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Abstract. We have investigated de-reddened spectral line
ratios for some 538 planetary nebulae. As a result, it
has proved possible to define comparative variations be-
tween differing transitions, evaluate the viability of ra-
diative modeling for the generality of nebulae, and assess
the importance of shocks in modifying low- excitation line
strengths. Whilst most transitions are well represented in
terms of radiative excitation, the [OI] A6300 A line ap-
pears to be appreciably too strong in most of the present
sample; a deviation which may arise through shock inter-
action between the primary outflow shell and enveloping
superwind material. Comparison between shock modeling
and line excesses also suggests that an appreciable propor-
tion of [SII] A6716,/31 A emission may arise through shock
excitation; a conclusion which, if confirmed, may have seri-
ous consequences for nebular density estimations. Some 14
nebulae are identified as likely shock candidates, whilst it
is proposed that the majority of bipolar nebulae may also
show spectral deviations associated with shock excitation.
Line excesses for these latter sources are most consistent
with shock velocities Vi ~ 80 = 100 km s~!; values which
are also comparable to observed wind velocities.

Finally, sources containing FLIERs (Balick et al. 1993)
are shown to be confined to highly specific spectral
regimes; a result which permits us to identify three fur-
ther possible FLIER sources, and propose characteristic
line ratio diagnostics for the further discovery of such fea-
tures.

Key words: survey — ISM: planetary nebulae — ISM: jets
and outflows — shocks waves

1. Introduction

The low-excitation transitions of planetary nebulae have
long constituted a thorny problem for nebular spectral

Send offprint requests to: J.P. Phillips

analysis and model simulations. Thus, whilst the inten-
sities of intermediate to high excitation lines can of-
ten be represented in terms of quite simple nebular
models (e.g. Aller 1982), lower excitation line simula-
tions are frequently grossly in error (cf. Koppen 1983;
Middlemass 1990); a disparity which has only partially
been alleviated through recent use of more realistic (non-
homogeneous, non-spherically symmetric) source struc-
tures (Hyung et al. 1994, 1995; Hyung & Aller 1996).
Whilst the reasons for these differences are far from clear,
it appears likely that “excess” components of emission are
associated (in part) with micro-filamentary structures and
clumps (Hyung et al. 1994, 1995; Koppen 1979; Boeshaar
1974; Hyung & Aller 1995).

A further complicating factor relates to the possible
contribution of shocks; a process which is believed to be
important for explaining certain small (e.g. Balick et al.
1993, 1994; although see later) and larger scale nebular
structures (Cuesta et al. 1993, 1995; Balick et al. 1983; Icke
& Preston 1989; Icke et al. 1992), and would likely result in
enhanced low-excitation transitions (Shull & McKee 1979;
Raymond et al. 1989; Hartigan et al. 1987). Distinctive
shock emission signatures have already been noted in for
instance CRL 618, M2-56 (Goodrich 1991), KjPn 8 (Lopez
et al. 1995) and a variety of other sources (Bohigas 1994;
Balick et al. 1993, 1994; Meaburn & Walsh 1980a, 1980b;
Rowlands et al. 1994; Trammell & Goodrich 1996), al-
though the general prevalence of shocks (and their im-
portance in explaining lower excitation line strengths) re-
mains far from clear.

In the following, we shall analyse a broad range of pub-
lished optical spectra with the aim of evaluating trends in
(de-reddened) line emission for some 538 nebulae. These
are compared with the variations expected for radiative
and shock excitation models in an attempt to evaluate the
importance of collisional excitation; the extent to which
low excitation line anomalies are representative of plan-
etary nebulae (PN) in general; and finally, to determine
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the evolution in relative selected line ratios as a function
of nebular radius.

2. Observational and model data

For the purposes of this analysis we have compiled in ex-
cess of 2700 line intensities for the transitions of [OII]
A3729/6 A, [OII] A959/5007 A, [NI] A5200 A, [O]]
A6300 A, [SII] A6716/31 A, [SIII] A9532 A, Hel A5876 A,
and Hell \4686 A, using 807 spectra derived from Kaler
et al. (1996; a catalogue which is in turn based upon
data from in excess of 450 referenced sources); where fol-
lowing standard convention, the various line intensities
I(X) are quoted in terms of the normalised function 102
I(X)/I(HB). Since shocks may be confined to isolated
regimes within the nebular shells (see later), we have also
included spectra taken at multiple locations within the
same source.

The spectra have subsequently been dereddened using
the extinction measurements by Tylenda et al. (1992) in
combination with the extinction curve of Savage & Mathis
(1979). Note, in this latter case, that extinctions based
upon radio/HB measurements appear to be particularly
susceptible to uncertainties, and have not been included
in the present analysis. Similarly, results acquired at the
Observatoire de Haute Provence appear to be prone to
error, and have been employed sparingly.

From comparison with independent extinction mea-
surements (Tylenda et al. 1992) it appears that typical
internal errors do not exceed AC ~ 0.6 mag, which would
generate corresponding logarithmic errors in de-reddened
line ratios Alog[OII] ~ 0.17 and Alog[SII] ~ 0.19 (errors
in [OIII] would be significantly less, and in [SIII] some-
what larger). Similarly, errors in line ratio measurements
are unlikely to exceed 30%, implying logarithmic errors
<0.1.

Finally, the resulting corrected line strengths have
been correlated with nebular radii from Cahn et al. (1992)
with the aim of evaluating evolutionary variations in line
strength. Similarly, the observed trends are compared to
bow- and planar-shock results deriving from Hartigan
et al. (1987) and Shull & McKee (1979), and a variety
of radiative modeling results from Gruenwald & Viegas
(1992).

The latter analysis includes line ratio estimates for
various lines-of-sight through the model nebular shells;
a procedure which differs from most prior evaluations,
and parallels the procedures employed in acquiring the
present observations. We have included modeling for cen-
tral star temperatures 3.09 10* K < T, < 5 10* K,
densities 102 cm™2 < ne < 10% cm™3, and abundances
1/30 < Z/Z, < 1. Taking account of the evolution-
ary tracks of Schonberner et al. (1979, 1981, 1983), and
the mean shell expansion velocities of Phillips (1989), it
is apparent that model ratios conform most closely to
radiatively-limited shells with radii R < 0.1 pc.
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A selection of figures resulting from this analysis is
illustrated in Figs. 1 and 2.

3. Spectral trends in the general population
3.1. Characteristics of the [OI] transition

It is apparent from both narrow and broad-band imaging
of planetary nebulae that shell structures are often ex-
tremely complex, whilst fine-scale components (whether
clumpy or filamentary) may be associated with anoma-
lous enhancements in [OI] (see references cited in Sect.
1). The present results suggest that some such deviation
from normal trends must apply for the large majority of
sources, with [O]] in particular (Figs. 1c, d, f, h) lying sub-
stantially outside the range defined through the modelling
of Gruenwald & Viegas (1992): observed values are in al-
most all cases appreciably in excess of simulated results.
It therefore appears that the present results confirm for
the generality of nebulae what has long been known for
individual sources.

A diagram representing the excess in line ratios for
[OI] and other transitions is illustrated in Fig. 3 (see the
trend designated “OBSERVED”), wherein we indicate a
parameter R(GEN) = (log(Ig)) — (log(Im)) for the gen-
eral population of sources; where (log(I;)) represents the
mean logarithmic line ratio for the radiative models com-
bined, (log(Ig)) is the corresponding parameter for the
observed nebular sample, and bipolar nebulae have been
excluded (see the further discussion in Sect. 4.1). We have
also corrected R([OIII]) for use of inappropriately low
model central star temperatures, as discussed in Sect. 4.
Broadly speaking, therefore, R(GEN) is an indication of
the proportionate excess in line ratios over those antici-
pated through radiative modelling.

It is apparent that excesses in [OI] represent by far
the most serious departures from modelling of any of the
transitions considered here. This, in part, is likely to be
the result of low [OI] model line ratios, such that small
excesses in all lines would lead to disproportionately large
effects in this particular transition. Indeed, the evaluation
of a median excess parameter (Alp) = (Ig) — (Im) sug-
gests that the trends illustrated in Fig. 3 are consistent
with a similar excess in all transitions - a species of “veil-
ing” over and above that arising through normal radiative
excitation. How could such a component arise?

One possible indication is afforded through the work
Reay et al. (1988) and Phillips et al. (1992), where it is
noted that [OI] line intensities are proportional to the in-
tensity of shocked A = 2.1 pym Hy S(1) emission. One
plausible explanation, therefore, is that we are witnessing
a small shock excess at the HI/HII interface of optically
thick sources, or over the surfaces of neutral condensations
within the primary ionised mass.

Under these circumstances, and given that Iy =%
IL/RIQ, and Ig = (RIL —|—R Is)/(RI/g —|—S I@), then <AID>
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Fig.1. a) Logarithmic variation of [SII]/H3 with respect to [OIl]/HB, where we have indicated separately the results corre-
sponding to “normal” planetary nebulae (denoted “OBSERV.” in the internal caption), bipolar sources, shock and radiative
models, and sources containing FLIERs. The primary regimes corresponding to shock modeling and FLIERs are also indicated
separately. Multiple measures of individual FLIER sources are connected by dashed lines, whence it is apparent that NGC 7009
(----- ) and NGC 6543 (— - — - — -) are associated, in particular, with a broad range of line ratios. The single solid diagonal
line corresponds to the least squares regression trend for non-bipolar sources

may be equated with (51, —® I, (ST5/R15))(RI5 +5 I5)~L;
where Ig is the HB emission intensity, Ii, is the intensity
of the transition under investigation, and superscripts R
and S refer respectively to the radiative and shock terms.
Where 515 <® I3 and RIy, <5 Ig then (Alp) ~5 I, /R 1.
In other words, (AIp) for [OI] will be broadly propor-
tional to the shocked line intensity. Note, in this re-
spect, that force-fitting of observed [OI] line ratios to a
mix of shock and radiative modelling would imply values
5I5/RI5 ~ 0.06 for shock velocities V; = 45 km s™!; a
ratio which decreases still further as V; increases.

Inspection of the shock results of Raymond et al.
(1988) and Hartigan et al. (1987) reveals that a variety
of specifications might satisfy required excess character-
istics, including models 120=180, A100, D100 and bow
shock models 3 and 4. These are characterised by fairly
modest velocities Vg ~ 20 = 100 km s~!; comparable to

[OIMI] /HI expansion velocities Vexp, ~ 25 km s™! in nor-
mal PN (e.g. Phillips 1989; although note that [OII]/[NII]
velocities (characteristic of the nebular peripheries) are
typically ~ 60% larger).

Although the excess trends, observed expansion veloc-
ities and shock modelling appear therefore to offer a con-
sistent scenario, care must be taken in the interpretation
of such results; in particular, the synthetic data used to
assess (Iy) are far from representing an appropriate bal-
ance of models. Thus, although the radiative modelling
appears to simulate observed trends tolerably well (see
later), slight errors in (Iy) would have a disproportionate
effect upon (Alp) in all excepting the [OI] results.

A more interesting question, under these circum-
stances, is whether the very much more greatly en-
hanced [O]] line ratios are consistent with plausible shock
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Fig.1. b) Logarithmic variation of Hel/H(3 with respect to Hell/H3, where we have included the trend expected for radiative
line excitation in radiatively-bound sources (see text for details). Commencing from the extreme left, model points correspond
to central star temperatures of 30 000 K, 40000 K, 50 000 K, 60000 K, 70000 K, 80000 K, 90000 K, 100000 K, and 150 000 K.
The range in scatter of the results is significantly less than for the transitions illustrated in Fig. la

modelling. To investigate this, we note that for a shock
extending uniformly over the surface of a spherical nebula

SI(0I) SF(HB)
SI(OI) 7.8 102 |:bI(H[3):| |:10*4ergs cm—2s—1
RI(HB) nZ(R/pc)e

for case B radiative conditions, where ¢ is the nebular
filling factor, n, is the electron density, and SF(HQ) is the
HG flux emerging from the shock front. Given a proton
number density

_ 3 M

 ATR3muep

where M is the shell mass, and p is the mean atomic mass
per proton, and taking SF(HB) = U(ne/10?> cm=3) then
gives

*I(0I) 3.86[°1(O1)/*I(HPB)|[R/pc|?U

RI(HB) M /Mo

where U is a steeply varying function of shock veloc-
ity Vs (U « VS3'5), and we assume pre-shock densi-
ties to be comparable to n.. For representative values
M ~ 01 Mg, R ~ 0.1 pc and employing a value

Np

U = 0.22 appropriate for V; ~ 40 km s~! then yields
SI(OI)/RI(HB) = .038; a ratio which increases to .053 for
Vi ~ 50 km s=1 (U = 0.54). For comparison, the observed
value of AIp([OI]) based on logarithmic mean estimates
(i.e. log (AIp([OT))) = (log(Iu([O1))) log(10R(OD — 1))
is of order 0.052. It is therefore clear that much of the
observed emission may indeed be explicable through such
a mechanism. Indeed, the viability of such a model may
be even greater than supposed above, since a variation
in nebular mass M «x nY, vy = —1 = —0.7 (e.g. Boffi &
Stanghellini 1994; Pottasch 1984) would tend to propor-
tionately enhance [OI] in smaller nebulae.

In contrast, the trend towards smaller values of
Vexp(R) with decreasing R (e.g. Phillips 1989) might be
expected to work in the reverse direction, and lead to cor-
responding decreases in [OI] shock excesses; a factor which
may be responsible for the shallow secular variations in
[OI]/Hp noted in Sect. 3.2.

Finally, the theoretical trends for a range of transi-
tions and velocities are presented in Fig. 3. It can be seen
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Fig.1. c-j) Comparative logarithmic trends for a selection of
nebular transitions, where the solid diagonal lines again corre-
spond to least-squares regressions for non-BPN sources

that shock modelling predictions are more than adequate,
and accommodate a good proportion of the excess in [SII]
which, on this basis, would appear to be shock enhanced
by a factor ~ 2. Such a result may have severe conse-
quences for our understanding of nebular densities, since
it is apparent that [SII] line ratios would be to some degree
representative of compressed post-shock regimes, and im-
ply higher densities than are appropriate for the primary
nebular shells.

A further possible source for such trends may arise
through UV shadowing, appreciable ionisation stratifica-
tion, and charge exchange reactions in zones of partial
ionisation. Such mechanisms may not, in fact, be entirely
divorced from the process of shock excitation considered
above, since Rayleigh-Taylor and Kelvin-Helmholtz insta-
bilities would be expected to lead to frontal irregularities,
and the possible development of globular neutral conden-
sations within the primary ionised zones (cf. Capriotti
1973). Whether such features could account for the “veil-
ing” excesses noted above is, however, far from clear, and
requires further analysis.
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density bound sources (R > 0.1 pc)
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Fig.3. Observed variation of R(GEN) as a function of transi-
tion, together with comparative predictions for selected planar
shock models

Finally, we have noted that low-excitation emission
appears often to be associated with small-scale conden-
sations and filamentary structures (see for instance the
spectro-morphological studies of Phillips & Reay (1980)
and Boeshaar (1974), high resolution imaging of nearby
nebulae (e.g. NGC 7293, NGC 6543; e.g. Harrington 1995;
O’Dell & Handron 1996), and the line modelling analyses
of Hyung et al. (1994, 1995), Képpen (1979), Boeshaar
(1974) and Hyung & Aller (1995). It is therefore per-
tinent to ask whether the strength of the [OI] transi-
tion may be related to the degree of fragmentation of
the primary shell. More specifically, is there a correla-
tion between [OI] line strengths and the nebular filling
factor €7 To investigate this question, we have plotted
the variation of I([OI]) against values of ¢ derived from
Boffi & Stanghellini (1994), Kingsburgh & Barlow (1992),
Kingsburgh & English (1992) and Mallik & Peimbert
(1988) (Fig. 4; where we have adopted averaged values
of ¢ where multiple estimates are available). Cursory in-
spection suggests that there is little correlation between
the parameters. Whilst [OI] excitation may be associated
with nebular condensations, therefore, it would appear
that such emission is only superficially related to primary
shell fragmentation.

8.2. Radiative excitation of ionic transitions

In contrast to [OI], the other transitions investigated
here appear to follow radiative modelling trends tolera-
bly closely. We briefly review the characteristic line ratio
trends for the remaining transitions:

1) Trends in [SII], [OII] and Hel line ratios appear broadly
consistent with radiative modelling (Figs. la, f; although
note comments concerning [SII] in Sect. 3.1).

2) Power-law trends exist between the transitions [NI],
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Table 1. Least squares regression analysis for spectral line ratios

Y X C M r?

LOG[OI] LOG[NT] +0.70 0.68 0.65
LOGI[SII] LOGINI] +0.99 0.71 0.63
LOGI[SII] LOGIOI]] —0.74 090 0.56
LOG[SII] LOG[O]] +0.46 0.81 0.51
LOG[OI] LOGIOI]] —0.45 061 0.33
LOGI[SIIT] LOGIOII] +1.20 0.13 0.04
LOG[NI]  LOG[OI]] —-1.90 1.01 057
LOG[NI] LOG(R/pc) +1.43 1.04 0.37
LOG[SIT] LOG(R/pc) +1.88 0.73 0.23
LOG[OI] LOG(R/pc) +1.38 052 0.15

[O1], [OII], and [SII] (see Figs. la, d, g, h and j for rep-
resentative examples, and Table 1 for a summary of vari-
ous least-squares fits; where Y = M X + C, and 72 is the
correlation coefficient). In comparison, trends between the
radiative modelling results for [SII] and [OII], and Hel and
[OI1] appear closely similar in terms of absolute intensities
and gradients

Given that many of these line intensities increase with
increasing source radius (see Sect. 4 below), the trends also
correspond to an evolutionary sequence in which younger
nebulae (high densities, lower central star temperatures)
are located to the lower left of Figs. 1, and older nebulae
are to the upper right.

3) Comparison between theoretical and model results for
[NI], [O1], [OII], and [SII] reveals that the levels of scatter
are comparable. Much of the theoretical scatter derives
from the range of parameters T;, ne, and Z employed for
the radiative modelling, as well as through the contribu-
tions of differing lines-of- sight through the nebular shells.
This, in turn, underlines the necessity of employing mul-
tiple line-of-sight analyses for any radiative investigation
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of nebular line strengths; a factor not always appreciated
in previous analyses.

Note that the size of scatter exceeds probable errors
(Sect. 2) by a factor ~ 5.
4) Although correlation coeflicients are relatively low,
there appears to be evidence for statistically significant
variations in [OI], [SII], and [NI] line intensity with nebu-
lar radius (Fig. 2). This does not apply for higher excita-
tion transitions such as [SIII], Hell, [OIII] and He I. The
radial gradient for [NI] appears significantly greater than
for any other ion, whilst gradients for [OI] and [SII] are
comparable.

Such trends would be at variance with radiative mod-

elling of ionisation-bound nebulae, given likely evolution-
ary trends in Ty and n.. On the other hand, careful perusal
of these figures suggests that much of the apparent varia-
tion may arise from a jump in low-excitation line-strengths
close to R = 0.1 pc, by typical factors of between 0.5
and 0.75 dex; that is, as a result of the transition from
radiatively-bound to density-bound ionisation structures.
5) [SIII] intensities were not modelled by Gruenwald &
Viegas (1992), although they appear to be broadly com-
parable to those expected through shocks (Fig. 1i).
6) The wvariation of Hel with Hell differs from
most other trends in revealing a relatively con-
stant ratio I(Hel)/I(HB) up to the limiting value
log(102 I(Hell)/I(HB)) ~ 2, after which there is some
down-turn in ratios. Such trends are broadly consistent
with radiative analyses, as noted from the model results
illustrated in Fig. 1b; where we have assumed model nebu-
lae to be optically thick, spherical and homogeneous, with
typical densities n, = 10* cm™3, and electron tempera-
tures T, = 10* K (the relevant emission parameters are
insensitive to these parameters). We have also assumed
n(He)/n(H) = 0.115, case B conditions, a range of stellar
temperatures 3 1P K < T, <1.510° K, and adopted a
blackbody approximation to the stellar continuum. Ratios
refer to lines of sight through the nebular cores.

The downturn in I(Hel)/I(HB) for large values of
I(Hell)/I(HS) occurs for high central star temperatures,
and applies (in particular) to density-bound structures.

Finally, note that the similarity of Hel and HS emission

regimes for large ranges of central star temperature, and
the relative insensitivity of emission coeflicients to n, and
T, would lead to comparable Hel line ratios irrespective of
the mode of spectral sampling. This, in large part, is prob-
ably responsible for the reduced scatter in Hel compared
to [SII] and other intermediate excitation transitions.
7) The low scatter, invariant trend of [OIII] line ratios
(Figs. 1c, e) is also broadly consistent with the distribution
expected for radiative line excitation. For very much the
same reasons as were cited for Hel above, [OIII]/HS ra-
tios are expected to be reasonably consistent over a broad
range of central star temperatures, and as a function of
projected shell location.
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The failure of the radiative modelling to reproduce
these trends appears to arise, in part, from a sensitivity
in [OIII]/Hp ratios to low central star and nebular tem-
peratures; both sets of parameters are smaller (in certain
models) than would be appropriate for the spectral data
base investigated here.

4. Shock excitation of the nebular spectra

Given recent evidence for high velocity winds in planetary
nebulae (e.g. Cuesta et al. 1995), and for the formation of
jets and highly collimated flows at various stages of PN
evolution (cf. references cited in Sect. 1), it has become
apparent that many planetary nebulae are likely to dis-
play a range of shock related activity. Thus, for instance,
Bohigas (1994), Goodrich (1991), Trammell & Goodrich
(1996) and Lopez et al. (1995) have noted spectral signa-
tures consistent with shocks extending throughout large
fractions of the nebular ionised regimes, whilst Cuesta
et al. (1993, 1995) have found that the spatio- kinematic
structures of certain sources are consistent with shock in-
teraction between interior winds and external (superwind)
envelopes. These latter models (see also Balick et al. 1987;
Icke & Preston 1989; Icke et al. 1992) also bear a strik-
ing resemblance to the radiative modelling structures of
Hyung et al. (1994, 1995) and Hyung & Aller (1996), and it
is pertinent to ask whether such radiative analyses should
not also make allowance for components of shock excita-
tion.

Finally, recent high resolution imaging has revealed
that the helical structure of NGC 6543 may arise through
interaction between precessing jets and the primary shell
(Harrington 1995); whilst high velocity condensations
(“FLIERs”) are also likely to be associated with strong
shocks (although Balick et al. (1994) have voiced doubts
concerning the viability of this mechanism; see later).

It is apparent, therefore, that shock excitation may
dominate emission in certain post-main-sequence sources,
and it is relevant to ask whether the present work offers
any guide to identifying further such nebulae.

In fact, and apart from CRL 618, very few sources
can be unambiguously identified as being shock-excited;
the level of dilution by radiative components of emission
appears in most cases to be appreciable. Thus, whilst
[OI]/Hg line ratios are higher than would be anticipated
from radiative modelling, and may be partially enhanced
by shocks (see Sect. 3.1), they are distinctly smaller than
would be expected through shock modelling (a disparity
which reflects the predominance of radiatively excited H3
emission). Similarly, whilst [OIII] line strengths are larger
than predicted through shocks, [NI] intensities appear to
extend well into the shock regime of Fig. 1j; although as
part of a trend between [OI] and [NI] which extends pri-
marily outside of the shock zone.

Various nebulae may, nevertheless, represent strong
candidates for possible shock excitation, including the
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Table 2. Candidate shock excited nebulae
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Source Spectral Source Spectral
Regime Regime
BV 1 [OI1] /([SII][NI]) NGC 650 [SII]/[O1]]
CRL 618 [NI]/([O1][O11)[O111]), NGC 2899 [NI]/[O]]
[SI 1] /([OI][OI11}),[OI]/Hel
ESO 21602 [NI]/[O]] NGC 6720 [NI]/([OILI][OII])
He 2-15 [NI]/[O]] NGC 6853 [NI]/([OI][OII][OI1I]),
st/ (foror)
He 2-111 [O11] /([NT][SLI]) NGC 7019 [SII]/[OI1]]
M 2-51 [NI]/[O]] NGC 7293 [NI]/[OI11]
M 2-56 [OI]/([SII][NT]) YM 29 [SII]/[O11]

Fig. 5. Histograms of observed expansion velocities in bipolar
nebulae, where we have indicated both the primary shell ve-
locities (Low), and the velocities associated with accelerated
winds (High)

ubiquitous CRL 618 and some 13 other sources (Table 2,
where spectral identification regimes are also indicated;
[SII]/([OI][OI1I]) would imply detection in the [SII]—[O]]
and [SII]—[OIII] shock regimes). Certain of these sources
have previously been identified as likely shock candidates
(viz. CRL 618 and M2-56; Goodrich 1991), and/or possess
strong shock excited Hz S(1) emission (e.g. NGC 6853,
NGC 6720, NGC 2440, NGC 650, NGC 2899 and CRL
618 (e.g. Zuckerman & Gatley 1988; Kastner et al. 1994,
1996; Webster et al. 1988)). In addition, a large propor-
tion also possess bipolar morphologies; and these (with
their typically high velocities of outflow) constitute one
of the most likely subcategories in which such emission
might be observed. We have therefore indicated separately
in the figures all of those nebulae for which the observed
morphology is bilobal.

4.1. Bipolar sources

Apart from the sources cited individually in the previous
section, it appears that the majority of BPN fall outside
of the shock regimes in Fig. 1; although there are, nev-
ertheless, various trends to suggest that shock excitation
may be important for the group as a whole.
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Fig. 6. Variation of observed values R(BPN) as a function of

transition, wherein are also indicated the trends expected for
a variety of shock models

In the representation of [NI] against [OI] (Fig. 1j), for
instance, it is apparent that 74% of BPN fall into the shock
regime, whereas for the more general nebular sample the
proportion is 28%. Although this may be partly explica-
ble in terms of enhanced N abundances (viz. Peimbert
& Torres-Peimbert 1983; Corradi & Schwartz 1995), such
contributions are unlikely to account for all of the bias.
Similar trends (although perhaps less distinctive) are to
be found in plots of [O]] versus [OII] (Fig. 1d), [OI] versus
Hel (Fig. 1f), and so on.

These disparities are also illustrated in a slightly differ-
ing way in Fig. 6, where following the prescription in Sect.
3.1. we have defined a function R(BPN) = (log(Ippn)) —
(log(Ig)); where (log(Ispn)) is the logarithmic mean tran-
sition ratio for bipolar nebulae. Sample numbers are typi-
cally N = 500 for the primary nebular sample, and N = 40
for the BPN (where we have used the listing of Phillips
(1997) for BPN identification).

As aresult, it is apparent that emission in BPN departs
considerably from that of other planetary nebulae, with
values I([OII]) exceeding those of the general population
by a factor ~ 2.3. Such excesses are not however uniform,
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and the enhancement in Hel ratios is considerably more
modest (of order 7%).

The interpretation of such figures requires considerable
caution since, as we have noted above, CNO processing of
nebular material leads to anomalous abundances in type
I/bipolar sources, whilst central star temperatures and
shell masses are systematically higher than in the majority
of PN. The procedure is also open to uncertainties regard-
ing the mode of [OI] line formation, and possible variations
in this mechanism between differing nebular sub-groups.

Where such excesses are interpreted primarily in terms
of shocks, however, then it is possible to place relatively
tight constraints upon shock parameters. In particular,
a multi-dimensional least squares fit between the present
results and the models of Hartigan et al. (1987) indicates
that planar shocks with velocity V; = 80 = 100 km s~}
(models 180, I100 and B100) come closest to represent-
ing observed excesses. These trends, also illustrated in
Fig. 6, follow observed variations reasonably closely; the
most serious casualty ([NI]) reflecting probable enhanced
N abundances in the BPN. Given that model grids are
rather coarse, and that a small change in V; by 20 km s~!
would cause order of magnitude variations in line ratios, it
is unlikely that shock velocities will (in the mean) depart
greatly from the values cited above.

How consistent is such a result with what is known of
BPN shell kinematics? To assess this, we have illustrated
a compilation of [OIII] and HI expansion velocities for the
primary outflow shells (e.g. Kimeswenger 1997), together
with maximum shell velocities from Corradi & Schwartz
(1995) (Fig. 5); the latter corresponding to high velocity
winds which may, in certain sources, be responsible for
driving the lower velocity (higher mass) shells. It is clear,
from this, that deduced shock velocities would be most
consistent with higher shell outflow velocities Vi, ((Vi) =
161 km s~!); primary shell velocities (22 18 km s~!) are
too low. It is therefore conceivable that much of the excess
emission arises through interaction between the differing
kinematic outflow components.

4.2. Shocks associated with FLIERs

Recent investigations by Balick et al. (1993, 1994) have
emphasised the unusual spectral characteristics of high ve-
locity compact regions within the primary shells of plan-
etary nebulae; features which these authors have dubbed
FLIERs. Although it would be anticipated that the spec-
tra of these components are dominated by shock excita-
tion, Balick et al. have suggested that the observed ioni-
sation structures are inconsistent with such a hypothesis,
with [OI] peaking at larger radial distances than is the
case for higher excitation lines. This conclusion would, in
turn, be somewhat perplexing, given that there is so much
other evidence to favour shock excitation; not least, in
the clear similarity of the spectra to those of HH sources,
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and the difficulty in explaining these trends through any
other mechanism. We shall here briefly attempt to resolve
this paradox, before proceeding to investigate the spectral
characteristics of nebulae in which FLIERs are found.

A linchpin in the analysis of Balick et al. (1994) is the
assumption that the compact zones represent projections
of post-shock cooling regimes in the plane of the sky -
that is, that the observed ionisation stratification arises
through post-shock cooling and recombination. This, in
fact, is unlikely to be the case. On the basis of planar
shock modelling, for instance, Hartigan et al. (1987) have
noted that cooling zones would have typical widths

‘/S :|4.67 |:102 Cm_3:|
c
102 km s P

for shock velocities Vi > 60 km s~!, where n,, is the pre-
shock density of neutrals plus ions. Given n, ~ 103 cm™3
and V; = 100 km s~! this would then imply As ~
5.8 107 pc, whilst bow shocks more consistent with typ-
ical FLIER velocities ~ 50 km s~ would yield even lower
values for As. It would appear, in brief, that the post-
shock recombination zone is likely to be all but unre-
solvable, and that the physical dimensions of the FLIERs
(~ .01 pc) correspond to the projected bow-shock struc-
tures themselves.

Viewed in this light, it can be seen that peak [O]] in-
tensities would indeed be expected to occur where V5 is
largest (e.g. Hartigan et al. 1987) - that is, at the location
(the tip of the bow shock) where largest intensities appear
actually to be observed.

A further query which concerns Balick et al. is the
influence of ionisation by the central star radiation field;
and it is certainly true that some post-shock ionisation of
the cooling zone might be expected to lead to reduced low-
excitation intensities. Here again, however, it is likely that
the effect of this contribution can be greatly overstated. In
particular, the flux of ionising photons at the location of
most FLIERs is likely to be reduced through geometrical
dilution, and the re-ionisation of neutral atomic species at
lower radii. This, together with the appreciable post-shock
densities expected for high M shocks, would presumably
imply that radiative penetration of the post-shock cooling
zone is likely to be very small indeed.

Taken as a whole, therefore, there seems little reason
to doubt that the high velocity condensations of Balick
et al. do indeed represent bow-shock features.

Given these circumstances, one may then reasonably
ask whether such nebulae also possess excess lower exci-
tation line strengths, as we have shown to be the case for
BPN.

Such a trend, would, in fact be most unlikely, given
that the shocked components appear to be highly com-
pact, and contribute only a small proportion of the overall
nebular spectrum; the primary nebular spectra are likely
to be radiatively excited. Inspection of Figs. la largely
confirms this expectation, revealing that most of the line

As=5810"° [

Np



474

Table 3. Search for FLIERs in high-excitation nebulae
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Source Multiple Large Spec. Image FLIERs? Ref.
Spectra?  Variation? Resolved?
NGC 6537 N - Y Y? SCHW
IC 351 Y N? Y Y? IAC
HB 12 Y N N - TIAC
NGC 2022 Y N Y N SCHW
M 2-23 N - N - P&K
Me 2-2 Y N N - IAC
NGC 6891 N - Y N IAC
NGC 6833 N - N - P&K
NGC 6790 N - N - SCHW
NGC 6879 N - Y Y? IAC
He 2-97 N - N - P&K
M 1-4 N - N - P&K
A 204A N - - - -
A 204B N - - - -
A 204C N - - - -
J 320 Y N Y Y SCHW
NGC 6567 Y N Y N SCHW
NGC 5307 Y N Y - P&K
SN 1 N - Y N SCHW
M 1-1 N - N - IAC
M 2-30 N - N - P&K

intensities fall well outside of the shock regimes. Two fur-
ther features are however well worth noting, and represent
trends quite separate from the majority of sources.

It is apparent, in the first place, that relative line ratios
are a highly variable function of position within the nebu-
lar shells - much more so than applies for most “normal”
sources (viz. the connected line ratios for NGC 6543 and
NGC 7009 in Figs. 1a). This, in turn, might be expected
where observations are acquired at locations variously on
and off the shock features.

A second characteristic of such sources is perhaps even
more striking, and less open to anticipation.

Most of the line intensities for these sources, far from
being located close to the shock regimes, appear to be in
fact located at the opposite end of the excitation scale,
and to contribute a very large fraction of the points at
the lower limits of the [SII], [OI], [OII], [SIII] and [NI]
line ratios (as well as clustering at the higher end of the
Hell scale). Of the 25 nebulae having log([SII]) < 0.4
and log([OII]) < 1.4, for instance, fully 52% correspond
to FLIER nebulae. The nebulae containing such high ve-
locity features are clearly, in short, relatively high excita-
tion sources, and it seems likely that the phenomenon of
FLIERs must be in some way associated with this partic-
ular sub-category of nebula.

This, in turn, suggests that such spectral characteris-
tics may represent a useful diagnostic tool in the search
for further high velocity features.

The results of a provisional survey of this nature
are summarised in Table 1, wherein we list all sources
(excepting those of Balick et al. 1993, 1994) having

log(102[OI1]/HB) < 1.4 and log(10%[SII]/HB) < 0.4. None
of the nebulae possess widely disparate line ratios (as is
the case with NGC 6543 and NGC 7009), although mul-
tiple spectra are available in only a few of the sources.
Similarly, where nebular images are available in the cata-
logues of Schwartz et al. (1992; SCHW), Manchado et al.
(1996; IAC), and Perek & Kohoutek (1967; P&K) only a
minority are resolved.

Of the PN which have been adequately imaged, how-
ever, fully half show evidence for FLIER activity (J 320),
shock structures (NGC 6537), or low excitation asymme-
tries and condensations which may be interpretable in
terms of FLIERs (IC 351, NGC 6879). The other half
possess broadly symmetric shells which may repay fur-
ther investigation ; although it is apparent that all of these
sources would benefit from a program of imaging at higher
spatial resolutions, and in a broader range of transitions.

5. Conclusions

The structures of planetary nebulae are difficult to de-
termine with any degree of reliability - and this, indeed,
probably represents one of the primary obstacles to a full
comprehension of their optical spectra. This apart, how-
ever, it is clear that spectra in most planetary nebulae
can be simulated tolerably well through the application of
comparatively simple models. Thus, in the present work,
we have shown that [OII], Hel, and Hell intensities are all
more or less consistent with what would be expected given
radiative excitation, a spherical nebular structure, and a
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broad range of central star temperatures, gas densities and
(less critically) abundances.

Whilst higher excitation lines appear to possess rel-
ative strengths which are invariant with nebular radius,
[O1], [SII], and [NI] are all shown to display evolution-
ary changes, together with an appreciable scatter which is
likely to derive from variations in T, ne, and the spectral
sampling locations. The absence of comparable scatter in
[OIII] and Hel (and the relative invariance of these line ra-
tios) arises from a comparability of emission zones to that
for HI, and relative insensitivity of emission coefficients to
temperature and density.

In contrast to the other transitions, it appears that
[O]] intensities exceed model predictions in the major-
ity of nebulae. Such emission may arise through a vari-
ety of radiative processes associated (perhaps) with neu-
tral shell components, including UV shadowing, charge-
exchange reactions and so forth. In addition, we note that
kinematic expansion velocities may be sufficient to trig-
ger appreciable shock excitation of [OI]; a process which
would explain the close correlation between [OI] and Hs
S(1) line intensities.

Comparison between observed line ratios, and radia-
tive and shock modelling trends also suggests that a
suprisingly large proportion of [SII] A6716/31 A (approxi-
mately ~ 0.5 on average) may arise through shock excita-
tion. This, of confirmed, would suggest that [SII] density
estimates may be biassed towards the higher values char-
acterising post-shock emission zones.

We have identified 14 nebulae in which shock emission
may be appreciable, certain of which (CRL 618, M2-56)
have previously been identified as shock sources on the
basis of spectral diagnostics. A large proportion of these
candidates appear also to be characterised by appreciable
shocked Hy S(1) emission. It is suggested that differences
in spectral line ratios between bipolar nebulae and the
more general nebular sample may also derive from shocks;
for which case, it is apparent that most BPN are likely to
be shocked, and mean shock velocities would be of order
Vi = 80 = 100 km s~!. Such values appear consistent
with observed BPN wind outflow velocities, implying that
much of the observed excess may derive from interaction
between high velocity winds and the very much slower
primary shell outflows.

Sources containing FLIERs, on the other hand, ap-
pear to be located at the opposite end of the excita-
tion scale, and are confined to extremely tightly defined
spectral regimes; of the spectral measurements having
log(10%[OI1]/HpB) < 1.4 and log(10%[SII]/HB) < 0.4, ap-
proximately 52% correspond to sources associated with
FLIERs. This characteristic suggests a new diagnostic for
the identification of further such outflows; a methodology
which has been applied to suggest possible FLIER activity
in NGC 6537, NGC 6879, IC 351 and (in particular) J320,
where various symmetrically disposed pairs of condensa-
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tions straddle the nucleus and dominate the low excitation
structure.
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