4. Itappears, fromthis, that both sets of distances (ZhamglGC 6302 or NGC 2440; Bohigas 1994; Cuesta & Phillips
and CKS) imply a level of excess extinction extending up t0997). Any model of grain opacity which assumes a contin-
ACcorr = 2mags for log(R/pc) = —2; although given the uous and homogeneous distribution of grains (as below) can
relatively crude radial binning that we have employed, it is agherefore be regarded as only a rather broad approximation, to
parent that excesses for the smallest nebulae in these samgdesmployed statistically in investigating appreciable samples
are likely to be significantly greater. of nebulae, or pedagogically in understanding mean extinction

It would appear, therefore, that there is a strong prima fadrends.
case for supposing that nebulae are associated with significantFor the purposes of analysing the variations in Fig. 3, we
amounts of intrinsic extinction, and that the level of this opacigdopt a model whereby PN are characterised by interior ionised
increases with decreasing radius. cores of constant density and radiuR;, enveloped by an ex-

Log (Radius/pc)

Similar valuesAC,,,: = 0.57 £ .07 are obtained using the
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tended (neutral) shell with density and radiuR,. Under these The combined extinctions arising from dust located in both
circumstances, and assuming a variation in H number densityternal (ionised) and external (neutral) envelopes can then be
readily shown to be given through a combination of expressions

2
n2 = Nao {IE} R>Ry (2) (4) and (6):

1 [ ;
then the totaHg flux received would be given through C = —log E/o a(1 — exp(—2U1{R} — a®}"?))
Flap) = 208 ) et [

Ry 2(R2—a2)0? 10 “ “ ¢ da
0.5aghvgniD ™2 / a / e Urradr,da 3)
0 JO

(8)

the nebula, and with respect to nebular impact parameter “a’
(i.e. projected distance from the centre of the nebula), and dis-
placement, along the line of sight through the internal ionisedExpression (8) applies where extinction is measured using inte-
shell.az andvs are, respectively, the relevaHi? recombina- grated nebular fluxes in any specified series of transitions (such
tion coefficient and frequency, whil# is the nebular distance, as the Balmer lines). More realistically, however, many optical
U, = 1.131072'n, x1, andy; is the corresponding dust deple-determinations o€ are based on limited aperture or slit mea-
tion factor. A valuey; = 1 denotes opacity levels per unit massurements confined to specific locations in the sources (usually
of gas comparable to the ISM, although this parameter may éxe bright nebular cores). For these cases, itis more convenientto
ceed unity as a consequence of enhanced grain formation (adppt a value of extinction appropriate to the projected nebular
in outflows enriched with nuclear synthesised products), or takere; a restriction which simplifies expression (8) considerably
values considerably less than unity where spallation and/or sttyield

limation are important. It follows from the above expression th%t B

extinction would be given by -

1 Ry
R 2 o205 —1 1-— —2U1R UsR1{1——/—:(9
1 /la{lfeiﬂjl(Rf*az)o.o}da Og{2U1R1[ exp( 1 1)]}+ 2 1{ RQ}()
201 Jy

where the left hand term represents the component of internal
Ry extinction, and the term on the right corresponds to “external”
/ a{R; — a2}0'5 da] (4) extinction arising from the neutral envelope. In what follows,
0 we shall generally assume thHat /R, < 1.

where integration is carried out over the projected surface grflog [/Rl a(R2 - a2)0‘5da]
0

C; = —log

+ log

. . ... If we now presume an evolutionary variationiin andy
We have so far assumed, in these expressions, that extinc 8B that

in the external envelope may be regarded negligible. More gen-

erally, the total column density of atoms through the outer e = n, {Rl}7 (10)
velope, projected in front of the ionised zone and along impac]t pc

parameter a is given by

R\’
, [ dR, X1 = X090 (11)
NQ = n20R1 / m (5) p
(R2—a2y0s Ra(R5 — a?)" . . . .
then from an earlier analysis by Phillips (1984) we find=
whence extinction oHg line emission by the outer envelope-1.56. Similarly, Lenzuni et al. (1989) determine a variation in
alone (and again for impact parametg¢mould given through Ly, opacitye R " which would implys ~ —0.23. Finally,

assuming the exterior neutral envelope to arise during an earlier

R2 R (R2 _ a2)0.5 X | K
Co = Uy —L {secl bzl NP N Sl . AV } (6) OHI/IR superwind phase of evolution, with mass-loss rates of
a a a orderdM/dt = 310~ °Muyr~! (Lepine et al. 1995; Baud &
where Habing 1983), and_ taking = 17.7 (Phillips 1984),)@ =
x2 = 1, and expansion velocitiég, = 20km sec~! then yields
_ 910G | f 1 oy U2=23107%(Ry /pe) 2 andUy = 210%(Ry /pe) 17,
2T AnVomp R? (7) How does this predicted variation compare with the results

determinedin Sect. 3?7 Infact, and as shown by the lower curve in
dM/dt is the mass-loss rate associated with the outer enveldpig. 3, it appears that we might expect an extinctibr 0.8 for
(assumedto be secularly invariant), is the expansion velocity, Alog(R/pc) = —2.2, compared to an “observed” value which
my is the atomic mass of hydrogen, agglis the relevant dust is somewhat more than twice as large, whilst opacity would de-
depletion coefficient. crease to very small values whdte~ 0.1 pc (as appears to be
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observed). Given the simplified nature of this model (and tliee nevertheless useful in suggesting that smaller nebulae are,
uncertainties in many model parameters), such a degree of dodeed, preferentially extincted; that the level of this extinction
formity is highly gratifying - it appears, in brief, that a model ofs appreciabl§ AC.,,. ~ 2 for R ~ 810~?pc); and that the
nebular extinction using “standard” parameters implies levels@folutionary decrement in this extinction is rapid, and in con-
extinction which are comparable to the values actually observéarmity with model predictions. Whilst the estimated nebular
One may, of course, attempt to tweak the model somewhatdistances of Daub (1982), Cahn et al. (1992), Van de Steene &
as to obtain improved fits to the “observed” data, and this viglstra (1994) and Zhang (1995) are not particularly accurate,
have illustrated in the three further curves illustrated in Fig. 3. they are at least tolerably independent, and employ two primary
the best of these fits (case A) we have incred$ebly a factor procedures for distance determination. It is unlikely, therefore,
of 4.1, suggesting that eitheg or yo may require increasing that similar non-random biases would occur for all four distance
proportionately (i.e. densities and/or grain opacities are greasets, and it is indeed difficult to perceive of reasons why such
than supposed above). A second curve (case B) shows the @memalies might arise in any of them.
sequence of assuming a steeper decreage and/orn; (i.e. We therefore conclude that the apparent variation in cor-
v+ 6 = —0.94) and a reduction iU, by a factor 2.5 or rected extinctiorC..,. is likely to reflect the presence of a real
Xxo Smallerthan assumed in the initial parameters cited abovehderlying trend.
This, although perhaps less persuasive than the previous fit, isFinally, most estimates of distance based on nebular extinc-
still perfectly acceptable, and suggests that comparatively smalh have, heretofore, been confined to nebulae of intermediate
changes in the parameteys, ng, v, or § (by a factor of 2 or radius (say 0.05pe& R < 0.5pc); a size range for which intrin-
s0) are sufficient to generate reasonable fits to the “observed’ extinction is likely to be small. The present work offers a
data points. We cannot, in brief, determine whether grain opaalutary warning not to extend such analyses to smaller nebular
ities per unit mass are required to be greater or smaller tharrawlii.
the ISM, or whether the rate of grain destruction (and opacity
decrease) is reqw_red to be steepe_r than presumed from 'nfraFﬁ%‘Peren ces
analyses (Lenzuni et al. 1979). It is however apparent that any
such departures from “standard” parameters are unlikely toAlen D.A., Swings J.P., 1972, ApJ 174, 583
excessive. Atherton P.D., Hicks T.R., Reay N.K,, et al. 1979, ApJ 232, 786

The fits that we have so far discussed are primarily donﬁi‘ﬁ? Sg‘JHaf;g%HAi;Alggg 918;A 127,73
nated by mterlc_Jr nebular extinction - the exterior (neutral)_ cont_ EJ.H_,’Kaler'lB., Stan’ghellini L. 1092, ARAS 94, 399
por?ent_ is predlcted _to be small. A reverse case (where inter %I:/ert N.. Cohen, M., 1978, MNRAS 182, 687
extinction is proportionately small compared to the outer she

N . A . _l)stero R., Tapia M., Mendez R.H., et al. 1986, Rev. Mex. Astron.
isillustrated by the trend offilled squaresin Fig. 3. Inthis case, it agirofis. 13 149

would appear that the predicted variation is rather steeper thegtero R., Schuster W.J., Tapia M., et al. 1993, Rev. Mex. Astron.

for the observed points, whilgtansg is required to bev 32 Astrof. 27, 103

times greater than supposed above; that is, either grain opacitiessta L., Phillips J.P., 1997, (in preparation)

are substantially greater than supposed for the ISM (suggestrayb C.T., 1982, ApJ 260, 612

an extremely rich grain formation environment), or (given th&turton D.G., Witt A.N., 1992, ApJ 386, 587

velocitiesV, are tolerably correct) thatM/dt o« Ving has Gathier R., Pottasch S.R., Pel J.W., 1986, A&A 157, 171

been grossly underestimated. Neither of these options is parﬁef;‘('—aen’eJAB"P'-é‘tté ;é;"’slssiygzgsig?;zgo 203

larl tising. In particular, whilst it is likely that mass-| o e ' '

?a?egtgigz ljrogd raﬁZe (():;Jv?illjes ir?pre?curigr O?ﬂ/lRasStZrS? en;uni P., Natta A, Panagia N., 1989, ApJ 345, 306
. . . E yine J.R.D., Ortiz R., Epchtein N., 1995, A&A 299, 453

L_epme et al. 1995), a value consonant Wlth the analysis abqy rtin W., 1004, A&A 281, 526

(ledM/dt ~ 10_3M®y1"_1) would constitute an extreme up_PhI”IpS J.P., 1984, A&A 140, 141

per limit. Phillips J.P., 1987, in IAU Symposium No. 131, de. S. Torres-Peimbert,
We are therefore of the view that most of the extinction ex- Kluwer Academic Publishers, Dordrecht, Holland, p.425

cesses noted in Fig. 3, and discussed in Sect. 3, are likely to aFb#lips J.P., Cuesta L., 1994, A&AS 104, 169

from grains located within the ionised zones, where infraréthillips J.P., Mampaso A., 1988, A&A 190, 237

observations have previously confirmed there to be appreciaBidlips J.P., White G.J., Harten R., 1985, A&A 145, 118
quantities of warm dust. Pottasch S.R., 1984, Planetary Nebulae, D. Reidel Publishing Co., Dor-

drecht, Holland
Pottasch S.R., Baud B., Beintema D., et al. 1984, A&A 138, 10
5. Conclusions Tylenda R., Acker A., Stenholm B.,dppen J., 1992, A&AS 95, 337

o o Van de Steene G.C., Zijlstra A.A., 1994, A&AS 108, 485
The presence of observable dust extinction within the shellsgfang c.v,, 1995, ApJs 98, 659

planetary nebulae is important for several reasons, not least be-
cause it offers a further insight into the physical properties of
these ill-defined environments. The present work must in this
respect be regarded as a highly preliminary essay, although it
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