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ABSTRACT

In Paper I, we presented spectrophotometric measurements of emission lines from the ultra-
violet (UV) to the far-infrared for 12 Galactic planetary nebulae (PNe) and derived nebular
thermal and density structures using a variety of plasma diagnostics. The measurements and
plasma diagnostic results are used in the current paper to determine elemental abundances in
these nebulae. Abundance analyses are carried out using both strong collisionally excited lines
(CELs) and weak optical recombination lines (ORLs) from heavy element ions.

Assuming electron temperatures and densities derived from H 1 recombination spectra (line
and continuum), we are able to determine the ORL C abundance relative to hydrogen for all
the PNe in our sample, N and O abundances for 11 of them and Ne abundances for nine of
them. In all cases, ORL abundances are found to be systematically higher than the corre-
sponding values deduced from CELs. In NGC 40, the discrepancy between the abundances
derived from the two types of emission line reaches a factor of 17 for oxygen. For the other
10 PNe, the discrepancies for oxygen vary from 1.6 to 3.1. In general, collisionally excited
infrared fine-structure lines, which have excitation energies less than 10* K and consequently
emissivities that are insensitive to electron temperature and temperature fluctuations, yield
ionic abundances comparable to those derived from optical/UV CELs. For a given nebula, the
discrepancies between the ORL and CEL abundances are of similar magnitude for different
elements. In other words, relative abundance ratios such as C/O, N/O and Ne/O deduced from
the traditional method based on strong CELs are comparable to those yielded by ORLs, for a
wide range of ORL to CEL oxygen abundance ratios, varying from near unity to over a factor
of 20.

We have also determined ORL abundances relative to hydrogen for the third-row element
magnesium for 11 nebulae in our sample. In strong contrast to the cases for second-row
elements, Mg abundances derived from the Mg 3d—4f 14481 ORL are nearly constant for
all the PNe analysed so far and agree within the uncertainties with the solar photospheric
value.

In accordance with results from previous studies, the ORL to CEL abundance ratio is corre-
lated with the difference between the electron temperatures derived from the [O 1] forbidden-
line ratio, on the one hand, and from the hydrogen recombination Balmer discontinuity, on
the other. We find that the discrepancy between the ORL and CEL abundances is correlated
with nebular absolute diameter, surface brightness, the electron density derived from [S11]
CELs, and excitation class. The results confirm that the dichotomy of temperatures and heavy
elemental abundances determined from the two types of emission line, which has been widely
observed in PNe, is a strong function of nebular evolution, as first pointed out by Garnett and
Dinerstein.
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Our analyses show that temperature fluctuations and/or density inhomogeneities are in-
capable of explaining the large discrepancies between the heavy elemental abundances and
electron temperatures determined from the two types of emission line. Our analyses support
the bi-abundance model of Liu et al., who have proposed that PNe contain another previously
unseen component of ionized gas which, highly enriched in heavy elements, has an electron
temperature of <103 K and emits strongly in recombination lines but not in CELs. Our deter-
minations of low average emission temperatures from the observed line intensity ratios of He
and O 11 ORLs lend further support to this scenario.

Key words: ISM: abundances — planetary nebulae: general.

1 INTRODUCTION

This paper is the second part of a work devoted to the study of
chemical abundances for a sample of Galactic planetary nebulae
(PNe) which, together with Liu et al. (2004, hereafter Paper 1),
focuses on the problem of optical recombination line (ORL) emis-
sion from heavy element ions (e.g. C2*, N**, O’* and Ne’*) in
PNe and H1 regions. A long-standing problem in nebular astro-
physics is a dichotomy between abundance determinations, whereby
heavy element abundances relative to hydrogen from weak ORLs
(such as C A4267, N1t A4041, O 11 114089, 4650) are systemati-
cally higher than those from (much brighter) collisionally excited
lines (CELs; often collectively referred to as forbidden lines) (e.g.
Peimbert, Storey & Torres-Peimbert 1993; Liu et al. 1995, 2000,
2001b; Garnett & Dinerstein 2001a; Ruiz et al. 2003; Wesson,
Liu & Barlow 2003; Peimbert et al. 2004; Tsamis et al. 2004).
A further problem is a dichotomy between temperature deter-
minations whereby electron temperatures (7.) derived from the
Balmer jump of the H1 recombination spectrum are systematically
lower than those derived from the collisionally excited [O 1] op-
tical forbidden-line ratio (e.g. Liu & Danziger 1993; Liu et al.
2001b).

In Paper I, we presented deep, scanned, medium-resolution op-
tical spectra for 12 PNe. The optical data, together with ultravio-
let (UV) data obtained with the International Ultraviolet Explorer
(IUE) and infrared data obtained with the Infrared Space Observa-
tory (ISO), were used to study nebular thermal and density struc-
tures. Electron temperatures and densities were derived from a va-
riety of CEL diagnostic ratios as well as from the H1 recombination
spectrum, specifically from the nebular continuum Balmer discon-
tinuity and the high-n Balmer decrement.

In this paper, we undertake a detailed chemical composition anal-
ysis and contrast heavy elemental abundances derived using the tra-
ditional method based on CELs, on the one hand, and from heavy
element ORLs, on the other. We will investigate whether the current
PN samples show the phenomenon observed in other PNe, whereby
ORL heavy element abundances are systematically higher compared
to those derived from the traditional method based on CELs and, if
so, the magnitude and distribution of the discrepancies, their possi-
ble links to other nebular properties, and finally the possible physical
causes of the discrepancies.

In Section 2 we present heavy element abundances derived from
UV, optical and infrared (IR) CELs, and He, C, N, O and Ne
abundances derived from ORLs. Mg abundances derived from an
ORL are also presented in this section. The results derived from

the two types of emission line are compared in Section 3 and
analysed in relation to other nebular properties in Section 4. Fi-
nally, in Section 5 we investigate possible physical causes of the
abundance and temperature determination discrepancies in terms
of nebular inhomogeneities in temperature, density and chemical
composition.

2 ABUNDANCE ANALYSIS

2.1 Ionic abundances from CELs

Ionic abundance ratios, X'+ /H*, derived from collisionally excited
UV, optical and IR lines for the 12 PNe in our sample are presented
in Table 1. Columns 1 and 2 list the ion name and the wavelength(s)
of line(s) used to determine the ionic abundance.

The inclusion of UV to far-infrared (FIR) observational data in-
creases significantly the number of ionic species whose abundances
can be determined and thus the accuracy of total abundances of
individual elements. For example, UV emission lines detected by
the IUE have given us access to ionic species such as: C* — C1i]
22326, C2t —Cm] 1908 and C3* — C1v A1550; N>+ —N 1] 1750
and N** — N1v] 11486; Ot — [O11] 12470, O** — O] A1663 and
03 —01v] 11401; Ne3+ — [Ne1v] A2423. UV observation is essen-
tial for carbon as it has no CELs in the optical and IR [except for
[Cu] 158 wm, which is however dominated by emission from the
photodissociated regions (PDRs) rather than the ionized regions in
most PNe]. Nitrogen abundance estimates also benefit greatly from
the inclusion of UV lines in the analysis, because in the optical
only the abundance of the trace species N* can be determined from
the [N 11] AA5754, 6548, 6584 emission lines. The inclusion of IR
fine-structure lines detectable by the /SO increases not only the total
number of ionic species whose abundances can be determined but,
more importantly, the analysis of IR fine-structure lines provides a
key to test the paradigm of temperature fluctuations as the cause of
the nebular electron temperature and abundance determination di-
chotomies found when using the two types of emission line — ORLs
versus CELs — thanks to the very low excitation energies (<10° K)
of IR fine-structure lines.

Ionic abundances in Table 1 were derived using the FORTRAN code
EQUIB, which solves the statistical balance equations for each ion and
yields level populations and line emissivities for a specified (T'¢, N.)
appropriate to the zone in a nebula where the ion is expected to exist.
Once the level populations are known, the ionic abundance can be
determined using the equation
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Table 1. Ionic abundances from CELs. Numbers in parentheses are powers of 10; values followed by ‘:* were discarded when calculating the total abundances.

Ion *(A) Hu 1-2 IC 3568 NGC 40 NGC 6210 NGC 6572 NGC 6720
ct 2326 2.28(—5) - 5.56(—4) - 2.51(=5) 7.75(=5)
ct+ 1908 2.90(—5) 1.15(—4) 1.02(—4) 9.51(—5) 4.98(—4) 2.41(—4)
(Gas 1548 1.63(=5) 1.56(—5) <4.04(=5) - - 4.76(—5)
N+ 6548,84% 1.37(—5) 1.39(—7) 7.58(—5) 2.90(—6) 7.23(—6) 6.61(—5)

122 pm? - 531(—6): 1.93(—=5): - -

122 pm¢ 1.41(=5): 4.24(-5): 3.78(=5):
N+t 1750 2.64(—5) 1.81(=5): - 5.98(—5) 1.28(—4) 8.42(—5)

57 um? <1.42(=5): 2.65(—5) 8.62(—6) 4.11(=5):

57 um¢ <7.08(=5): 5.58(—5): 1.48(—5): 1.17(—4): 1.06(—4) 7.63(—5)
N3+ 1487 4.56(—5) - - - - -
N4+ 1238 2.16(=5) - - - - -
o+ 2470 - - 6.89(—4): - 3.95(—5): 1.40(—4):

3726,29¢ 1.41(=5) 1.04(—6) 4.83(—4) 1.46(—5) 1.45(—5) 1.87(—4)

7320,30%4 1.90(—5): 1.29(—6): 5.56(—4): 2.15(=5): 1.73(=5): 1.94(—4):
ot+ 1663 3.51(=5): 1.17(—4): <9.89(—5): 2.98(—4): 4.96(—4): 3.57(—4):

4931 7.64(=5): 2.16(—4): 5.93(=5): 3.65(—4): 3.14(—4): 2.53(—4):

4959 4.35(—5) 2.43(—4) 1.20(—5) 4.23(—4) 3.47(—4) 3.02(—4)

52,88 um® <2.04(=5): 1.86(—4): 1.24(—5) 1.67(—4):

52,88 um¢ <7.27(=5): 3.30(—4): 1.86(—5): 9.62(—4): 4.01(—4): 3.24(—4):
o3t 1401 9.42(—5): - - - - -

25.9 pm? 3.97(-5) 1.02(—6) <1.92(-8): - -

25.9 um¢ 6.86(—5): 1.35(—6): <2.29(-8): 1.40(—4)
Net 12.8 um? 2.76(—6): - 1.01(—4): - - -

12.8 um¢ 2.79(—6) 1.01(—4)
Net+ 3868 1.13(=5) 4.88(—5) 5.33(=7) 9.72(—5) 7.94(—5) 1.08(—4)

15.5 pum? 1.39(—5): 6.93(—5): 5.74(=7): - 3.13(—6):

15.5 um¢ 1.44(—5): 6.83(=5): 5.79(=17): 3.43(—6): 1.07(—4):

36.0 um? - - - - 1.38(=5):

36.0 um® 1.74(=5): 1.89(—4):
Ne3* 4725 1.58(—5) - - - - 5.86(—5)
Nett 14.3 um? 8.14(—6) - - - - -

143 pm; 8.85(—6): - - - -

243 um 9.16(—6) - - - -

24.3 pum® 1.49(—5): - - - - 2.07(—6)
Ne>* 7.65 um 2.71(—6) - - - - -
Mgt 4.49 um 9.43(=7) - - - - -
Mg*t 2783 5.22(—6) - - - - -

5.61 um 6.19(—6) - - - - -
Sit+ 1889 5.53(=7) - 1.35(—6) 4.86(—6) 1.76(—6) -
st 4068,76¢ 3.33(=7): - 1.17(—6): 1.59(=7): 1.28(—7): 1.01(—6):

6716,31 2.96(—7) 5.35(=9) 1.24(—6) 2.08(=7) 1.25(=7) 1.23(—6)
Stt 6312 7.08(=7) 4.38(=7) 1.34(—6) 2.77(—6) 2.14(—6) 2.89(—6)

18.7 um? - 6.81(=7): 2.73(—6): - 1.92(=7): -

18.7 um¢ 7.03(=7): 2.69(—6): 3.22(=7):

33.5 um® - - 1.46(—6): - 8.18(—7):

33.5 um¢ 2.17(—6): 2.45(—6): 3.76(—6):
S3+ 10.5 pm? 9.57(=7): 1.04(—6): - - -

10.5 pm¢ 1.14(—6) 1.12(—6) 2.31(—6)
cr+t 5517,37 1.31(—8) 2.06(—8) 4.19(—8) 6.80(—8) 5.40(—8) 8.78(—8)
cPt 5323 2.42(—8): - - - 2.28(—8): -

7531 2.14(—8) 2.39(—8) - 5.47(—8) 2.05(—8) 2.29(—8)
Art 6.99 um? - - 1.37(—6): - - -

6.99 um¢ 1.38(—6)
Artt 7135 2.39(—7) 4.79(=7) 4.68(—7) 9.66(—7) 1.18(—6) 1.86(—6)

8.99 um® - - 8.25(—7): - - -

8.99 um¢ 8.31(—7):
At 4740 291(=7) 2.82(=7) - 2.99(=7) 2.89(=7) 2.05(=7)
Artt 6435,7006 1.68(=7) - - - - 1.74(—8)
Art 4.53 um 1.03(=7) - - - - -
Fet+s 4658 2.38(—8) 2.25(—8) 1.74(=7) 7.24(—8) 6.44(—8) 5.18(—8)

22.9 um - - 2.56(—7): - - -
Fe3t various - - 2.04(—6) 7.03(=7) 1.30(—6) 1.34(—6)
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Table 1 - continued

Ton r(A) NGC 6741 NGC 6781 NGC 6790 NGC 6826 NGC 6884 NGC 7662
ct 2326 1.66(—4) - 5.28(—6) 4.09(—5) 2.30(=5) 9.46(—6)
ctt 1908 2.47(—4) - 1.52(—4) 2.47(—4) 2.92(—4) 9.91(—5)
c3t 1548 1.32(—4) - - - 4.85(—5) 1.21(—4)
N+ 6548,84¢ 4.50(—5) 5.61(—5) 1.28(—6) 2.46(—6) 4.77(—6) 6.98(—7)
122 pum? - - - - -
122 pm¢ 6.80(—=5):
N+t 1750 1.29(—4) - 2.80(—5) 7.74(—5) 1.06(—4) 8.21(—6):
57 pum? 4.03(=5): - 5.59(—5) 2.41(=5): 1.73(=5)
57 um¢ 5.66(—>5): 1.74(—4) 8.68(—5): 8.34(—5) 3.96(—5):
N3+ 1487 6.02(—5) - - - - 3.05(—5)
N4+ 1238 1.73(—4) - - - - 1.15(=5)
ot 2470 1.87(=3): - - - - 4.28(—6):
3726,29¢ 1.03(—4) 1.57(—4) 4.63(—6) 2.48(—5) 1.07(=5) 3.18(—6)
7320,30%4 1.13(—4): 1.50(—4): 4.11(—6): 4.26(=5): 1.17(=5): 4.70(—6):
ott 1663 2.48(—4): - 2.27(—4): 3.05(—4): 4.49(—4): 7.62(—5):
4931 2.91(—4): - 2.21(—4): 2.70(—4): 3.09(—4): 1.72(—4):
4959 2.56(—4) 2.73(—4) 2.44(—4) 3.29(—4) 3.62(—4) 1.79(—4)
52,88 um® 1.03(—4): 2.86(—4): 1.26(—4): 1.80(—4):
52,88 um¢ 1.39(—4): 6.23(—4): 1.52(—4): 4.03(—4): 3.64(—4): 3.49(—4):
o3t 1401 7.22(—4): - - - - 1.88(—4):
25.9 pm? 4.95(-5): - 1.53(=5): 9.15(—5)
25.9 um¢ 6.09(—5) 1.33(=5) 2.48(—6) 3.18(=5) 1.31(—4):
Net 12.8 um® 1.12(=5): - - - - 9.62(—7):
12.8 pum¢® 1.12(=5) 9.68(—7)
Net+ 3868 7.02(—5) 1.03(—4) 5.13(—5) 6.49(—5) 8.74(—5) 3.20(—5)
15.5 pm?® 7.26(—5): 5.54(=5): 4.51(-5): 3.98(-5):
15.5 pum® 7.39(=5): 3.73(—4): 3.28(—5): 5.61(=5): 4.78(=5): 4.08(=5):
36.0 pm” 8.58(—5): - - 8.49(—5): 5.80(—=5):
36.0 um® 8.97(—5): 3.33(=5): 9.93(—5): 6.16(—5):
Ne3+ 2423 6.64(—5): - - - 2.91(=5): 3.08(=5):
4725 8.42(—5) - 1.43(—6) - 5.21(=5) 4.30(-5)
Nett 14.3 pm? 2.51(—6) - - - - 1.20(—6)
14.3 um¢ 2.66(—6): 1.28(—6):
24.3 um® 4.19(—6) - - - - 1.95(—6)
243 um© 5.17(—6): 2.73(—6):
Mgt 4.49 um 1.43(—6) - - - - 8.50(—6)
Mgt 2783 - - - - - 9.15(=7)
5.61 pm 1.28(—6) - - - - 1.16(—6)
Sitt 1889 - - - 2.14(—6) 9.44(—7) 4.78(=7)
st 4068,76¢ 1.25(—6): 8.08(—7): 5.14(—8): 471(-8): 2.09(—7): 6.20(—8):
6716,31 1.34(—6) 9.35(=7) 7.10(—8) 5.06(—8) 1.43(=7) 4.80(—8)
St+ 6312/ 2.71(—6) 2.78(—6) 8.50(—7) 1.82(—6) 1.89(—6) 9.51(=7)
18.7 um® 2.57(—6): - - 1.37(—6): 1.29(—6): 1.26(—6):
18.7 pum¢® 2.89(—6): 1.42(—6): 1.86(—6): 1.40(—6):
33.5 um® 3.88(—6): - - 2.01(—6): - 6.51(=7):
33.5 um¢ 5.61(—6): 3.11(—6): 1.34(—6):
S3+ 10.5 um® 5.19(=7): 5.89(=7): 1.83(—6): 2.29(—6):
10.5 um¢ 5.61(—7) 5.72(—6) 6.19(—=7) 6.20(—7) 2.41(—6) 2.56(—6)
crtt 5517,37 6.16(—8) 7.92(—8) 1.95(—8) 6.55(—8) 6.06(—8) 2.82(—8)
cPt 5323 - - 2.32(—8): - - 5.39(—8):
7531 2.29(—8) - 2.25(—8) 1.08(—8) 4.85(—8) 6.15(—8)
Artt 7135 1.42(—6) 1.61(—6) 3.25(=7) 1.11(—6) 9.96(—7) 4.32(=7)
8.99 pum® 8.67(—7): - 6.01(=7): 9.01(=7): 4.68(—7):
8.99 um¢ 8.79(—7): 1.63(=7): 6.05(=7): 9.43(=7): 477(=T7):
At 4740 5.56(—7) 1.12(=7) 2.24(=7) 8.48(—8) 7.23(=7) 5.30(—7)
Ar*t 6435,7006 1.34(=7) - - - 2.88(—8) 8.21(—8)
7.91 um - - - - - 2.10(—6):
At 4.53 um 2.37(—8) - - - - 1.77(-8)
Fetts 4658 2.82(—7) - 3.37(—8) 8.03(—8) 8.42(—8) 5.99(—8)
Fe3t various - - 6.12(—8) 2.98(—7) 2.13(=7) 1.48(=7)

Notes. “Corrected for contributions from recombination excitation. ”Assuming N derived from the [Om] 52-pm/88-um ratio. ‘Assuming the average
N, yielded by various optical diagnostics. dCorrected for contribution from the [Ar1v] A7331.40 line assuming [Ar1v] 1(17331.40)/1(17262.76) = 0.196.
¢Corrected for contributions from O V10 and C m V16 using a synthetic recombination line spectrum. *Corrected for contributions from the He 11 16310.80
line using a synthetic recombination line spectrum. ¢ Upper limit as the 24658 line could be contaminated by C1v 14658, especially in high-excitation PNe.
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Here, /(1) is the dereddened flux of an emission line of wavelength
A emitted by ion X™* from upper level i to j following collisional
excitation by electron impacts, A;; is the Einstein spontaneous tran-
sition probability of the transition, n; is the fractional population of
upper level i, Ej; is the photon energy of the emission line, o.(HB)
is the effective recombination coefficient of H8 and hv,; is energy
of an HB photon.

For nebular abundance analyses using the traditional method
based on CELs, T.(N1) is generally assumed for singly ionized
species and T.(O 1) for ions of higher ionization degrees. How-
ever, electron temperatures derived from the [N 11] and [O 11] nebu-
lar to auroral line ratios can be overestimated due to contamination
of the [N 1] and [O1] auroral lines by recombination excitation
(Rubin 1986; Liu et al. 2000). In Paper I, we presented T (N 11)
deduced after correcting the effects of recombination excitation. In
the current work, we have adopted the corrected T.(N 11) for ionic
species with ionization potentials lower than 20 eV (essentially all
singly ionized species) and T.(O1) for ions with higher ioniza-
tion potentials (essentially all ionic species other than those that are
singly ionized). In calculating N*/H* and O"/H* from the mea-
sured intensities of the [N 11] and [O 1] nebular lines, we have also
corrected for the recombination contributions to these lines. The
various adopted T, values are listed for each nebula in table 8 of
Paper 1.

For electron densities, we have adopted mean values deduced
from various optical diagnostics, as listed in table 7 of Paper L
However, for FIR fine-structure lines with relatively low critical
densities, such as the [N 1] 122-pum, [N 1] 57-um and [O 1] 52-,
88-pum lines, densities deduced from the [O 1] 88-pum/52-pum ra-
tio were used for PNe with low densities [log N.([Ariv]) < 3.9
cm~?]. For a given nebula, the [O 1] 88-pum/52-pm ratio typically
yields a lower density compared to the mean value given by optical
density-diagnostic line ratios, suggesting moderate density inho-
mogeneities (Liu et al. 2001a). For the majority of the other abun-
dance diagnostic lines listed in Table 1, the differences between
ionic abundances deduced assuming these two densities are negli-
gible, owing to their high critical densities. For comparison, ionic
abundances derived from IR fine-structure lines assuming the higher
density yielded by optical density-diagnostics are also provided in
Table 1.

2.2 Tonic abundances from ORLs

In the following subsections, we present ionic abundances for He,
C, N, O, Ne and Mg derived for 11 PNe from ORLs. Electron tem-
peratures derived from the H 1 recombination Balmer discontinuity
were adopted in the calculations. For the electron density, the mean
values deduced from various optical diagnostics have been assumed
for each nebula, i.e. the same as those adopted for the CEL abun-
dance analysis. As pointed out in Paper I, for the nebulae in our
sample, the high-order H1 Balmer lines yield densities comparable
to those given by the CEL optical density-diagnostic ratios. Ionic
abundances relative to hydrogen deduced from ORLs depend only
weakly on electron temperature, and are essentially independent of
electron density under the low-density conditions prevailing in most
nebulae.

The ionic abundances deduced from ORLs for each nebula are
presented in Tables 2—-12, respectively. The atomic data used are
the same as described by Liu et al. (2000), except for Het /H™' and

© 2004 RAS, MNRAS 353, 1251-1285
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Table 2. Tonic abundances from ORLs — Hu 1-2. We assume 7. = 18 900
K and N, = 4500 cm™3. Numbers in parentheses are powers of 10.

Ton Xo (A) Multiplet Tobs Xit+ /Ht
Het 5875.66 Vil 8.27 0.040
4471.50 Vi4 3.19 0.047

6678.16 V46 2.11 0.052

Mean 0.043

Hett 4685.68 34 96.9 0.088
Sum 0.131

ctt 4267.15 Vo6 0.109 1.05(—4)
ct3 4647.42,50.25,51.47 V1 0.123 3.37(-5)
4186.90 V18 0.142  1.52(—4):

Mean 3.37(=5)

N++ 5666.63 V3 0.063 2.35(—4)
5676.02 V3 0.038 3.22(—4)

5679.56 V3 0.143 2.83(—4)

5686.21 V3 0.027 3.10(—4)

5710.77 V3 0.021 351(—4)

V3 0.294 2.84(—4)

4601.48 V5 0.016 1.76(—4)

4613.87 V5 0.023 4.27(—4)

4621.39 V5 0.023 3.19(—4)

4630.54 V5 0.092 3.41(—4)

4643.09 V5 0.016 1.82(—4)

V5 0.192 2.96(—4)

4788.13 V20 0.009 1.80(—4)

4803.29 V20 0.014 1.55(—4)

V20 0.035 1.64(—4)

5940.24,1.65 V28 0.021 1.35(—4)

3d—4f transitions

4041.31,3.53 V39a,b 0.023 1.06(—4)

4176.16 V43a 0.014 2.44(—4)
4241.24,78 V48a 0.035 4.23(—4)
4431.82,2.74,3.48 V55a,a,b 0.019 3.48(—4)

Sum 0.080 1.06(—4)

Mean 1.06(—4)

N3 4378.99,9.20 V18 0.199 8.85(-5)
o+t 4649.13,50.84 Vi 0.049 7.06(—5)
4676.24 \%! 0.065 5.07(—4)

Vi 0.101 7.06(—5)

4349.43 V2 0.015 7.08(=5)

V2 0.042 7.08(—5)

4129.32,32.80 V19 0.021 3.35(—4)

4153.40 V19 0.024 3.03(—4)

V19 0.066 3.17(—4)

3d—4f transitions

4273-78 V53c¢,67 0.022 1.79(—4)

4315-20 V2,53a,63¢,78b  0.048 2.57(—4)
4609.44,10.20 V92a,c 0.027 5.02(—4)

Sum 0.213 2.32(—4)

Mean 7.07(=5)

Mgtt  4481.21 V4 0.035 3.34(-5)

N?**/H*. For Hel lines, we have adopted the emissivities given in
Benjamin, Skillman & Smits (1999) who combined the effective
recombination coefficients calculated by Smits (1996) for some se-
lected He1 lines and the collisional excitation rates from the 2s°S
metastable level of Sawey & Berrington (1993). For N** /H*, the
more recent calculations of the effective recombination coefficients
for N1 lines by Kisielius & Storey (2002) have been used, except
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Table 3. Ionic abundances from ORLs — IC 3568. We assume T, = 9490
K and N, = 2000 cm~3. Numbers in parentheses are powers of 10.

Table 4. Tonic abundances from ORLs — NGC 40. We assume 7 = 7020
K and N, = 1200 cm~3. Numbers in parentheses are powers of 10.

Ton Xo Multiplet Tobs X+ /Ht Ton X0 Multiplet Tobs Xi+/Ht
He* 5875.66 Vil 13.8 0.094 He* 5875.66 Vil 9.20 0.062
4471.50 V14 5.20 0.101 4471.50 V14 3.15 0.061
6678.16 V46 3.72 0.092 6678.16 V46 2.52 0.059
Mean 0.095 Mean 0.062
Hett 4685.68 3.4 1.26 0.001 Hett 4685.68 3.4 0.044 3.40(—5)
Sum 0.096 Sum 0.062
ctt 7231.32 V3 0.040 9.75(—5) ctt 7231.32 V3 0.360 8.55(—4)
7236.42,7.17 V3 0.084 1.02(—4) 7236.42,7.17 V3 0.595 7.07(—4)
V3 0.136 1.00(—4) V3 0.955 7.56(—4)
4267.15 V6 0315 3.00(—4) 3918.98 V4 0.200 1.26(—2)
6461.95 V17.04 0.043 3.96(—4) 3920.69 V4 0.404 1.26(=2)
Mean 3.00(—4) V4 0.604 1.26(—2)
ct? 4647.42,50.25,51.47 Vi 0.171 5.24(—5) 4267.15 V6 0.667 5.96(—4)
4491.13,22 0.015 6.68(—4)
N*+ 5666.63 V3 0.028 1.28(—4) 6151.43 V16.04 0.032 7.21(—4)
5676.02 V3 0.009 9.19(=5) 6461.95 V17.04 0.068 5.90(—4)
5679.56 V3 0.024 6.00(—5) 5342.40 V17.06 0.050 8.50(—4)
5686.21 V3 0.021 2.92(—4) Mean 5.96(—4)
V3 0.087 1.04(—4)
4630.54 V5 0.026 1.18(—4) N+t 5666.63 V3 0.042 1.98(—4)
V5 0.062 1.18(—4) 5676.02 V3 0.013 1.42(—4)
Mean 1.10(—4) 5679.56 V3 0.088 2.24(—4)
N+3 4378.99,9.20 V18 0.056 2.36(—5) 5686.21 V3 0.014 1.99(—4)
5710.77 V3 0.009 1.91(—4)
ot+ 4661.63 \%! 0.068 5.17(—4) V3 0.167 2.04(—4)
4676.24 Vi 0.062 5.60(—4) 3994.99 Vi2 0.024 3.35(—4)
A2 0.666 5.37(-4) 5927.81 V28 0.012 4.24(—4)
4317.14 V2 0.058 7.68(—4) 5931.78 V28 0.033 5.07(—4)
4319.63 V2 0.047 5.77(=4) 5940.24,1.65 V28 0.047 3.24(—4)
4366.89 \¥ 0.079 9.90(—4) V28 0.102 3.87(—4)
V2 0.359 6.68(—4) 3d-4f transitions
4414.90,16.97 V5 0.045 5.68(—4) 4035.08 V39a 0.038 3.94(—4)
V5 0.049 5.68(—4) 4043.53,1.31 V39a,b 0.073 2.55(—4)
4072.16 V10 0.097 4.06(—4) 4176.16 V43a 0.021 2.80(—4)
4075.86 V10 0.126 3.66(—4) 4236.91,7.05 V48a,b 0.018 1.57(—4)
V10 0.366 3.82(—4) 4241.24,78 V48a 0.023 2.18(—4)
4132.80 V19 0.034 6.22(—4) 4431.82,2.74,3.48 V55a,b 0.010 1.35(—4)
V19 0.128 6.22(—4) 4442.02 V55a 0.008 2.97(—4)
3d—4f transitions 4552.53 V58a 0.023 8.56(—4)
4088.27,9.29,7.15 V48a,c 0.061 4.26(—4) 4530.41 V58b 0.015 1.39(—4)
4083.90 V48b 0.028 8.69(—4) Sum 0.245 2.25(—4)
4273-78 V67 0.077 5.47(—4) Mean 2.15(—4)
4281-84 V53,67 0.030 7.57(—4)
4303.82,61,4.08 V53a,67 0.035 6.58(—4) ot+ 4638.86 Vi 0.043 4.23(—4)
4294.78,92 V53b 0.021 6.59(—4) 4349.43 \ 0.037 1.97(—4)
4609.44,10.20 V92a.c 0.042 6.66(—4) 4366.89 V2 0.023 2.91(—4)
Sum 0.619 5.85(—4) V2 0.120 2.25(—4)
Mean 5.34(—4) 3d—4f transitions
4088.27,9.29,7.15 V48a,c 0.022 1.45(—4)
Net+ 3694.21 \%! 0.094 2.84(—4) 4273-78 V67 0.039 2.59(—4)
3766.26 V1 0.053 3.78(—4) Sum 0.228 2.02(—4)
3777.14 \! 0.044 3.40(—4) Mean 2.14(—4)
\2 0.300 3.18(—4)
3829.75 V39 0.039 3.14(—4) Mgt 4481.21 V4 0.023 2.09(—5)
V39 0.066 3.14(—4)
3d-4f transitions
4457.05,24 V61d,66¢ 0.026 3.04(—4) for lines from 3d—4f configurations, for which we have adopted the
Mean 3.12(—4) same atomic data as used by Liu et al. (2000).
Mgt+ 4481.21 0.042 3.99(—5)

2.2.1 He*/H* and He?* /H*

Singly and doubly ionized helium abundances were derived from
the He1 14471, L5876 and 16678 and He 1 A4686 recombination

© 2004 RAS, MNRAS 353, 1251-1285



Table 5. Ionic abundances from ORLs — NGC 6210. We assume 7. = 9300
K and N, = 4400 cm~3. Numbers in parentheses are powers of 10.

Ton Xo Multiplet Tobs Xit+/Ht
He* 5875.66 Vi1l 13.9 0.093
4471.50 Vi4 5.22 0.101

6678.16 V46 4.03 0.099

Mean 0.096

Hett 4685.68 34 1.49 0.001
Sum 0.097

ct+ 7231.32 V3 0.038 9.25(=5)
7236.42,7.17 V3 0.089 1.07(—4)

V3 0.136 1.00(—4)

3918.98.20.69 V4 0.033 6.09(—4)

4267.15 V6 0.336 3.20(—4)

6151.43 V16.04 0.019 4.39(—4)

6461.95 V17.04 0.034 3.13(—4)

5342.40 V17.06 0.045 8.04(—4)

Mean 3.20(—4)

ct3 4647.42,50.25,51.47 Vi1 0.141 4.31(-5)
4186.90 V138 0.069 1.04(—4)

Mean 4.31(=5)

N+t 5666.63 V3 0.028 1.31(—4)
5676.02 V3 0.010 1.07(—4)

5679.56 V3 0.048 1.19(—4)

5686.21 V3 0.014 1.89(—4)

5710.77 V3 0.006 1.18(—4)

V3 0.107 1.27(—4)

4607.16 V5 0.015 2.67(—4)

4630.54 V5 0.019 8.85(-5)

V5 0.076 1.45(—4)

3994.99 Vi2 0.017 2.03(—4)

4788.13 V20 0.008 1.77(—4)

4803.29 V20 0.013 1.64(—4)

V20 0.035 1.77(—4)

5940.24,1.65 V28 0.020 1.42(—4)

V28 0.037 1.42(—4)

3d—4f transitions

4035.08 V39a 0.017 1.91(—4)
4041.31,3.53,4.78 V39a,b 0.022 7.83(=5)

4176.16 V43a 0.006 8.53(-5)
4236.91,7.05 V48a,b 0.018 1.66(—4)
4241.24,78 V48a 0.030 3.06(—4)
4431.82,2.74,3.48 V55a,b 0.017 2.59(—4)

4442.02 V55a 0.010 4.03(—4)

4552.53 V58a 0.017 6.75(—4)

453041 V58b 0.020 1.92(—4)

Sum 0.176 1.86(—4)

Mean 1.63(—4)

N3 4378.99,9.20 V13 0.078 3.26(—5)
o+ 4638.86 Vi 0.101 9.76(—4)
4649.13,50.84 Vi 0.502 8.40(—4)

4661.63 Vi 0.150 1.14(-3)

4673.73 Vi 0.028 1.36(—3)
4676.24,7.07 V1,91 0.114 1.00(-3)

4696.35 V1,89a 0.016 1.14(-3)

Vi 1.17 9.46(—4)

4319.63 V2 0.052 6.42(—4)
4324.79,5.76,7.59 V2,63b,75¢ 0.022 1.32(=3)

4349.43 V2 0.119 6.36(—3)
4366.53,79,89,9.28 V2,26,75a 0.070 8.21(—4)

V2 0.399 7.44(—4)

4414.90 V5 0.062 1.22(=3)

4416.97 V5 0.070 2.47(-3)
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Chemical abundances of PNe — I~ 1257
Table 5 — continued
Ton Xo Multiplet Tobs Xit /Ht
4452.37 V5 0.011 1.92(-3)
V5 0.160 1.89(—4)
3945.04 V6 0.006 1.22(=3)
3954.36 A 0.015 1.41(=3)
3982.71 Vo6 0.007 1.42(-3)
V6 0.064 1.37(=3)
4071.23,2.16 V48a,10 0.292 1.13(=3)
4083.9,4.65,5.11 V48b,21,10 0.107 1.38(—3)
4092.93,4.14 V10 0.040 1.14(=3)
V10 114 1.19(=3)
3907.46 Vil 0.015 1.46(=3)
Vi1 0.027  9.67(—4)
3842.82,3.51 V12,13 0.007 1.25(=3)
3847.89 V12 0.007 1.65(=3)
3851.03,47 V12,13 0.011 1.35(=3)
3856.13,7.17 V12,13 0.026  3.47(-3)
3882.19,45,3.13 V12,11 0.034 8.24(—4)
Vi2 0.096 1.26(—3)
4129.32 V19 0.020  3.13(-3)
4132.80 V19 0.073 1.35(=3)
4153.30 V19 0.103 1.33(-3)
4156.53 V19 0.059  4.78(-3)
V19 0275  1.34(=3)
4108.75-12.02 V438c,20,21 0.033 1.05(=3)
V20 0.229 1.05(-3)
4699.22 V25 0.014  2.09(-3)
4705.35 V25 0.014 1.33(-3)
V25 0.030 1.71(=3)
4890.86 V28 0.015 1.33(=3)
4906.83 V238 0.034 1.38(—3)
4924.53 V28 0.070 1.66(—3)
V238 0.121 1.54(=3)
3d-4f transitions
4087.15,8.27,9.29 V48¢,a 0.161 1.12(=3)
4046.11,7.8,8.21 V50a,b 0.014 1.57(=3)
4061.21,22,75,2.94  V46¢,50a 0.023 1.65(—3)
4303.61,83,4.08 V53a,65a 0.089 1.65(=3)
4315-7.7 V2,53a,62¢,78b 0.098 1.03(—3)
4294.78,92 V53b 0.052 1.63(=3)
4305.39,7.23,9.0 V53b,55,63¢ 0.023  9.53(—4)
4273-78 V53c,67a,b 0.150 1.06(—3)
4281-89 V53b,c,67¢,78a,b  0.073 1.03(—3)
4291.25,86,2.21,95  V55,78¢ 0.061 2.15(-3)
4371.25,62 V76b 0.015 1.32(=3)
4312.11,3.44 V78a 0.028 1.37(=3)
4477.90 V388 0.013 1.33(=3)
4669.27,43 V89b 0.009  2.03(-3)
4609.44,10.20 V92a,c 0.077 1.22(=3)
4602.13 V92b 0.030 1.56(=3)
Sum 1.38 1.30(=3)
Mean 1.29(-3)
Nett  3664.07 Vi 0.039  2.73(—4)
3694.21 Vi 0.126  3.71(—4)
3766.26 Vi 0.054  3.89(—4)
3777.14 Vi 0.039  3.01(—4)
Vi 0.323  3.44(—4)
4772.93 0.007 1.05(—4)
3d-4f transitions
4217.17,9.75 V52a,b 0.043  4.93(—4)
4231.64,3.85 V52a,b 0.013  5.05(—4)
4250.64 V52b 0.004  5.15(—4)
4391.99,2.00 V55e 0.045  4.70(—4)
4409.30 V55e 0.044  6.83(—4)
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Table 5 — continued

Ion Xo Multiplet Tobs X+ /Ht
4397.99 V57b 0.018 5.39(—4)

4428.61 V60c 0.033 1.14(=3)

4430.94 V6la 0.018 1.91(-3)

4457.05,24 V61d,66¢ 0.010 1.11(—4)

441322 V65 0.012 5.31(—4)

4421.39 V66¢ 0.005 5.37(—4)

Sum 0.238 5.45(—4)

Mean 3.44(—4)

Mgt 448121 V4 0.020 1.90(—5)

lines, respectively. Case A recombination was assumed for the triplet
He 1 lines, A4471 and A5876, and case B for the singlet A6678 line.
He™ /H™ abundance ratios derived from the three He 1lines were then
averaged, weighted by 1: 3 : 1, roughly the intrinsic intensity ratios
of the three lines. Only the He 11 A4686 line was used to calculate
He?* /H* abundance ratio.

For the low surface brightness nebula NGC 6781, assuming 7. =
10200 K and N, = 240 cm™?, as derived from the [O 1] optical
forbidden-line ratio and optical density-diagnostic ratios, then the
observed intensities of the He1 AA4471, 5876 and 6678 lines yield
He*/H™ = 0.115, 0.115 and 0.108, respectively, which, weighted
by 1:3: 1, give an average He™/H™ ionic abundance ratio of 0.113.
Similarly, from the observed intensity of the He 11 14686 line, we
obtain He”* /H* = 0.007.

2.2.2 C*/H* and C** /H*

C2+ /H* abundance ratios have been derived from C 11 ORLs for all
the PNe in our sample. The upper levels of multiplets V3 and V4
can cascade directly to the C11 2p*P° ground level and thus their
emissivities depend strongly on the optical depths of C 11 resonance
lines. Here we have assumed case B recombination for multiplets
V3 and V4.

For several nebulae in our sample, C?+/H* abundances derived
from multiplets V3 and V4 differ significantly from the value yielded
by multiplet V6. Multiplet V3 is found to yield values smaller than
those given by multiplet V6 at 4267 A, the emissivity of the latter is
essentially case-insensitive, suggesting that for multiplet V4 there
is some departure from case B recombination. Similar phenomena
have been observed previously in NGC 6153 (Liu et al. 2000), and
in M 1-42 and M 2-36 (Liu et al. 2001b). In some PNe, the multi-
plet V4 doublet is partially affected by line blending with the He 11
line at 3923.48 A. For six PNe in our sample, C2* /H* abundance
ratios derived from multiplet V4 are higher than those derived from
multiplet V6. Kaler (1972) suggests that that V4 is mainly excited
by fluorescence by starlight such that its strength reflects the abun-
dance of C* /H™ rather than C** /H™ in the nebula. The suggestion
is however not supported by the recent careful measurements for
NGC 6153, M 1-42 and M 2-36, where in all cases multiplet V4
yields compatible or even slightly lower C™"/H™ abundance ratios
compared to those derived from multiplet V6.

In NGC 6153, several high-excitation C 11 ORLs, including two
lines from the 4f-ng series which feeds the 3d—4f A4267 line, A6462
(n=06)and 15342 (n ="17), as well as 4p—5d 16259 and 4d-6f 16151,
were detected by Liu et al. (2000). The observed intensities relative
to 14267 were in good agreement with the predictions of recombi-
nation theory. These high-excitation lines have also been detected

Table 6. Ionic abundances from ORLs — NGC 6572. We assume T, =
11000 K and N = 15000 cm™3. Numbers in parentheses are powers of 10.

Ton Xo Multiplet Tobs Xi+/Ht
He* 5875.66 Vi1l 16.6 0.103
4471.50 Vi4 5.93 0.109

6678.16 V46 3.99 0.098

Mean 0.103

He'tt 4685.68 34 0.412 3.47(—4)
Sum 0.104

ctt 7231.32 V3 0.098 2.38(—4)
7236.42,7.17 V3 0.227 2.75(—4)

V3 0.325 2.62(—4)

3918.98,20.69 V4 0.061 1.01(=3)

4267.15 V6 0.517 5.12(—4)

6151.43 V16.04 0.026 5.89(—4)

6461.95 V17.04 0.056 5.34(—4)

5342.40 V17.06 0.026 1.02(—4)

Mean 5.12(—4)

ct3 4647.42,50.25,51.47 Vi1 0.142  4.29(-5)
4186.90 V138 0.059 8.61(—5)

Mean 4.29(=5)

N+t 5666.63 V3 0.034 1.52(—4)
5676.02 V3 0.011 1.13(—4)

5679.56 V3 0.056 1.36(—4)

5686.21 V3 0.014 1.93(—4)

5710.77 V3 0.011 2.21(—4)

V3 0.127 1.47(—4)

4601.48 V5 0.010 1.36(—4)

4607.16 V5 0.020 3.40(—4)

4613.87 V5 0.015 3.30(—4)

4621.39 V5 0.017 2.80(—4)

4630.54 V5 0.048 2.14(—4)

V5 0.142 2.62(—4)

3994.99 VIi2 0.020 2.10(—4)

4788.13 V20 0.011 2.38(—4)

V20 0.046 2.38(—4)

5927.81 V28 0.007 2.39(—4)

5931.78 V28 0.013 2.05(—4)
5940.24,1.65 V28 0.013 9.32(=5)

V28 0.037 1.41(—4)

3d—4f transitions

4035.08 V39a 0.013 1.52(—4)
4043.53,4.78 V39a 0.012 1.01(—4)

4041.31 V39b 0.027 1.87(—4)

4176.16 V43a 0.002 3.11(—4)
4241.24,78 V48a 0.024 2.56(—4)
4236.91,7.05 V48a,b 0.022 2.12(—4)

4442.02 V55a 0.009 3.64(—4)
4431.82,2.74,3.48 V55a,b 0.014 2.25(—4)

4552.53 V58a 0.011 4.60(—4)

Sum 0.210 2.32(—4)

Mean 2.05(—4)

N+3 4378.99,9.20 V18 0.039 1.65(—5)
o+ 4638.86 Vi 0.034 3.25(—4)
4661.63 Vi 0.081 5.94(—4)

4673.73 Vi 0.013 6.38(—4)
4676.24,7.07 V1,91 0.057 4.89(—4)

4696.35 V1,89a 0.009 5.96(—4)

Vi 0.659 5.19(—4)

4315-18 V2,53a,63c,78b 0.045 4.67(—4)

4319.63 V2 0.030 3.57(—4)

4349.43 V2 0.095 4.96(—4)

4366.89 V2 0.076 8.76(—4)
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Table 6 — continued

Ton o Multiplet Tobs Xit /Ht
V2 0.325  5.91(—4)

4414.90 V5 0.055 9.26(—4)
4416.97 V5 0.026  7.91(—4)
4452.37 V5 0.007  1.10(-=3)
V5 0.089  9.00(—4)

4072.16,1.23 V10,48a 0.283  1.11(=3)
4085.11,3.9,4.65 V10,48b,26 0.037  4.86(—4)
4092.934.14 V10 0.018 5.21(—4)
V10 0.476  4.97(—4)

3907.46 Vi1l 0.007  7.29(—4)
Vil 0.021  7.29(—4)

3851.03,47 V12,13 0.006 6.70(—4)
3882.19,45,3.13 V12,11 0.014  3.47(—4)
V12 0.034  4.44(—4)

4132.80 V19 0.050  9.36(—4)
4153.30 V19 0.049  6.31(—4)
V19 0.160  7.85(—4)

4110.79,08.75,09.29,12.02  V20,48¢,21 0.017  5.64(—4)
V20 0.122  5.64(—4)

4699.22 V25 0.009  1.44(-3)
4705.35 V25 0.010 9.49(—4)
V25 0.021  1.18(-3)

4890.86 V28 0.010 8.80(—4)
4906.83 V238 0.019  7.83(—4)
V28 0.063  8.16(—4)

3d—4f transitions

4088.27,9.29,7.15 V48a,c 0.072  5.43(—4)
4083.90 V438b 0.028  8.69(—4)
4273-78 V67 0.066  5.03(—4)
4061.21,22,75,2.94 V50a,46¢ 0.016  1.23(-3)
4281-84 V53,67 0.009 2.42(—4)
4284-89 V53¢, 78b 0.016  5.23(—4)
4303.82,61,4.08 V53a,65a 0.036  7.14(—4)
4294.78,92 V53b 0.017 5.86(—4)
4307.23,5.39,9.00 V53b,55,63¢  0.017  7.95(—4)
4291-93 V55,78¢ 0.017  6.40(—4)
4371.25,62 V76b 0.007  7.05(—4)
4312.11,3.44 V78a 0.009 4.67(—4)
4477.90 V388 0.006 6.77(—4)
4602.13 V92b 0.010 5.79(—4)
4609.44,10.20,11.07 V92a,c 0.036  6.13(—4)
Sum 0.617  6.30(—4)

Mean 5.62(—4)

Nett  3694.21 A\t 0.067  1.95(—4)
3766.26 Vi 0.029  2.05(—4)
3777.14 Vi 0.021  1.62(—4)
Vi 0.180  1.90(—4)

3d—4f transitions

4219.75 V52a 0.021  3.93(—4)
4391.99 V55e 0.026 2.71(—4)
4409.30 V55e 0.024  3.77(—4)
4428.61,30.94 V60c,61a 0.021  5.33(—4)
4457.05,24 V61d,66¢ 0.009 1.10(—4)
Sum 0.105 2.40(—4)

Mean 2.15(—4)

Mgt 4481.21 V4 0.030 2.92(-5)

in M 1-42 and M 2-36, with intensities relative to A4267 that are
within 40 per cent of the predicted values (Liu et al. 2001b). For the
case of NGC 3242, Tsamis et al. (2004) find excellent agreement
between recombination theory and the observed relative intensities
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Table 7. Ionic abundances from ORLs — NGC 6720. We assume T, = 9100
K and N, = 500 cm~3. Numbers in parentheses are powers of 10.

Ton xo (A) Multiplet Tobs Xit+ /Ht
Het 5875.66 Vi1l 13.4 0.093
4471.50 V14 5.01 0.098

6678.16 V46 3.68 0.091

Mean 0.094

Hett 4685.68 34 21.6 0.017
Sum 0.111

ct+ 7231.32 V3 0.092 2.26(—4)
7236.42,7.17 V3 0.257 3.15(—4)

V3 0.349 2.85(—4)

3918.98.20.69 V4 0.084 1.58(=3)

4267.15 A% 0.892 8.58(—4)

6151.43 V16.04 0.028 6.35(—4)

6461.95 V17.04 0.077 7.18(—4)

5342.40 V17.06 0.082 1.49(=3)

4802.70 V17.08 0.050 1.52(=3)
4292.21,29 0.060  4.17(-3)

Mean 8.58(—4)

ct3 4647.42,50.25,51.47 Vi 0.184  5.63(—5)
4186.90 V18 0.169 2.55(—4)

Mean 5.63(-5)

N++ 5666.63 V3 0.042 1.95(—4)
5676.02 V3 0.011 1.13(—4)

5679.56 V3 0.064 1.58(—4)

5686.21 V3 0.006 8.85(—5)

5710.77 V3 0.011 2.28(—4)

V3 0.142  1.69(—4)

4607.16 V5 0.013 2.27(—4)

4630.54 V5 0.049 2.25(—4)

V5 0.118 2.25(—4)

3994.99 V12 0.019  2.29(—4)

4779.72 V20 0.005 1.88(—4)

4788.13 V20 0.022 5.03(—4)

V20 0.036 1.88(—4)

5927.81,31.78 V28 0.038 4.12(—4)
5940.24,1.65 V238 0.027 1.87(—4)

V28 0.048 1.87(—4)

3d—4f transitions

4035.08 V39a 0.029 3.27(—4)
4043.53,4.78 V39a 0.054  4.36(—4)

4041.31 V39b 0.033 2.22(—4)

4176.16 V43a 0.018 2.57(—4)
4241.24,78 V48a 0.078 7.85(—4)
4236.91,7.05 V48a,b 0.022 2.09(—4)

4442.02 V55a 0.022 8.83(—4)
4431.82,2.74,3.48 V55a,b 0.057 8.66(—4)

4552.53 V58a 0.024  9.65(—4)

453041 V58b 0.021 2.09(—4)

Sum 0.286 3.05(—4)

Mean 2.00(—4)

N3 4378.99,9.20 V18 0.116  4.84(-5)
o+t 4638.86 Vi 0.059 5.83(—4)
4649.13,50.84 Vi 0.365 6.22(—4)

4661.63 \%! 0.149  1.16(—3)

4673.73 Vi 0.026 1.30(=3)

4676.24 Vi 0.080 7.24(—4)

4696.35 V1,89a 0.015 1.09(=3)

\%! 0.820  6.78(—4)

4315-18 V2,53a,63¢,78b  0.100 1.12(=3)

4319.63 V2 0.020  2.53(—4)

4325.76 V2 0.020 1.24(=3)
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Table 7 — continued

Ion 2o (A) Multiplet Tobs Xit+/Ht
4349.43 V2 0.066  3.63(—4)
4366.89,53,79 V2,75a 0.044  5.43(—4)

V2 0.392  7.59(—4)
4414.90 V5 0.099 1.64(=3)
4416.97 V5 0.034  1.02(-3)

V5 0.148  1.48(-3)
4072.16,1.23 V10,48a 0.223  8.74(—4)
4085.11,7.15,6.58,71  V10,48c,46b 0.062  8.76(—4)

V10 0.836  8.74(—4)
3882.19,45,3.13 Vi2,11 0.024  5.97(-4)

V11,12 0.062  5.97(—4)
4132.80 V19 0.040  7.47(—4)
4153.30 V19 0.111 1.45(-3)

V19 0.258  1.26(—3)
4107-4112 V20,46a,48c,21  0.032  7.51(—4)

V20 0.162  7.51(—4)
4705.35 V25 0.016  1.47(-3)

V25 0.026  1.47(-3)
4890.86 V238 0.023  2.01(-3)
4906.83 V28 0.056  2.29(-3)

V238 0.174  2.24(-3)

3d—4f transitions

4088.27,9.29 V48a 0.080  8.10(—4)
4083.90,4.65 V48b,21 0.058  2.05(-3)
4273-78 V67 0.136  1.10(-3)
4281-84 V53,67 0.025  7.34(—4)
4303.82,61,4.08 V53a,67 0.153  3.28(-3)
4294.78,92 V53b 0.054  1.94(-3)
4307.23 V53b 0.023  2.23(-3)
4285-89 V53¢, 78b 0.018  6.59(—4)
4291-93 V55,78¢ 0.060  2.46(—3)
4357-59.4 V63a,18,26 0.013 1.73(=3)
4331.13,2.71,3.88 V65b 0.011  6.67(—4)
4353.59,4.18 V76¢ 0.014  1.35(=3)
4312.11,3.44 V78a 0.033 1.90(—3)
4609.44,10.20 V92a,c 0.036  6.61(—4)
4613.14,68 V92b 0.014  1.83(-3)

Sum 0.827  9.01(—4)

Mean 7.32(—4)

Net+ 3694.21 Vi 0.080  2.40(—4)

3777.14 Vi 0.037  2.88(—4)
Vi 0.235  2.54(—4)

3829.75 V39 0.042  3.38(—4)
V39 0.0 3.38(—4)

3d—4f transitions

4217.17,9.75 V52a,b 0.027  3.09(—4)
4391.99 V55e 0.031 3.19(—4)
4409.30 V55e 0.029 4.51(—4)
4428.61 V60c 0.020  5.11(—4)
4457.05 ve6ld 0.015  3.62(—4)
Sum 0.168  3.85(—4)

Mean 3.26(—4)

Mg+t  4481.21 V4 0.027  2.58(-5)

of five C 11 recombination lines. Several C 11 lines have been detected
for 10 PNe in the current sample and C>* /H* abundance ratios de-
rived from them are in reasonable agreement with those derived
from the 14267 line.

For NGC 6781, only the strongest C11 A4267 ORL has been de-
tected. The measured flux yields C**/H* = 9.05 x 10~ for T, =
10200 K and N, = 240 cm™3.

Table 8. Ionic abundances from ORLs — NGC 6741. We assume T, =
15300 K and N = 5100 cm™3. Numbers in parentheses are powers of 10.

Ton Xo (A) Multiplet Lobs Xit+ /Ht
He* 5875.66 Vi1 13.0 0.071
4471.50 Vi4 4.58 0.075

6678.16 V46 3.18 0.079

Mean 0.073

Het ™ 4685.68 34 36.2 0.032
Sum 0.105

ctt 7231.32 V3 0.087 1.95(—4)
7236.42,7.17 V3 0.339 3.81(—4)

V3 1.95(—4)

3918.98,20.69 V4 0.059 6.75(—4)

4267.15 V6 0.617 6.29(—4)

6151.43 V16.04 0.036 7.98(—4)

6461.95 V17.04 0.053 5.46(—4)

5342.40 V17.06 0.040 7.75(—4)

Mean 6.29(—4)

ct3 4647.42,50.25,51.47 \4! 0.250 7.16(=5)
4186.90 VI8 0.089 1.10(—4)

Mean 7.16(=5)

N+ 5666.63 V3 0.039 1.63(—4)
5686.21 V3 0.015 1.90(—4)

5710.77 V3 0.012 2.28(—4)

V3 0.167 1.78(—4)

6482.05 V8 0.018 3.87(—4)

Mean 1.98(—4)

N+3 4378.99,9.20 \at 0.158 6.97(=5)
o+ 4661.63 Vi 0.055 3.82(—4)
4673.73 \4! 0.020 8.94(—4)

4676.24 Vi 0.055 4.50(—4)

V1 0.656 4.90(—4)

4317.14,70,9.63 V2,53a 0.116 6.76(—4)

4349.43 V2 0.105 5.32(—4)
4366.89,53,79 V2,75a 0.072 8.17(—4)

V2 0.372 6.59(—4)

4132.80 V19 0.038 7.04(—4)

4153.30 V19 0.061 7.93(—4)

V19 0.156 7.59(—4)

3d—4f transitions

4088.27,9.29,7.15 V48a,c 0.073 5.59(—4)

4083-85 V10,48b,21 0.056 7.46(—4)

4273-78 V53c¢,67a,b,c 0.123 9.60(—4)
4303.61,83,4.08 V53a,65a 0.042 8.66(—4)

Sum 0.772 8.06(—4)

Mean 4.90(—4)

Net™ 3694.21 V1 0.096 2.84(—4)
3709.62 V1 0.058 4.36(—4)

\4! 0.315 3.27(—4)

3829.75 V39 0.055 4.47(—4)

V39 0.092 4.47(—4)

3d—4f transitions

4409.30 V55e 0.042 6.49(—4)

Mean 3.27(—4)

Mg+t 4481.21 V4 0.067 6.83(—5)

For all 12 PNe analysed here, we have adopted the C>* /H* abun-
dance ratios derived from the 14267 line alone.

C3+/H* abundance ratios have been derived from C i multi-
plets V1 and V18. Their average values are adopted in the current
analysis.
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Table 9.

Tonic abundances from ORLs — NGC 6790. We assume T, =
15000 K and N = 40000 cm~3. Numbers in parentheses are powers of 10.

Ton Xo (A) Multiplet Tobs Xit /Ht
He* 5875.66 Vi1 17.1 0.087
4471.50 Vi4 6.42 0.100

6678.16 V46 4.08 0.097

Mean 0.091

Het™™  4685.68 34 3.83 0.003
Sum 0.094

ctt 7231.32 V3 0.044  1.01(—4)
7236.42,7.17 A& 0210  2.66(—4)

V3 0.254  2.07(—4)

3918.98,20.69 V4 0.034  3.99(—4)

4267.15 V6 0.465 4.76(—4)

615143 V16.04 0.023  5.12(—4)

6461.95 V17.04 0.044 4.40(—4)

Mean 4.76(—4)

Cct3 4647.42,50.25,51.47 Vi 0.497 1.43(—4)
4186.90 V18 0.160  2.01(—4)

Mean 1.43(—4)

N+ 5666.63 V3 0.009  3.67(-5)
5676.02,9.56 V3 0.024  4.36(-5)

V3 0.039  4.15(-5)

4630.54 V5 0.014  547(-5)

V5 0.032  5.47(-5)

3d—4f transitions

4035.08 V39a 0.008 1.05(—4)
4041.31,3.53,4.78 V39a,b 0.014  5.85(-5)

4176.16 V43a 0.006  6.21(—5)
4241.24,78 V48a 0.007  8.26(-5)
4431.82,2.74,3.48 V55a,b 0.004 7.54(-5)

Sum 0.063  7.47(-5)

Mean 4.15(-5)

N+3 4378.99,9.20 V18 0.262 1.16(=5)
o+ 4649.13,50.84 Vi 0227  3.50(—4)
4661.63 V1 0.056  3.92(—4)

4673.73 \%! 0.019  8.47(—4)

4676.24 V1 0.042  3.38(—4)

4696.35 Vi 0.011 8.44(—4)

Vi 0532  3.97(—4)

4317.14,70,9.63 V2,53a 0.061 3.50(—4)

4349.43 V2 0.061 3.08(—4)
4366.89,53,79 V2,75a 0.048  5.45(—4)

V2 0223  3.90(—4)

4414.90 V5 0.059  8.22(—4)

4416.97 V5 0.032  8.03(—4)

V5 0.097  8.15(—4)

4083-87 V10,21,46b,48b  0.031  4.25(—4)
4092.93,4.14 V10 0.012  3.44(—4)

V10 0390  4.02(—4)

3882.19,45,3.13 V12,11 0.017  4.09(—4)

V12,11 0.043  4.09(—4)

4132.80 V19 0.026  4.83(—4)

4153.30 V19 0.049  6.39(—4)

V19 0.119  5.85(—4)

4110.79,8.75,9.29 V20,48¢ 0.012 4.26(—4)

V20 0.092  4.26(—4)

4705.35 V25 0.007  6.44(—4)

V25 0.011 6.44(—4)

4890.86 V28 0.013 1.12(-3)

4906.83 V28 0.028 1.13(=3)

4924.53 V28 0.025  591(—4)

V28 0.072  9.24(—4)
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Table 9 — continued

Ton 2o (A) Multiplet Tobs Xit+ /Ht
3d—4f transitions
4088.27,9.29,7.15 V48a,c 0.077 6.24(—4)
4273-78 V67 0.058 4.78(—4)
4281-84 V53,67 0.026 7.66(—4)
4303.82,61,4.08 V53a,67 0.030 6.36(—4)
4294.78,92 V53b 0.016 4.29(—4)
4312.11,3.44 V78a 0.011 6.27(—4)
4284-89 V78b,53¢,67¢c 0.033 1.17(=3)
4489.49,91.23 V86a,b 0.021 1.10(=3)
4602.13 V92b 0.012 7.31(—4)
4609.44,10.20 V92a,c 0.036 6.59(—4)
Sum 0.553 6.05(—4)
Mean 4.22(—4)
Net+ 3694.21 Vi 0.048 1.37(—4)
3766.26 Vi 0.012 8.23(-5)
\%! 0.122 1.26(—4)
3d—4f transitions
4217.17,9.75 V52a,b 0.019 2.20(—4)
4391.99 V55e 0.030 3.06(—4)
4409.59 V55e 0.014 2.23(—4)
4428.61 V60c 0.007 2.40(—4)
4457.05,24 V61d,66¢ 0.013 1.48(—4)
Sum 0.106 2.42(—4)
Mean 1.26(—4)
Mg+t 4481.21 V4 0.024 2.41(-5)

2.2.3 N**/H* and N> /H*

N?* /H* ratios derived from N 11 ORLs are presented in Tables 2—12
for 11 PNe. Lines from 3s—3p, 3p—3d and 3d—4f configurations, both
singlet and triplet multiplets, have been detected. The emissivity
of multiplet V5 is very sensitive to the optical depths of the N1t
resonance lines 2p? 3P°—2pnl *S,’D and case B recombination was
assumed. This multiplet has been detected in eight PNe. For seven
of them, the N** /H* abundance ratios derived from it agree with
those derived from 3d—4f lines. The only exception is Hu 1-2 where
V5 yields a much higher N>+ /H* abundance ratio. Multiplet V3
is less sensitive to optical depth effects and has been detected in
11 PNe. For six of these, N>* /H* abundance ratios derived from it
are however somewhat lower than those derived from 3d—4f lines,
suggesting that there might be some departure from case B to case
A recombination.

Our adopted N>+ /H™ ratios for each PN are listed in Table 13
and are average values of results derived from individual lines of
various electron configurations. For Hu 1-2, only the average value
derived from the 3d—4f transitions was used.

The N** /H* abundance ratio has been determined from the N
multiplet V18 14379 line only.

2.24 O*/H*

O /H* abundance ratios for 11 PNe have been derived from O 11
ORLSs from 3-3 transitions and the 3d—4f configuration. The relative
intensities of individual multiplets, both doublets or quartets, as well
as lines from the 3d—4f group closely resemble those observed in
NGC 7009 (Liu et al. 1995), NGC 6153 (Liu et al. 2000) and M
1-42 and M 2-36 (Liu et al. 2001b). The agreement between the
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Table 10. Ionic abundances from ORLs — NGC 6826. We assume 7. =
9650 K and N, = 1800 cm~3. Numbers in parentheses are powers of 10.

Ton Xo (A) Multiplet Lobs Xit+ /Ht
Het 5875.66 Vil 14.3 0.097
4471.50 Vi4 5.19 0.101
6678.16 V46 4.07 0.101
Mean 0.099

Hett 4685.68 34 1.26 2.24(-3)
Sum 0.099
ctt 7231.32 V3 0.192 4.65(—4)
7236.42,7.17 V3 0.340 4.12(—4)
V3 0.534 4.31(—4)

3918.98 V4 0.107 5.80(—3)
3920.69 \Z 0.156 4.22(-3)
V4 0.263 4.75(=3)

4267.15 V6 0.574 5.49(—4)
6151.43 V16.04 0.0242 6.42(—4)
6461.95 V17.04 0.0578 5.38(—4)
5342.38 V17.06 0.0409 7.36(—4)
4802.70 V17.08 0.0143 4.36(—4)
Mean 5.49(—4)

N+ 5666.63 V3 0.0307 1.41(—4)
5676.02 V3 0.0203 2.10(—4)
5679.56 V3 0.0472 1.16(—4)
5686.21 V3 0.0109 1.51(—4)
5710.77 V3 0.0109 2.27(—4)
V3 0.116 1.38(—4)

4630.54 V5 0.0489 2.24(—4)
V5 0.118 2.24(—4)

3994.99 VI2 0.0200 2.36(—4)
4788.13 V20 0.0135 2.99(—4)
4803.28 V20 0.0204 2.53(—4)
V20 0.0525 2.69(—4)

5927.81 V28 0.0101 3.49(—4)
5931.78 V28 0.0222 3.41(—4)
5941.65,40.24 V28 0.0245 1.71(—4)
V28 0.0623 2.40(—4)

3d—4f transitions

4035.08 V39a 0.0174 1.97(—4)
4043.53 V39a 0.0349 2.32(—4)
4041.31 V39b 0.0229 1.98(—4)
4176.16 V43a 0.0106 1.51(—4)
4241.24,77 V48a 0.0262 2.65(—4)
4237.05,36.91 V48a,b 0.0126 1.26(—4)
4179.67,8.86 V50a 0.0102 1.04(=3)
4432.73,33.48,31.82 V55a,b 0.0161 2.45(—4)
4530.41 V58b 0.0110 1.09(—4)
Sum 0.191 1.90(—4)

Mean 2.16(—4)

o+t 4649.13,50.84 Vi 0.370 6.16(—4)
4661.63 Vi 0.107 8.09(—4)
4673.73 \"2! 0.0201 9.80(—4)
4676.23 Vi 0.0735 6.61(—4)
\"2! 0.820 6.60(—4)

4317.14 V2 0.0904 1.203(-3)
4319.63 V2 0.0448 5.52(—4)
4349.43 V2 0.0850 4.52(—4)
4366.89 V2 0.0479 5.96(—4)
V2 0.274 5.08(—4)

4414.90 V5 0.0233 4.51(—4)
V5 0.0388 4.51(—4)

4072.16 V10 0.114 4.78(—4)
4085.11 V10 0.0216 4.85(—4)
4092.93 V10 0.0186 5.71(—4)

Table 10 — continued

Ton 2o (A) Multiplet Tobs Xit+/Ht
V10 0.467 4.88(—4)

3882.45 Vi1 0.00451 6.89(—4)
Vil 0.0197 6.89(—4)

3882.19,3.13 V12 0.0241 6.89(—4)
V12 0.0526 6.89(—4)

4705.35 V25 0.0066 6.10(—4)
V25 0.0109 6.10(—4)

3d—4f transitions

4089.29,8.27 V48a 0.0735 6.51(—4)
4083.90 V438b 0.0115 3.64(—4)
4087.15 V48c 0.0201 6.70(—4)
4281-86 V53,67,78 0.0324 5.39(—4)
4303.82,61,4.08 V53a,65a 0.0540 1.006(—3)
4294.78,92 V53b 0.0173 5.46(—4)
4307.23,9.00,9.00 V53b,63c 0.0120 5.94(—4)
4273-78 V53c,67 0.0524 3.72(—4)
4371.62,25 V76b 0.0113 1.033(-3)
4609.44,10.20,11.07 V92a,c 0.0300 4.80(—4)
Sum 0.598 5.67(—4)

Mean 5.68(—4)

Net™ 3694.21 V1 0.0405 1.22(—4)
3777.14 A% 0.0143 1.11(—4)
V1 0.112 1.19(—4)

3829.75 V39 0.0268 2.13(—4)
V39 0.0447 2.13(—4)

3d—4f transitions

4219.74 V52a 0.0117 2.18(—4)
4391.99,2.00 V55e 0.0341 3.53(—4)
4409.30 V55e 0.0206 3.21(—4)
4397.99 V57b 0.00726 2.18(—4)
4428.64,52,52 V60c,61b 0.0114 2.70(—4)
Sum 0.0851 2.93(—4)

Mean 2.08(—4)

Mg+t 4481.21 V4 0.0338 3.23(-5)

O*f/H* abundance ratios derived from the 3p-3d lines and from
the 3d—4f transitions is excellent.

0% /H* abundance ratios derived from individual 3-3 multiplets
and from co-added 3d—4f transitions were averaged (a few values
were excluded either because of low signal-to-noise ratio or because
they are affected by line blending). The adopted values are given in
Table 13.

2.2.5 Ne2*/H*

A few Ne 11 multiplets, including V1 and some transitions from the
3d—4f configuration, have been detected in nine PNe in our sample.
Note that Ne 11 has a doublet ground-state 2p° 2P°. Therefore, case
B recombination has been assumed for doublets and case A for
quartets. The Ne?* /H* abundance ratios derived from individual 3—
3 multiplets were averaged with the value derived from the co-added
3d-4f transitions and the results adopted in the further analysis.

2.2.6 Mg> /H*

Mg?* /H* abundance ratios have been derived from the Mg 11 3d>D—
4f2F° 24481 line for 11 PNe. Barlow et al. (2003) point out that
the Mg line at 4481.21 A is the strongest and easiest to measure
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Table 11.

Tonic abundances from ORLs — NGC 6884. We assume T, =
11550 K and N = 7400 cm™3. Numbers in parentheses are powers of 10.

Ton Xo (A) Multiplet Tobs Xit /Ht
He* 5875.66 Vil 13.6 0.084
4471.50 V14 4.99 0.090

6678.16 V46 3.08 0.076

Mean 0.084

Hett 4685.68 34 18.3 0.015
Sum 0.099

Cctt 7231.32 V3 0.118 2.85(—4)
7236.42,7.17 V3 0.297 3.58(—4)

V3 0.415 3.35(—4)

3918.98,20.69 V4 0.084 1.34(=3)

4267.15 V6 0.751 7.44(—4)

6151.43 V16.04 0.028 6.28(—4)

6461.95 V17.04 0.078 7.54(—4)

5342.40 V17.06 0.028 5.24(—4)

Mean 7.44(—4)

ct3 4647.42,50.25,51.47 Vi 0.319 9.57(-5)
4186.90 V18 0.182 2.60(—4)

Mean 9.57(=5)

N+ 5666.63 V3 0.030 1.33(—4)
5676.02 V3 0.010  9.60(—5)

5679.56 V3 0.126 3.02(—4)

5686.21 V3 0.010 1.29(—4)

V3 0.109 1.25(—4)

4607.16 V5 0.030  4.98(—4)

4613.87 V5 0.023 5.12(—4)

4621.39 V5 0.047 7.80(—4)

4630.54 V5 0.046  2.02(—4)

V5 0.110  2.02(—4)

4788.13 V20 0.014 3.21(—4)

V20 0.063 3.21(—4)

3d—4f transitions

4041.31 V39b 0.045 3.13(—4)

4176.16 V43a 0.021 3.18(—4)
4236.91,7.05 V48a,b 0.023 2.26(—4)
4241.24,78 V48a 0.027 2.89(—4)

4442.02 V55a 0.007 2.76(—4)

Sum 0.126  2.90(—4)

Mean 2.35(—4)

N3 4378.99,9.20 V18 0.240 1.03(—4)
o+ 4661.63 Vi 0.107 7.90(—4)
4673.73 Vi 0.042 1.98(—3)

4676.24 Vi 0.084  7.24(—4)

4696.35 V1,89a 0.012 8.10(—4)

Vi 1.23 9.72(—4)

4315-20 V2,53a,63¢,78b 0.117 6.63(—4)

4344-46 V2,65¢ 0.060  6.58(—4)

4349.43 V2 0.129 6.81(—4)

4366.89 V2 0.079 9.90(—4)

V2 0.363 6.68(—4)

4414.90 V5 0.089 1.60(—3)

4416.97 V5 0.024  7.80(—4)

V5 0.072  7.80(—4)

4085.11,3.90,4.65 V10,48a,21 0.039 5.13(—4)

V10 0.491 5.13(—4)

4132.80 V19 0.053 9.85(—4)

4153.30 V19 0.068 8.81(—4)

V19 0.190  9.27(—4)

4110.79 V20 0.024 1.02(=3)

V20 0.220 1.02(=3)

3d—4f transitions
4088.27,9.29,7.15 V48a,c 0.121 8.84(—4)
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Table 11 — continued

Ion 20 (A) Multiplet Tobs Xit+ /Ht
4083.90 V48b 0.028 8.69(—4)
4273-78 V67 0.129 9.57(—4)
4281-84 V53,67 0.057 1.55(=3)
4303.82,61,4.08 V532,67 0.051 9.99(—4)
4294.78,92 V53b 0.028 9.05(—4)
4307.23 V53b 0.022 1.94(-3)
4285-89 V53¢,78b 0.040 1.31(=3)
4331-35 V63b,65b 0.023 9.41(—4)
4371.25,62 V76b 0.015 1.42(-3)
4609.44,10.20 V92a,c 0.072 1.20(—4)
Sum 0.981 9.71(—4)
Mean 8.36(—4)
Net+ 3694.21 Vi 0.113 3.28(—4)
3709.62 \%! 0.058 4.36(—4)
3766.26 Vi 0.079 5.58(—4)
3777.14 Vi 0.060 4.52(—4)
Vi 0.410 431(—4)
3d—4f transitions
4219.75 V52a 0.036 6.64(—4)
4231.64 V52b 0.007 5.35(—4)
4233.85 V52b 0.009 6.99(—4)
4391.99 V55e 0.045 4.70(—4)
4409.30 V55e 0.043 6.63(—4)
4397.99 V57b 0.022 6.60(—4)
4428.61 V60c 0.019 6.56(—4)
4457.05,24 V61d,66¢ 0.042 4.87(—4)
Sum 0.256 5.88(—4)
Mean 5.10(—4)
Mg+t 4481.21 V4 0.038 3.78(=5)

ORLs from a third-row element ion. Given the similarity of atomic
structure of Mg and C11, we have assumed that the Mg 11 14481
line has an effective recombination coefficient equal to that of the
C 1 3d—4f 14267 line.

2.3 Total elemental abundances from CELs and from ORLs

The total elemental abundances for each PN in our sample derived
from CELs and from ORLs are listed in Table 13. The procedures
used to calculate total elemental abundances from determined ionic
abundance ratios are very similar to those described by Liu et al.
(2000). For most elements, we have used the ionization correction
factor (ICF) formulae given by Kingsburgh & Barlow (1994), except
for a few cases described below. The ICFs adopted for individual
elements are also listed in Table 13.

Except for NGC 40, a total He/H abundance for each PN was
obtained by simply taking the sum of the ionic abundances of singly
and doubly ionized species, He/H = He*/H* + He?** /H*. Given
the very low excitation class (E.C.) of NGC 40 (E.C. = 0.18; see
Section 4), we expect a significant amount of neutral helium to be
present within the hydrogen ionized region. In order to correct for
the unseen He?, we have adopted the helium ICF formula adopted
by Zhang & Liu (2003) in their analysis of M 2-24:

He S*+ S2+ Het
H © s+ H

For a wide range of E.C.s, Mg?* is the dominant ionic stage of
magnesium in a nebula, given the very large ionization potential
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Table 12. Ionic abundances from ORLs — NGC 7662. We assume T, =
12200 K and N = 3200 cm™3. Numbers in parentheses are powers of 10.

Ton Xo (A) Multiplet Lobs X+ /Ht
Het 5875.66 Vil 9.61 0.060
4471.50 Vi4 3.10 0.057

6678.16 V46 2.64 0.066

Mean 0.060

Hett 4685.68 34 44.5 0.038
Sum 0.098

ctt 7231.32 V3 0.054 1.29(—4)
7236.42,7.17 V3 0.339 4.07(—4)

V3 0.393 3.14(—4)

3918.98,20.69 V4 0.037 5.66(—4)

4267.15 V6 0.465 4.66(—4)

6151.43 V16.04 0.020  4.52(—4)

6461.95 V17.04 0.061 5.94(—4)

5342.40 V17.06 0.027 5.07(—4)

Mean 4.66(—4)

ct3 4647.42,50.25,51.47 Vi 0.622 1.85(—4)
4186.90 V18 0.277 3.87(—4)

Mean 1.85(—4)

N++ 5666.63 V3 0.014  6.37(-5)
5676.02,9.56 V3 0.034  6.52(-5)

5686.21 V3 0.008 1.12(—4)

V3 0.063 7.15(=5)

3994.99 VI2 0.007 7.15(=5)

4788.13 V20 0.004  9.74(-5)

V20 0.019 9.74(=5)

3d—4f transitions

4041.31,3.53,4.78 V39a,b 0.016  6.18(-5)
4241.24,78 V48a 0.009 9.59(-5)

Sum 0.032  7.41(-5)

Mean 7.86(—5)

N+3 4378.99,9.20 V18 0.140  6.07(=5)
o+ 4661.63 Vi 0.056  4.08(—4)
4676.24 Vi 0.034  2.98(—4)

Vi 0.422 3.30(—4)

4315-20 V2,53a,63¢,78b  0.066 3.72(—4)

4349.43 V2 0.054 2.85(—4)

4366.89 V2 0.079 9.90(—4)

V2 0.182 3.33(—4)

3954.36 V6 0.005 3.89(—4)

V6 0.020 3.89(—4)

4083-87 V10,48b,21 0.033 4.34(—4)

4092.93 V10 0.014  4.40(—4)

V10 0.418 4.36(—4)

3882.19,45,3.13 Vi2,11 0.012 2.83(—4)

Vi2,11 0.029 2.83(—4)

4132.80 V19 0.019 3.44(—4)

4153.30 V19 0.026 3.36(—4)

V19 0.070 3.39(—4)

4110.79 V20 0.015 6.26(—4)

V20 0.136  6.26(—4)

3d—4f transitions

4088.27,9.29,7.15 V48a,c 0.076  5.60(—4)

4083.90 V48b 0.028 8.69(—4)

4273-78 V67 0.068 5.06(—4)

4281-89 V53,67,78 0.025 3.69(—4)
4303.82,61,4.08 V53a,67 0.040  7.34(—4)
4294.78,92 V53b 0.022  7.42(—4)

4307.23 V53b 0.009 7.74(—4)
4312.11,3.44 V78b 0.013 6.84(—4)
4466.42,59 V86b 0.016 1.54(=3)
4609.44,10.20 V92a,c 0.043 7.24(—4)

Table 12 — continued

Ton xo (A) Multiplet Tobs Xit+/Ht
Sum 0.627 6.27(—4)

Mean 3.52(—4)

Ne™+ 3694.21 Vi 0.075 2.18(—4)
3709.62 V1 0.044 3.30(—4)

3777.14 Vi 0.017 1.29(—4)

A% 0.232 2.43(—4)

3d-4f transitions

4419.75 V52a 0.013 2.35(—4)

4391.99 V55e 0.018 1.88(—4)

4397.99 V57b 0.008 2.32(—4)

4428.61 V60c 0.012 4.03(—4)

4421.39 V66¢ 0.005 5.69(—4)

Sum 0.093 2.13(—4)

Mean 2.28(—4)

Mg+ 4481.21 V4 0.018 1.85(—5)

interval between 15 eV for Mg* and 80 eV for Mg?*. For an ORL
abundance analysis, Mg?* abundances have been determined from
the Mg 11 14481 line for 11 PNe in our sample, and we have simply
assumed that

Mg Mg

H ~ H*

The assumption should be fairly accurate, except possibly for the
cases of high-excitation PNe Hu 1-2, NGC 6741 and 7662, where
the total magnesium abundance determined in this way may have
underestimated the real value.'

Mgt /H* and Mg*t /H* abundances have been determined for
several nebulae in our sample using IR fine-structure lines. How-
ever, only a tiny fraction of magnesium exits in the form of Mg+
and Mg**. Thus, a very large ICF is required to calculate total mag-
nesium abundance from Mg** /H* and Mg** /H* determined from
observations. No reliable ICF formula based on ionic abundances
of other elements determinable from observations is available for
this purpose. We have therefore refrained from giving total CEL
magnesium abundances in the current work.

For chlorine, we have adopted the prescription of Liu et al. (2000)
who, based on the similarities between the ionization potentials of
individual chlorine ionic stages and those of the corresponding ionic
stages of sulphur, assume

Cl S CI** 4 CI**
H =~ St 8+ H+ :

For iron, when only Fe’* was measurable, the total elemental
abundance was calculated assuming

Fe N Fe**

H Nt H+ '
When both Fe?t and Fe?t were measured, the total elemental abun-
dance was derived assuming

Fe N Fe?* + Fe’t
H = N+ 4+ N2+ H+ .

Finally, in cases where ionic abundances for a given ion have
been determined from both collisionally excited optical forbidden

"In the detailed photoionization model of NGC 7662 constructed by
Harrington et al. (1982), Mg+ accounts for 60 per cent of the ionic concen-
tration.
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Table 13. Total elemental abundances from CELs and from ORLs with

adopted ICFs.
ORLs CELs

Ton AXH) ICF AX) AXH) ICF AX)
Humason 1-2

Het 0.043

Hett  0.088

He 0.131

c* 2.28(=5)

ctt 1.05(—4) 1.786 2.90(—5)

3+ 3.37(=5) 1.63(=5)

C 2,191  4.85(—4) 2,191  1.49(—4)

N+ 1.37(=5)

N+t 1.06(—4) 2.64(—5)

N3+ 8.85(—5) 4.56(—5)

N4+ 2.16(=5)

N 1.490  2.90(—4) 1.07(—4)

ot 1.41(=5)

ott  7.07(-5) 4.35(—5)

o3+ 3.97(-5)

(o} 2766 1.96(—4) 1236 1.20(—4)

Net 2.79(—6)

Net+ 1.13(=5)

Ne3+ 1.58(=5)

Nett 8.65(—6)

Ne>* 2.71(—6)

Ne 4.13(=5)

Mgtt  3.34(-5)

Mg 3.34(—5)¢

St 2.96(=7)

St+ 7.08(=7)

as 1.14(—6)

S 1.739  3.73(—6)

crtt 1.31(—8)

cB3t 2.14(—8)

Cl 2.018 6.96(—8)

Artt 2.39(=7)

At 2.91(=7)

Artt 1.68(—7)

At 1.03(=7)

Ar 1.146  9.18(=7)

Fett 2.38(—8)

Fe 7.832  1.86(=7)
IC 3568

Het 0.095

He™  0.001

He 0.096

ctt  3.00(—4) 1.15(—4)

ct3 5.24(-5) 1.56(—5)

C 1.004  3.54(—4) 1.004  1.31(—4)

N+ 1.39(=7)

N++ 1.10(—4)  1.005 2.65(—5) 1215

N3 2.36(—5)

N 1.34(—4) 3.23(=5)

ot 1.04(—6)

ott  534(—4) 1.008 2.43(—4)

o3t 1.02(—6)

(o} 5.39(—4) 2.45(—4)

Nett  3.12(—4) 4.88(—5)

Ne 1.008  3.15(—4) 1.008  4.92(-5)

Mgt 3.99(—5)

Mg 3.99(-5)
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ORLs CELs

Ion AXT ICF AX) AXT) ICF  AX)

st 5.35(—9)

Stt 4.38(=7)

as 1.12(—6)

S 1213 1.90(—6)

crtt 2.06(—8)

cPt 2.39(—8)

Cl 1.218 5.32(—8)

Artt 4.79(—17)

Art3 2.82(=7)

Ar 1.004  7.64(=7)

Fett 2.25(—8)

Fe 232.6 5.23(—6)
NGC 40

Het  0.062 1.925

Hett  3.40(-5):

He 0.119

ct 5.56(—4)

Ctt  596(—4) 6.848 1.02(—4)

c3t <4.04(=5)

C 1.000  4.08(—3) 1.000  6.98(—4)

Nt 7.58(—5)

N+t 2.15(—4) 9.794 8.62(—6)

N 1.000  2.11(=3) 1.000  8.45(—5)

ot 4.83(—4)

ott  2.14(—4) 4127 1.20(=5)

o3t <1.92(-8)

o} 1.000 8.83(—3) 1.000  4.95(—4)

Net 1.01(—4)

Nett 5.33(=7)

Ne 1.000  1.02(—4)

Mgtt  2.09(-5)

Mg 2.09(—5)

st 1.24(—6)

St 1.34(—6)

S 1.000  2.58(—6)

crtt 4.19(—8)

cl 1.925 8.07(—8)

Artt 4.68(—7)

Ar 1.870 8.75(=7)

Fett 1.74(=7)

Fe3t 2.04(—6)

Fe 1.000 2.21(—6)
NGC 6210

Het  0.096

Het™  0.001

He 0.097

ctt  3.20(—4) 9.51(=5)

c3t 4.31(=5)

C 1.035  3.76(—4) 1.174  1.12(—4)

N+ 2.90(—6)

NtT  1.63(—4) 1.048 5.98(—=5)  1.200

N3+ 3.26(—5)

N 2.04(—4) 7.47(=5)

ot 1.46(—5)

ott  1.29(=3) 4.23(—4)

¢} 1.042  1.34(=3) 1.007  4.41(—4)

Nett  3.44(—4) 9.72(-5)

Ne 1.042  3.58(—4) 1.042  1.01(—4)

Mgtt  1.90(-5)

Mg 1.90(—5)
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ORLs CELs ORLs CELs
Ton AXTH ICF  AX) AXTH ICE  AX) Ton AXTH ICE  AX) AXTH ICF  AX)
st 2.08(=7) Nett  3.26(—4) 1.562 1.08(—4)
s+t 2.77(—6) Ne+ 5.86(—5)
S 2183 6.50(—6) Nett 2.07(—6)
crt+ 6.80(—8) Ne 5.09(—4) 1.69(—4)
cP+ 5.47(—8) Mgtt  2.58(-5)
Cl 1.033  1.28(=7) Mg 2.58(—5)
Artt 9.66(—7) st 1.23(—6)
Art3 2.99(=7) S+ 2.89(—6)
Ar 1.040  1.32(—6) as 2.31(—6)
Fet+t 7.24(=8) S 1.133  7.28(—6)
Fe’t 7.03(=7) cIt+ 8.78(—8)
Fe 1.191  9.23(=7) cPt 2.29(—8)
5 Cl 1401 1.55(=7)
C s NGC 657 At 1.86(—6)
E"'++ 3-4117 , Art3 2.05(-7)
e 47(—4) o104 Art? 1.74(-8)
He A Ar 1.663  3.46(—6)
C 2.51(=5) Fett 5.18(—8)
ctt  512(=4)  1.050 498(—4)  1.084 F+ 134(—6
CH 429(=5) © 346
: Fe 1.133  1.58(—6)
C 1.000  5.81(—4) 1.000  5.65(—4)
Nt 7.23(—6) NGC 6741
Nt 2.05(—4) 1.062 1.17(=4)  1.080 Het  0.073
N3+ 1.65(=5) Hett  0.032
N 2.34(—4) 1.34(—4) He 0.105
ot 1.45(—5) ct 1.66(—4)
ottt  562(—4) 1.042 3.47(—4) Ctt  629(—4) 1.672 2.47(—4)
0 1.002  5.87(—4) 1.002  3.62(—4) c3t 7.16(=5) 1.32(—4)
Nett  2.15(—4) 7.94(—5) C 1739  1.95(=3) 1739 9.48(—4)
Ne 1.044  2.24(—4) 1.044  8.29(—5) N+ 4.50(—5)
Mgtt  2.92(-5) N+t 1.98(—4) 1.29(—4)
Mg 2.92(-5) N3+ 6.97(—5) 6.02(—5)
st 1.25(=7) N4+ 1.73(—4)
st 2.14(—6) N 2152 5.76(—4) 4.07(—4)
S 2054  4.65(—6) ot 1.03(—4)
crt+ 5.40(—8) Ot 490(—4) 1.640 2.56(—4)
cPt 2.05(—8): o3t 6.09(—5)
Cl 2174 1.17(=7) 0 1.677  1.35(=3) 1.677  7.04(—4)
Artt 1.18(—6) Net 1.12(=5)
Art3 2.89(—7) Nett  3.27(—4) 7.02(=5)
Ar 1.057  1.55(—6) Ne3+ 8.42(—5)
Fet+ 6.44(—8) Nett 3.19(—6)
Fe3t 1.30(—6) Ne 2404  7.86(—4) 1.69(—4)
Fe 1.076  1.47(—6) Mgt  6.83(=5)
NGC 672 Mg 6.83(—5)"
Het 0004 GC 6720 S+ 1.34(—6)
He++ 0017 S+t 2.71(—6)
€ : ol S3+ 5.61(=7)
He Al s 1173 5.41(=6)
c 775(=3) crt+ 6.16(—8)
ctt  858(—4) 1322 2.41(—4) P+ 299(—8
3+ 563(—5) 4.76(=5) 29(-8)
¢ ' : cl 1654 1.40(~7)
c+ 1.057  1.26(=3) 1.057  3.87(—4) At 1.42(—6)
N 6.61(—5) Art3 5.56(—7)
Nt 2.00(—4) 1.823 8.03(=5) 1242 At 134
3t r 34(=7)
N 4.84(-5) ArtS 2.37(=8)
N 4.13(-4) 1.66(—4) Ar 1124 2.37(—6)
8++ 732(—4)  2.083 2'33(_3) Fet 282=7)
o =4 2 1.40574; Fe 9.049  2.55(—6)
0 1.000  1.52(=3) 1.000  6.29(—4)

© 2004 RAS, MNRAS 353, 1251-1285



Table 13 — continued

Table 13 — continued

Chemical abundances of PNe — 11

1267

ORLs CELs ORLs CELs
Ion AXT) ICF  AX) AXtT) ICF  AX) Ton AXT) ICF  AX) AXT) ICE  AX)
NGC 6781 NGC 6826

He™* 0.113 He* 0.099

Het*t  0.007 Hett  2.24(-5)

He 0.120 He 0.099

ctt 9.05(—4) ct 4.09(—5)

C 1.624  1.47(=3) ctt 5.49(—4) 1.166 2.47(—4)

N+t 5.61(—5) C 1.000  6.40(—4) 1.000 2.88(—4)

N+t 1.74(—4) N+ 2.46(—6)

N 1.031  2.37(—4) Ntt  2.16(—4) 1.037 6.67(—5)

o+ 1.57(—4) N 1.000  2.24(—4) 1.000  6.92(—5)

ott 2.73(—4) ot 2.48(—5)

o3t 1.33(=5) oOtt  5.68(—4) 1.081 3.07(—4)

¢} 4.43(—4) ¢} 1.000  6.14(—4) 1.000  3.32(—4)

Net+ 1.03(—4) Nett  2.08(—4) 6.05(—5)

Ne 1.624  1.67(—4) Ne 1.081  2.25(—4) 1.081  6.54(—5)

st 9.35(—7) Mgtt  3.23(-5)

Stt 2.78(—6) Mg 3.23(=5)

S3+ 5.72(—6) St 5.06(—8)

S 1.000  9.44(—6) Stt 1.73(—6)

crtt 7.92(—-8) §t3 6.20(—=7)

Cl 3394 2.69(—7) S 1.000  2.40(—6)

Artt 1.61(—6) crtt 6.55(—8)

Art3 1.12(=7) cBt 1.08(—8)

Ar 1310 2.26(—6) Cl 1.022  7.79(—8)
Artt 8.58(—7)

ot oot NGC 6790 Art? 8.48(—8)

. : Ar 1.037  9.78(=7)

He 0.003 Fet+ 8.03(—8)

gi 0.094 5256 Fe¥t 2.98(—7)

ctt 4.76(—4) 1.035 1.52(—4) 1.300 Fe 1000 3.78(=7)

3t 1.43(—4) NGC 6884

C 1.011  6.42(—4) 1.011  2.05(—4) He* 0.084

Nt 1.28(—6) Hett  0.015

N+t 4.15(-5) 1.046 2.80(=5) 1.280 He 0.099

N3+ 1.16(—5) ct 2.30(—5)

N 5.50(—5) 3.71(-5) Cct+ 7.44(—4)  1.079 2.92(—4)

ot 4.63(—6) c3t 9.57(—5) 4.85(—5)

ott  422(-4) 1.029 2.44(—4) C 1.056  9.49(—4) 1.056  3.84(—4)

o3t 2.48(—6) Nt 4.77(—6)

0 4.34(—4) 2.51(—4) N+t 235(—4) 1.050 9.47(—5) 1438

Nett  1.26(—4) 1.028 5.13(=5) N3+ 1.03(—4)

Ne3+ 1.43(—6) N 3.50(—4) 1.41(—4)

Ne 1.019  1.32(—4) 1.019  5.37(—5) ot 1.07(=5)

Mgtt  241(=5) ott  836(—4) 1.117 3.62(—4)

Mg 2.41(=5) o3t 3.18(—5)

st 7.10(—8) 0 9.34(—4) 4.05(—4)

Stt 8.50(—7) Nett  5.10(—4) 1.596 8.74(—5)

S3+ 6.19(=7) Ne3* 5.21(=5)

S 1267  1.95(—6) Ne 1.027  8.36(—4) 1.027  1.43(—4)

crtt 1.95(—8) Mgtt  3.78(=5)

cPt 2.25(—8) Mg 3.78(—5)

Cl 1.329 5.58(—8) st 1.43(=7)

Artt 3.25(=7) Stt 1.89(—6)

Art3 2.24(=7) Nas 2.41(—6)

Ar 1.036  5.69(=7) S 1417 6.30(—6)

Fet™ 3.37(—8) crtt 6.06(—8)

Fet™ 6.12(—8) cPt 4.85(—8)

Fe 1267 1.20(=7) Cl 1.464  1.60(—7)
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Table 13 — continued

ORLs CELs

Ton AXTH ICE  AX) AXTH ICF  AX)

Artt 9.96(—7)

Art3 7.23(=7)

Art4 2.88(—8)

Ar 1.035 1.81(—6)

Fett 8.42(—8)

Fe’t 2.13(=7)

Fe 1.417  421(=7)
NGC 7662

Het 0.060

Hett  0.038

He 0.098

ct 9.46(—6)

Ctt  4.66(—4) 1.095 9.91(—5)

c3t 1.85(—4) 1.21(—4)

c 2073 1.44(-3) 2073  4.76(—4)

N+ 6.98(—7)

N+ 7.86(-5) 1.73(=5)

N3+ 6.07(=5) 3.05(—5)

N4+ 1.15(=5)

N 1.255  1.75(—4) 6.00(—5)

ot 3.18(—6)

ott  352(—4) 1.529 1.79(—4)

(03as 9.15(-5)

o 1.223  6.58(—4) 1223 3.35(—4)

Net 9.68(—7)

Nett 228(—4) 1.798 3.20(—5)

Ne3+ 2.30(=5)

Nett 1.58(—6)

Ne 4.10(—4) 5.75(=5)

Mgtt  1.85(—5)

Mg 1.85(—5)¢

St 4.80(—8)

St 9.51(=7)

S3+ 2.56(—6)

S 2.034  7.24(—6)

artt 2.82(—8)

ci3+ 5.72(—8)

Cl 2062  1.85(=7)

Artt 4.26(-7)

Art3 5.30(=7)

Artt 8.21(—8)

Arts 1.77(-8)

Ar 1.012  1.06(—6)

Fett 5.99(—8)

Fe’t 1.48(—7)

Fe 3334 6.93(=7)

Note. “Lower limit owing to the possible existence of Mg+ and Mg** in
this high-excitation nebula.

lines (such as [O 1] A4959) and from IR fine-structure lines (such as
[O ] 52 and 88 pum), the results were averaged with equal weight.
For the IR fine-structure lines, ionic abundances deduced using N,
derived from the [O m] 88-pum/52-pm ratio were adopted for PNe
with log N ([Ar1v]) < 3.9 cm™3.

In Table 14 we present total elemental abundances relative to
hydrogen derived from ORLs and from CELSs, given in units where
log N(H) = 12, for He, C, N, O, Ne, Mg, S, Cl, Ar and Fe for the 12
PNe in our sample. For comparison, results for several other Galactic
PNe previously analysed by our group in the context of the current
ongoing programme are also given. They are NGC 7009 (Liu et al.

1995), NGC 6153 (Liu et al. 2000), M 1-42 and M 2-36 (Liu et al.
2001b), NGC 7027 (Zhang, Liu & Luo, in preparation), M 2-24
(Zhang & Liu 2003) and NGC 6543 (Wesson & Liu 2004). For the
12 PNe in the current sample, heavy element abundances derived
from the traditional method based on CEL analysis are compared
to values published in the literature in Table 15. For completeness,
helium abundances, all based on ORL analysis, are also included in
the table.

Peimbert & Torres-Peimbert (1983) defined type I PNe, believed
to represent the high-mass end of the population of PN progenitor
stars, as those having He/H = 0.125 and N/O = 0.5 by number.
Kingsburgh & Barlow (1994) refined the type I classification to
refer to those PNe which have N/O ratios larger than the original
(C+N)/O ratios of the parent galaxy interstellar medium (ISM)
out of which they formed, implying that any nitrogen in excess of
this value must be primary in origin, e.g. produced via hot bottom
burning of carbon brought up by the third dredge-up. For the Milky
Way, this type I criterion translates into N/O = 0.74. If we adopt
abundances derived from CELSs, then based on this criterion Hu 1-2,
M 1-42 and M 2-24 listed in Table 14 can be classified as type | PNe.
If we adopt the original less stringent definition given by Peimbert
& Torres-Peimbert (1983), then NGC 6741 can be added to the list.
The average elemental abundances derived from ORLs and from
CELs for non-type I and type I PNe are presented in Table 14.

For comparison, we also list the mean heavy elemental abun-
dances for type I and non-type I PNe derived by Kingsburgh &
Barlow (1994) for a large sample of Galactic PNe, all based on
the traditional method of CEL analysis, as well as the solar photo-
spheric abundances taken from Grevesse, Noels & Sauval (1996),
except for oxygen and carbon, for which we have adopted the more
recent values given in Allende Prieto, Lambert & Asplund (2001,
2002), respectively, and for magnesium for which the value was
taken from Holweger (2001). The average C, O and Ar abundances
for the 16 non-type I Galactic PNe listed in Table 14 are lower
than those obtained by Kingsburgh & Barlow (1994) by 0.17, 0.03
and 0.13 dex, respectively. For N and Ne our average values for
non-type I PNe are 0.06 and 0.04 dex higher than those obtained by
Kingsburgh & Barlow (1994), respectively. The average abundances
of sulphur from these two samples agree very well.

3 COMPARISON OF TEMPERATURES
AND ABUNDANCES DERIVED FROM CELS
AND FROM ORLS

3.1 Elemental abundances

In Table 16, we present the abundance discrepency factors (ADFs)
between ionic abundance derived from ORLs to those deduced from
CELs, for O>*, C?*,N?* and Ne?*. For all PNe and all ionic species,
we find that the ADF is always larger than one, i.e. ionic abundances
derived from ORLs are systematically higher than the corresponding
CEL values. In the case of O where data are available for all except
one PN (NGC 6781), the ADFs range from 1.6 to 3.1 for 10 of them.
However, for one object, NGC 40, ADF(O**) amounts to a very high
value of 17.8. Similar results are found for three other ionic species.
The large discrepancies seen in NGC 40 are comparable to those
previously found in the Galactic bulge PN M 1-42 (Liu et al. 2001b).

Previous detailed spectroscopic analyses of PNe using ORLs have
been focused on a small group of PNe previously known (e.g. NGC
7009; Liu et al. 1995) or newly discovered (e.g. NGC 6153 and
M 1-42; Liu et al. 2000, 2001b) to exhibit extraordinarily rich and
prominent permitted emission lines from ionized C, N, O and Ne.
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Table 14. Elemental abundances, relative to H, derived from ORLs and from CELs, in units where log N (H) = 12.0. A ‘(I)’ following the PN name indicates

a type I nebula (see text).

PN D He C N (6] Ne Mg S Cl Ar Fe
Hu 1-2(I) (1) ORLs 11.12 8.69 8.46 8.29 7.52

CELs 8.17 8.03 8.08 7.62 6.57 4.84 5.96 5.27
IC 3568 (2) ORLs 10.98 8.55 8.13 8.73 8.50 7.60

CELs 8.12 7.51 8.39 7.69 6.28 4.73 5.88 6.72
NGC 40 3) ORLs 11.08 9.61 9.32 9.95 7.32

CELs 8.84 7.93 8.69 8.01 6.41 491 5.94 6.35
NGC 6210 “4) ORLs 10.99 8.57 8.31 9.13 8.55 7.28

CELs 8.05 7.87 8.64 8.01 6.81 5.10 6.12 597
NGC 6572 (5) ORLs 11.02 8.76 8.37 8.77 8.35 7.47

CELs 8.75 8.13 8.56 7.92 6.67 5.07 6.19 6.17
NGC 6720 (6) ORLs 11.05 9.10 8.62 9.18 8.71 7.41

CELs 8.59 8.22 8.80 8.23 6.86 5.19 6.54 6.20
NGC 6741 (@] ORLs 11.02 9.29 8.76 9.13 8.90 7.83

CELs 8.98 8.61 8.85 8.23 6.73 5.15 6.38 6.41
NGC 6781 (8) ORLs 11.08 9.17

CELs 8.38 8.65 8.22 6.97 5.43 6.35
NGC 6790 ) ORLs 10.97 8.81 7.74 8.64 8.12 7.38

CELs 8.31 7.57 8.40 7.73 6.29 4.75 5.75 5.08
NGC 6826 (10) ORLs 11.00 8.81 8.35 8.79 8.35 7.51

CELs 8.46 7.84 8.52 7.82 6.38 4.89 5.99 5.58
NGC 6884 (11) ORLs 11.00 8.98 8.54 8.97 8.92 7.58

CELs 8.58 8.15 8.61 8.16 6.80 5.20 6.26 5.62
NGC 7662 (12) ORLs 10.99 9.16 8.24 8.82 8.61 727

CELs 8.68 7.78 8.52 7.76 6.86 5.27 6.02 5.84
M 1-42¢(I) (a) ORLs 11.17 9.35 9.59 9.79 9.40 7.72

CELs 7.80 8.68 8.63 8.12 7.08 5.26 6.56
M 2-24% (1) (b) ORLs 11.03 8.77 8.55 9.16 9.03 8.38

CELs 8.09 7.92 8.37 6.13 5.66 6.08
M 2-364 (c) ORLs 11.13 9.41 9.17 9.64 9.16 7.63

CELs 8.73 8.42 8.85 8.57 7.47 5.42 6.66
NGC 6153¢ (d) ORLs 11.14 9.40 9.31 9.66 9.29 7.59

CELs 8.44 8.36 8.70 8.23 7.21 5.62 6.43
NGC 65437 (e) ORLs 11.07 8.90 8.85 9.30 8.67 7.39

CELs 8.50 8.52 8.86 8.27 7.09 6.51 5.40
NGC 7009¢ ) ORLs 11.04 8.97 8.71 9.28 9.88 7.47

CELs 8.12 8.10 8.61 8.24 6.98 6.27
NGC 7027 (g) ORLs 11.00 9.23 8.63 8.69 8.47 7.39

CELs 9.02 8.21 8.56 8.12 6.61 5.12 6.26 5.58
Mean non-type I ORLs 11.04 9.14 8.81 9.30 9.05 7.50

CELs 8.64 8.20 8.66 8.14 6.90 5.56 6.25 6.16
Mean type I ORLs 11.11 9.04 9.18 9.42 9.25 8.04

CELs 8.03 8.37 8.32 8.13 6.76 5.10 6.22 5.84
KB 94 non-type I# 11.05 8.81 8.14 8.69 8.10 - 6.91 - 6.38
KB 94 type I# 11.11 8.48 8.72 8.65 8.09 - 6.91 - 6.42
Solar” 10.99 8.39 7.97 8.69 8.09 7.54 7.21 5.50 6.56 7.51

Notes.“From Liu et al. (2001b) except for Mg which is taken from Barlow et al. (2003). ®From Zhang & Liu (2003). “From Liu et al. (2000) except for Mg
which is taken from Barlow et al. (2003). “From Wesson & Liu (2004). ¢From Liu et al. (1995) for He, C, N & O abundances and Luo et al. (2001) for
Ne, Barlow et al. (2003) for Mg. The CEL abundances of S and Ar are from Kingsburgh & Barlow (1994). JFrom Zhang et al. (in preparation). 8 Average
abundances for PNe from Kingsburgh & Barlow (1994). #Solar photospheric abundances from Grevesse et al. (1996), except for C and O which are taken

from Allende Prieto et al. (2002, 2001), respectively, and for Mg which is from Holweger (2001).

The main purpose of these studies was to establish the recombina-
tion nature of these faint lines and their fidelity as nebular abundance
tracers. High-quality measurements show that the observed rela-
tive intensities of those permitted emission lines are indeed in good
agreement with the predictions of recombination theory and that the
very high heavy elemental abundances derived from them, assuming
recombination excitation, cannot be caused by observational errors,
blending by unknown lines or by contamination by other possible
excitation mechanisms such as radiative charge transfer, radiative
fluorescence or high-temperature di-electronic recombination. The

© 2004 RAS, MNRAS 353, 1251-1285

analyses have shown that, for a given nebula, C, N, O and Ne abun-
dances derived from ORLs are all systematically higher than the
corresponding CEL values by a similar factor, ranging from ap-
proximately 5 (NGC 7009) to 20 (M 1-42). Liu et al. (2000) have
shown that the very high ORL abundances observed in these ex-
treme nebulae are most likely caused by cold, metal-rich ionized
gas embedded in the nebula, possibly produced by the evaporation
of planetesimals now engulfed by the expanding nebula and ionized
and stripped off by the intense UV radiation fields and stellar winds
from the remnant white dwarf central star (Liu 2003).
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Table 15. Comparison of heavy element abundances derived from the traditional method based on CEL analysis and values published in the literature, in
units where log N(H) = 12.0. Helium abundances, all based on ORL analysis, are also included in the table. The following references are cited: AC83, Aller &
Czyzak (1983); AK87, Aller & Keyes (1987); AHF96, Aller, Hyung & Feibelman (1996); AKC85, Aller, Keyes & Czyzak (1985); BMGK83, Baessgen et al.
(1983); BPMT94, Balick et al. (1994); B88, Barker (1988); B87, Barker (1987); B86, Barker (1986); B82, Barker (1982); B8O, Barker (1980); B78a, Barker
(1978a); B78b, Barker (1978b); CSPT83, Clegg et al. (1983); GMC97, Guerrero, Manchado & Chu (1997), where CS denotes central star, HR hollow ring,
IR inner ring, OR outer ring, IH inner halo, and OH outer halo; HF83, Harrington & Feibelman (1983); HSALS2, Harrington et al. (1982); HM77, Hawley &
Miller (1977); HA97a, Hyung & Aller (1997a); HA97b, Hyung & Aller (1997b); HAF97, Hyung, Aller & Feibelman (1997); HAF94, Hyung et al. (1994);
KSK90, Kaler, Shaw & Kwitter (1990), where A denotes 30 arcsec south of the centre and B denotes centre; KH98, Kwitter & Henry (1998); M98, Mal’Kov
(1998); MP, Manchado & Pottasch (1989); MCW89, Middlemass, Clegg & Walsh (1989); PTP87, Peimbert & Torres-Peimbert (1987); PBBF01, Pottasch et al.
(2001); PHABO3, Pottasch et al. (2003a); PBBFO03, Pottasch et al. (2003b); SCT87, Sabbadin, Cappellaro & Turatto (1987).

PN Reference He C N (0] Ne S Cl Ar Fe
Hu 1-2 Present 11.12 8.17 8.03 8.08 7.62 6.57 4.84 5.96 5.27
PHABO3 11.10 8.21 8.28 8.20 7.69 6.62 5.04 6.04
PTP87 11.17 8.34 8.20 7.56 5.90
AC83 11.20 8.08 8.50 8.05 7.83 6.48 5.18 6.20
SCT87 11.20 8.81 7.49 7.64 6.49
M98 11.19 8.08 8.18 8.04 7.77 6.89 5.94
IC 3568 Present 10.98 8.12 7.51 8.39 7.69 6.28 4.73 5.88 6.72
HF83(M)* 10.99 8.46 7.70 8.57 7.90 7.00
KH98 11.04 7.99 8.37 8.50 7.61
B78a,b 10.99 7.17 8.41 7.79 7.70
NGC 40 Present 11.08 8.84 7.93 8.69 8.01 6.41 491 5.94 6.35
PBBF03 >10.66 9.28 8.11 8.72 8.15 6.75 6.53 5.79
CSPT83 >10.64 9.00 8.38 8.92 6.59
ACS83 >10.5 7.99 8.78 >6.6 25.0 >5.8
NGC 6210 Present 10.99 8.05 7.87 8.64 8.01 6.81 5.10 6.12 5.97
AC83 11.01 7.69 8.70 7.98 7.33 5.00 6.29
KH98 11.04 7.97 8.16 8.64 7.85
B78a,b 11.03 7.57 8.60 8.04 7.70
NGC 6572 Present 11.02 8.75 8.13 8.56 7.92 6.67 5.07 6.19 6.17
HAF94(M)“ 10.97 8.13 7.98 8.49 7.74 6.53 4.78 6.30
HAF94 11.04 8.33 7.79 8.54 7.76 6.33 4.83 6.28
BMGK83(M)“* 11.00 8.70 8.12 8.63 8.32 6.90
B78a 11.07 7.77 8.44 7.78 6.02
NGC 6720 Present 11.05 8.59 8.22 8.80 8.23 6.86 5.19 6.54 6.20
GMC97(CS) 11.15 8.15 8.77 8.78 6.08 6.35
GMC97(HR) 11.15 8.00 8.71 8.59 6.26 6.31
GMC97(IR) 11.11 8.26 8.81 8.75 6.58 5.82
GMC97(0R) 11.12 8.32 8.76 8.31 6.68 6.34
GMC97(IH) 10.99 8.11 8.90 8.41 6.41
GMC97(0OH) 11.16 7.85 8.65 8.15
B87 11.04 9.09 8.36 9.05 8.26 6.38
B80,82 11.04 8.59 8.34 8.79 8.20 6.99 6.57
HM77 11.06 8.40 8.97 8.40 6.65
KH98 11.04 8.81 8.40 8.77 8.00
NGC 6741 Present 11.02 8.98 8.61 8.85 8.23 6.73 5.15 6.38 6.41
PBBFO1 11.04 8.81 8.45 8.82 8.26 7.04 6.69
HA97b(M)* 11.04 8.90 8.15 8.65 8.00 6.76 6.54
HA97b 11.04 8.86 8.38 8.73 8.11 6.90 6.49
AKCS85 11.04 9.08 8.72 8.73 8.20 6.49 6.56
NGC 6781 Present 11.08 8.38 8.65 8.22 6.97 543 6.35
KSK90(A) 11.01 8.34 8.79 7.99
KSK90(B) 11.14 7.85 8.30 741
AKS87 11.11 8.35 8.64 7.83 7.0 6.60

Similar detailed spectroscopic analyses contrasting heavy ele-
mental abundances determined from weak ORLs and those derived
from the traditional method based on bright CELs have now been
carried out for a significant number of PNe. Garnett & Dinerstein

(2001a) determined O**/H* abundance ratios for 10 bright disc
PNe from O 11 ORLs and found that they were systematically higher
than the CEL values by a factor of up to 6. In a parallel study us-
ing an almost identical technique as employed here, Tsamis et al.
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Table 15 — continued
PN Reference He C N (6] Ne S Cl Ar Fe
NGC 6790 Present 10.97 8.31 7.57 8.40 7.73 6.29 4.75 5.75 5.08
AHF96(M80)* 11.00 8.51 7.81 8.73 8.06 6.79 5.23 6.30
AHF96(M)* 11.04 8.86 7.74 8.88 7.99 6.65 4.84 5.93
AHF96 11.04 8.9: 7.78 8.79 7.87 6.64 4.89 5.95
ACS83 11.02 7.98 8.60 7.86 6.40 4.85 6.17
NGC 6826 Present 11.00 8.46 7.84 8.52 7.82 6.38 4.89 5.99 5.58
B88 10.97 8.53 7.71 8.60 7.96 6.77 6.11
BPMT9% 10.99 7.92 8.68 7.93 6.69 4.79 6.20
MCW89 11.00 7.62 8.39 7.55
MP89 11.11 7.76 8.60 7.76 5.48
ACS83 11.03 7.47 8.38 7.98 6.17 5.04 6.05
KH98 11.00 8.12 7.95 8.59 7.70
NGC 6884 Present 11.00 8.58 8.15 8.61 8.16 6.80 5.20 6.26 5.62
HAF97(M)* 11.00 9.00 8.48 9.00 8.41 6.95 5.30 6.60
HAF97 10.99 9.06 8.47 8.95 8.43 6.81 5.24 6.42
ACS83 11.07 7.86 8.66 7.99 7.03 5.32 6.57
B78a 11.09 8.06 8.84 6.56
NGC 7662 Present 10.99 8.68 7.78 8.52 7.76 6.36 5.27 6.02 5.84
PBBFO1 10.92 8.56 7.83 8.62 7.81 6.82 6.32
HA97a(M)* 10.97 8.65 7.67 8.54 7.80 6.85 6.30
HA97a 10.97 8.98 8.19 8.85 7.96 6.67 6.11
B86 10.97 8.83 8.04 8.63 7.96 6.62 6.18
ACS83 11.07 8.60 7.87 8.57 7.80 6.83 4.72 6.32
HSAL82(M)* 10.97 8.79 7.78 8.56 7.85 7.18
KB94 non-type I” 11.05 8.81 8.14 8.69 8.10 6.91 - 6.38
KB94 type g 11.11 8.48 8.72 8.65 8.09 6.91 - 6.42
Solar® 10.99 8.39 7.97 8.69 8.09 7.21 5.50 6.56 7.51

Notes. “Values based on photoionization models. ® Average abundances for Galactic PNe from Kingsburgh & Barlow (1994). ¢Solar photospheric abundances
from Grevesse et al. (1996), except for C and O which are taken from Allende Prieto et al. (2002, 2001), respectively, and for Mg which is from Holweger (2001).

(2004) determined ORL C, N, O and Ne abundances for a sample
of 12 Galactic and three Magellanic Cloud PNe and found that they
are higher than those derived from CEL values by factors of ~2-16.
Including results from the current work for our sample of 12 Galac-
tic disc PNe, all these studies show that the problem of abundance
discrepancies between values derived from ORLs and from CELs is
a ubiquitous phenomenon amongst PNe and is present for all abun-
dant second-row elements, including C, N, O and Ne. In all cases,
the abundances determined from ORLs are systematically higher
than the corresponding CEL values.

A histogram showing the distribution of the logarithm of the ADF,
for Ot*/H", is plotted in Fig. 1 for 23 PNe, including 18 out of
19 nebulae listed in Table 14 for which ADF(O™*/H™) has been
determined (i.e. except for NGC 6781) and the five other nebulae
mentioned above and studied by Liu et al. (2001b) (NGC 3242,
3918, 5315, 5882 and 6644). The discrepancy ranges from 0.20 to
1.34 dex and peaks at ~0.25 dex, or about a factor of 2. Fig. 1
shows that nebulae with ADFs larger than 10 are relatively rare,
contributing only about 5-10 per cent of the population. A similar
result was obtained from the independent sample of Tsamis et al.
(2004), where two nebulae, NGC 2022 and LMC N 66, are found to
have an ADF over 10 out of a sample of 15 PNe. On the other hand,
Fig. 1 shows that there is clearly a continuous distribution of ADFs
from nearly unity (i.e. no discrepancy) up to 20. Excluding those
very few peculiar nebulae, such as Abell 30 (Wesson, Liu & Barlow
2003), which were previously known to contain H-deficient knots,
the most extreme nebula found so far from a large spectroscopic
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survey of over a hundred PNe is Hf 2-2 whose ADF reaches 84 for
O™*/H*, a value of almost two orders of magnitude (Liu 2003).

Ionic abundance ratios, C2*/O** and N** /O**, calculated using
either ORL/ORL or CEL/CEL ratios, are compared in Fig. 2. This
shows that the abundance ratios of two heavy element ions derived
from the same type of emission line are in good agreement, within
a factor of £ 0.30 dex in most cases. This is consistent with the
findings of earlier studies for a limited number of nebulae, that is,
for a given nebula, ORL to CEL abundance discrepancy factors are
of comparable magnitude for all (second-row) elements analysed
(Liu et al. 1995, 2000, 2001b; Mathis, Torres-Peimbert & Peimbert
1998; Luo, Liu & Barlow 2001; Tsamis et al. 2003a, 2004). Given
the fact that the emissivities of all recombination lines have only a
weak and similar power-law dependence on electron temperature,
ionic abundance ratios C**/0?* and N2+ /O** derived from ORLs
are essentially independent of the physical conditions in the nebula
and thus should be highly reliable.

In Fig. 2, three combinations of diagnostic lines have been used
to determine CEL C?>*/0%* and N?*/0%** abundance ratios. For
most objects, the individual determinations are in good agreement.
There are however some notable exceptions, such as NGC 40 (ID =
3) and NGC 6210 (ID = 4). NGC 6210 has an angular diam-
eter of ~16.2 arcsec (see table 1 in Paper I), so normalization
of line fluxes in different bands could be a problem, especially
for the UV wavelength region observed with the IUE. NGC 40,
with a diameter of about 50 arcsec, is much larger than the /UE
large aperture. In this case, normalization of UV lines could be a



1272 Y. Liu et al.
Table 16. ORL to CEL abundance discrepancy factor (ADFs) and heavy elemental abundance ratios, X2+ /0?*, derived purely from ORLs or purely from
CELs.

Sun Hu 1-2 1C 3568 NGC 40 NGC 6210 NGC 6572 NGC 6720
ADF(0?1) (ORL/OPT) - 1.6 2.2 17.8 3.1 1.6 2.4
ADF(0O%*1) (ORL/UV) - 2.0 4.6 222 43 1.1 2.1
ADF(0?1) (ORL/IR) - 34 2.9 17.3 1.3 1.4 2.3
ADF(C?t) (ORL/UV) - 3.6 2.6 5.8 34 1.0 3.6
ADF(N2t) (ORL/UV) - 4.0 6.1 - 2.7 1.6 2.4
ADF(N?™) (ORL/IR) - >75 42 249 1.4 1.9 26
ADF(Ne?t) (ORL/OPT) - - 6.4 - 35 2.7 3.0
C* /0% (ORLs) 0.50 1.5 0.56 2.8 0.25 0.91 1.17
C2+ /0% (UV/UV) 0.50 0.83 0.98 >1.0 0.32 1.00 0.68
(2aleas (UV/OPT) 0.50 0.67 0.47 8.5 0.22 1.44 0.80
N2t /0% (ORLs) 0.19 1.5 0.21 1.0 0.13 0.36 0.27
N2+/0%+ (UV/UV) 0.19 0.75 0.15 - 0.20 0.26 0.24
N2t /0% (IR/IR) 0.19 <0.70 0.14 0.70 0.12 0.63 0.24
Ne2t 0%+ (ORLs) - - 0.58 - 0.27 0.38 0.45
NeZ* /0% (CELs) - 0.26 0.27 0.04 0.23 0.23 0.36
10* x 0?*/H+ (Opt CELs) - 0.435 243 0.120 423 3.47 3.02
10* x 0%t /H* (IR CELs) - 0.205¢ 1.86 0.124 9.62 4.01 3.24

Sun NGC 6741 NGC 6781 NGC 6790 NGC 6826 NGC 6884 NGC 7662
ADF(0*1) (ORL/OPT) - 1.9 - 1.7 1.9 2.3 2.0
ADF(0*") (ORL/UV) - 2.0 - 1.9 1.9 1.9 4.6
ADF(0%**) (ORL/IR) - 35 - 2.8 2.0 2.3 2.0
ADF(C?") (ORL/UV) - 2.5 - 3.1 22 2.5 4.7
ADF(N2t) (ORL/OPT) - 15 - 15 28 22 9.6
ADF(N2t) (ORL/IR) - 3.5 - - 2.5 2.8 2.0
ADF(Ne?t) (ORL/OPT) - 4.7 - 2.5 34 5.8 7.1
cr ot (ORLs) 0.50 1.28 - 1.13 0.97 0.89 1.32
cr 0% (UV/UV) 0.50 1.00 - 0.67 0.81 0.65 1.30
C2+ /0% (UV/OPT) 0.50 0.96 - 0.62 0.80 0.81 0.55
N%+/0%* (ORLs) 0.19 0.40 - 0.10 0.38 0.28 0.22
N2+/0%+ (UV/UV) 0.19 0.52 - 0.12 0.25 0.24 0.11
N%+/0%* (IR/IR) 0.19 0.39 0.28 - 0.20 0.19 0.10
Ne?t /0% (ORLs) - 0.67 - 0.30 0.37 0.61 0.65
Ne2t/0?+ (CELs) - 0.27 0.38 0.21 0.20 0.24 0.18
10* x 0%t /H* (Opt CELs) - 2.56 2.73 2.44 3.07 3.62 1.79
10* x 0*t/Ht (IR CELs) - 1.39 6.23 1.52 2.86 3.64 1.80
Note. “Derived from the [O 11] 88-pm line.
problem, but this should not affect C>*/0?* and N** /O** derived
from the 21908/11663 and A1750/A1663 intensity ratios, respec- 8 : : : : : : :
tively. In NGC 40, 11908 /11663 yields an ionic ratio significantly r 1
lower than that derived from the other two pairs of diagnostic line ra-
tios. For NGC 40 and 6210, the UV N ] A1750 and O 1] 11663 in- 6L i
tercombination lines were only marginally detected, So ionic abun- H 1
dances determined from them are therefore quite uncertain (see Ta- r 1
ble 1). In addition, NGC 40 has a WC 8 Wolf—Rayet central star. One fg i ]
possibility is that our measurements of UV lines in this nebula have z | |
been contaminated by emission/absorption from the stellar winds. r 1

N%*/O** abundance ratios derived for NGC 7662, Hu 1-2 and I 1
. . . . . 2 *
NGC 6826 from the three pairs of collisionally excited diagnostic | |
line ratios are in good agreement with each other and are lower than b 1
the ORL values by approximately a factor of 2. There is a possibility r 1
T S R S 1 Lo - T

that some of the N1t ORLs used to determine N>+ /0O?* abundance ) 0z 0s o5 08 12 1

ratios are enhanced by fluorescence excitation. Grandi (1976) sug-
gests that in the Orion nebula multiplets V3, V5 and V30 of N1
are fluorescently excited by the He1 A508.6 resonance line. On the

1
Log (0**/H*)ore/(0++/H¥)cer

Figure 1. Histogram of logarithmic ADF for O*2/H* ionic abundance for
a sample of 23 PNe (see text for details).

© 2004 RAS, MNRAS 353, 1251-1285



L S R PRI
r e 7 ]
r 3 // ]
0.8 — s -
r e h
L s a
06 - e 1

V2 7

r ) R
r B p ]
~ 04 - v s —
3 E s s 4
& r P L ]
r 5 ]
S o2f ,//3 7 .
= r a |
L L /z,{/ o 4 ]
~ -00f B e B 1
+ L , 11 B v 4
& [ & ]
° r e ﬁ% z ]
> -0zl ; o B §/e .
& N y ° .
o L 7 e 4
~ £ e L] il ]
g 04 s a e ]
i C 7 m P ]
r p , ]
08 7 ]
1 * B - A1908/A1663 ]
L7 -
-0.8 s ® - \1908/A4959 9
n . .
r S O - \1908/(52um+88um) | ]
-0 o .
Wl ki b b b b b b b o by a

-1.0 -08 -06 -04 -02 -00 02 04 06 08
Log (C2*/02*) (C 1I/0 II ORLs)

ey
o

Chemical abundances of PNe — 11 1273

L B e o e B N B o o e
02 /,’ 8
[ |8 - A1750/71663 L i
0oL |® - A1750/14959 // ]
[ |O - 57um/(52um+88um) // 3 1./]
; ) 3 A7
~ —0R2r // 7 e X
- r 2 7/ b
=] L ] s i
o 4 s
~N r 7 s 7
2 04 . > L B
o o s s B
~ L 7 s11 ~ 4
—~ L 7 10 s i
+ e V
@ 06 [ . B
g r ,/4 i % // 4
e
& F s B o b
Z L 7 2 e 1
~ -08F v % i —
¥ r - e 1
- Lo e 12 1
cor . /70 ]
L 7 i
7 e
L ~ ]
-1.2 .7 _
L 7/ 4
L 7 4
|- 4 4
a1
~14 -12 -10 -08 -06 -04 -02 00 02

Log (N2+/02+) (N 1I/0 II ORLs)

Figure 2. Comparison of C2* /0t (left) and N>+ /0%t (right) ionic abundance ratios derived from ORLs and from UV, optical and IR CELs. The dashed
lines represent ADFs of 0.3 dex. Each nebula is labelled by an ID number listed in Table 14. Data points with identical abscissa values are for the same PN.

other hand, Liu et al. (2001b) show that the relative intensities of N 11
ORLs observed in PNe M 142 and M 2-36 are inconsistent with
fluorescence by the He 1 1508.6 line and suggest that continuum flu-
orescence by starlight is probably more plausible. It should be noted
however that N 11 lines from large orbital angular momentum spec-
tral terms, such as those from the 3d—4f configuration, are unlikely
affected by any fluorescence processes. For objects in our sample,
ORL N?* /H* abundances for IC 3568, NGC 40 could unfortunately
be derived from multiplets V3 and V5 only (Tables 3 and 4). For Hu
1-2, N>+ /H* abundances determined from multiplets V3 and V5
are significantly higher than those derived from multiplet V20 and
from 3d—4f transitions. The ORL N>* /H* abundance ratio adopted
here for Hu 1-2 was based on the 3d—4f lines only.
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3.2 N and O ionic abundances derived from UV,
optical and IR CELs

Collisionally excited IR fine-structure lines have excitation energies
of only a few hundred Kelvin, much smaller than nebular electron
temperatures determined from optical forbidden-line temperature-
diagnostic ratios such as the [O 1] 24959/24363 nebular to auroral
line ratio (typically of the order of ~10* K) and of the excitation
energies of optical/UV CELs (typically 2> a few eV, or equivalently
2> afew times 10* K). Thus, unlike UV or optical CELs, ionic abun-
dance ratios X'+ /H™ derived from IR fine-structure lines are insen-
sitive to uncertainties in electron temperature determinations and to
the presence of possible temperature fluctuations. Fig. 3 compares
0% /H* abundance ratios derived from the UV O] A11661, 1665
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Figure 3. Comparison of N** /H* abundance ratios derived from the Nm] UV 11750 intercombination line and from the IR [N m] 57-um fine-structure
line, and 02+/H+ ratios derived from the UV O] A1663 intercombination line, the [O 1] optical 24959 forbidden line, and from the IR 52- and 88-pum
fine-structure lines. Open and filled symbols represent IR ionic abundances derived assuming, respectively, the average electron density derived from optical
density-diagnostic ratios and that deduced from the [O 1] 88-pum/52-pum IR fine-structure line ratio. Nebulae are labelled by the IDs listed in Table 14. Data
points with identical abscissa values are for the same PN. The dashed lines represent abundance discrepancy factors of £0.1, £0.3 and 0.7 dex, respectively.
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intercombination lines, the optical [O 111] A4959 forbidden line, and
from the FIR [O 1] 52- and 88-pum fine-structure lines. Also com-
pared in the figure are N>* /H* abundance ratios derived from the
UV Nm] A1750 intercombination line and from the FIR [N ]
57-pum fine-structure line. Given that FIR fine-structure lines have
relatively low critical densities (~ a few times 10° cm™), ionic
abundances derived from them are however sensitive to the elec-
tron densities adopted. We have therefore plotted in Fig. 3 N> /H*
and O** /H* ionic abundance ratios derived adopting, respectively,
the average electron density deduced from optical diagnostic line
ratios (such as the [S 1] A6731/A6716 and [Cl 1] A5537/A5517 dou-
blet ratios) and the electron density deduced from FIR fine-structure
line ratios (such as the [O 1] 88-pum/52-pum ratio). The average elec-
tron densities derived from optical forbidden-line ratio are normally
higher than values derived from FIR fine-structure line ratios and
this has been attributed to modest density inhomogeneities within
nebulae (Liu et al. 2001a).

Fig. 3 shows that, for the majority of PNe in our sample, FIR fine-
structure lines yield ionic abundances very similar to those derived
from UV or optical CELSs. Tsamis et al. (2004) obtain a similar result
from an independent sample. The result is consistent with previous
detailed analysis for a few extreme nebulae, such as NGC 6153 (Liu
et al. 2000), M 1-42 and M 2-36 (Liu et al. 2001b) where it is
found that within the observational uncertainties, UV, optical and
IR CELs all yield comparable ionic abundances, regardless of the
large differences in excitation energy and critical density amongst
the diagnostic lines in different wavebands.

In NGC 40, the O** /H* abundance ratio derived from the O 1]
A1663 intercombination line is much higher than the values de-
rived from the [O 111] optical forbidden lines and FIR fine-structure
lines. Again, measurement uncertainties or contaminations by emis-
sion/absorption from the WC 8 Wolf-Rayet stellar winds may con-
tribute to the large discrepancy. Note that for NGC 40, if we adopt the
O%*F /H™ ratio derived from the IR fine-structure lines instead of the
optical CEL O**/H* ratio (assuming the electron density derived
from the [O 111] 88-pum/52-pum FIR fine-structure line ratio), then the
ADF for O** /H* between the ORL and CEL ionic abundances re-
mains essentially unchanged, decreasing slightly from 17.8 to 17.3.
However, if we adopt O** /H™ derived from the IR lines assuming
the higher electron density deduced from optical forbidden-line ra-
tios, then the discrepancy factor drops to 14.5. For comparison, the
ADFs for N>+ /H™, using the values derived from N 11 ORLs and the
[N1m] 57-pum FIR fine-structure line, are 24.9 and 14.5 for the two
cases where the N>+ /H* ratio is derived from the IR line assuming
the electron density determined from the [O 1] 88-pm/52-pum ra-
tio, or from optical forbidden-line ratios, respectively. In both cases,
the ORL abundances of N and O deduced for NGC 40 remain how-
ever much higher than the corresponding values deduced from IR
fine-structure CELs.

3.3 Electron temperatures

The discrepancy between ORL and CEL abundances has been found
to be strongly correlated with another long-standing discrepancy in
nebular astrophysics: the dichotomy of T'. derived from the [O 1]
forbidden-line ratio and from the hydrogen recombination contin-
uum Balmer discontinuity (Peimbert 1971; Liu & Danziger 1993).
Nebulae previously found to show abnormally high ORL heavy
elemental abundances all have a ‘normal’ forbidden-line electron
temperature no different from that normally found for an ionized
gaseous nebula, i.e. around 1 x 10* K, yet they all exhibit a very
low Balmer jump temperature, 7'.(BJ). As the ORL to CEL abun-
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Figure4. ADFsfor 0>t /H plotted against 7 ([O m1]) — T'o(BJ), the differ-
ence between the electron temperature derived from the [O 111] A4959/14363
nebular to auroral line ratio and from the nebular continuum Balmer jump.
The solid line gives the linear fit obtained by Liu et al. (2001b). Nebulae with
IDs ‘1-12° and ‘a—g’ are listed in Table 14: ‘h’, Hf 2-2; ‘i’, NGC 3242; ‘j’,
NGC 3918; ‘k’, NGC 5315; ‘I’, NGC 5882; ‘m’, NGC 6644; ‘n’, M42; ‘0’,
M17; ‘p’, NGC 3576. For NGC 6572 (‘5’), three independent measurements
of Te([O11]) — T(BJ) are plotted separately, connected by a line and a left
arrow (see text for more details).

dance discrepancy increases, T.(BJ) decreases rapidly (Liu et al.
2001b). The most extreme PN found so far is Hf 2-2, whose ADF
reaches 84 and 7T'.(BJ) drops to 900 K, a factor of 10 lower than its
T.([O1]) of 8820 K (Liu 2003).

T.([Om1]) and T'.(BJ) have both been measured for 11 PNe in our
sample (Paper I). Amongst these objects, NGC 40 has the largest
difference between the two temperatures, T.(BJ) = 7020, about
3580 K lower than T.([Om]) = 10600 K.

In Fig. 4, ADFs for O** /H* ionic abundances derived from O 11
ORLs and from the [O 11] optical forbidden lines are plotted against
T.([Om]) — T.(BJ) for 23 PNe and three H 11 regions. Electron tem-
peratures for the 11 PNe in the current sample are taken from table
8 of Paper I. Data for NGC 7027 and 6543 are from Zhang et al. (in
preparation) and Wesson & Liu (2004), respectively. Measurements
for the other PNe and the H 1 region M42 (the Orion nebula) are
taken from Liu et al. (2001b). Data for the other two H 1 regions,
M17 and NGC 3576, are taken from Tsamis et al. (2003a). Finally,
data for the most extreme PN Hf 2-2 are taken from Liu (2003) and
our unpublished results. The linear fit obtained by Liu et al. (2001b)
for a smaller sample of nebulae is also overplotted in the figure.

Excluding NGC 40, the O** /H* ADFs deduced for the other 10
PNe in our sample (filled circles in Fig. 4) fall in a narrow range
between 1.6 and 3.1, and the corresponding values of T'.([O1m1]) —
T.(BJ) vary from —2700 to 1900 K. Amongst them, NGC 6790
and 6741 have ADFs of 1.7 and 1.9, respectively, yet both nebulae
are found to have a T.(BJ) significantly higher than T.([O m1]), by
~2200 and 2700 K, respectively. NGC 6572 has been previously
discussed by Liu et al. (1999) and Liu et al. (2001b). This compact,
high-density PN has one of the smallest ADFs amongst the PNe
analysed so far, ADF(O%**) = 0.20 dex (current work) and 0.18 dex
(Liu et al. 2001b). The Balmer jump temperature of NGC 6572
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was first determined by Peimbert (1971), who found that 7(BJ) =
87007350 K. From a medium-resolution spectrum obtained with the
European Southern Observatory (ESO) 1.52-m telescope in 1992
May, Liuetal. (1999) derived a Balmer jump temperature of 7800 K.
A much higher value of 9090 K was determined by Liu et al. (2001b)
using newly obtained high-quality spectra. Our own spectrum yields
a Balmer jump temperature of 11 000 K, which is 400 K higher than
the [O 1] forbidden-line temperature of 10 600 K. As noted by Liu
etal. (2001b), NGC 6572 is one of a rare class of PN known to have a
variable spectrum (Mendez, Manchado & Herrero 1988; Feibelman,
Aller & Hyung 1992; Hyung et al. 1994). It is unclear whether
the wide range of Balmer jump temperature found for NGC 6572
from these independent studies represents intrinsic variations. The
differences between the individual determinations seem to be too
large to be simply attributed to measurement uncertainties.

4 CORRELATIONS OF ABUNDANCE
AND TEMPERATURE DETERMINATION
DISCREPANCIES WITH OTHER
NEBULAR PROPERTIES

In this section, we investigate possible correlations between ORL to
CEL temperature/abundance determination discrepancies and other
nebular properties, such as metallicity, mean surface brightness,
diameter, density, E.C.

4.1 Oxygen abundance

Earlier studies show that the ORL to CEL abundance discrepancy
factor varies from target to target. In Fig. 5 we plot total elemental
oxygen abundances from ORLs and from CELs against the O** /H*
ORL to CEL ionic abundance discrepancy factor for a sample of
18 PNe. Fig. 5 shows that over a wide ADF range the total elemen-
tal oxygen abundance derived from CELSs remains nearly constant,
while ORL abundances show a considerable range of over an order
of magnitude. There is good positive correlation between [ O/H] orr
and

A(O*" /H") = 1og(O*" /H" )orr. — log(O*" /H)cpr..
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Figure 5. Oxygen abundances derived from ORLSs (filled circles) and from
CELs (open circles) plotted against the ORL to CEL 0>t /H ionic abun-
dance discrepancy factor. Nebulae are labelled with the ID numbers given in
Table 14. Data points with identical abscissa values are for the same PN. The
dotted and dashed lines are linear fits to the filled circles and open circles,
respectively.
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A linear fit yields

(0] o*

— =(8.56+0.11) 4+ (0.962 £ 0.15H)A | — |,
[H] ORL ( HT )
with a linear correlation coefficient of 0.84. Clearly, this tight corre-
lation is a result of variations of ORL oxygen abundances amongst
PNe which all have an almost equal CEL oxygen abundance. In
fact, a linear fit to [ O/H]cgy, as a function of A (O** /H*) (i.e. open
circles in Fig. 5) yields

0 o
—|  =(856+0.11)+ (0.003 £ 0.16DA | — |,
H CEL H*

with a linear correlation coefficient of a mere 0.005.

With an ADF of about 20, the oxygen abundances of NGC 40 and
M 1-42 deduced from ORLs are more than an order of magnitude
higher than the solar value. Such a high metallicity is very difficult
to understand if PNe are descendants of low and intermediate stars
and the ORL abundances represent the true metallicity of the bulk
material of the ejected envelope during the late evolutionary stages
of the star. M 2-24 (Zhang & Liu 2003) also has a large ADF (17) for
oxygen. However, the oxygen abundance of M 2-24 derived from
CELs is the lowest amongst the PNe plotted in Fig. 5, [O/H]cpL =
7.92, compared to [O/H]or, = 9.16. Zhang & Liu (2003) show
that M 2-24 has a dense central emission region and find that it is
strongly enhanced in « elements, suggesting that it was formed in
an environment quite different from that of the Sun. For Hu 1-2,
both the oxygen abundances derived from ORLs and from CELs
are lower by 0.45 dex compared to other PNe with similar ADFs. A
recent detailed CEL abundance analysis for Hu 1-2 has been carried
out by Pottasch et al. (2003a). The oxygen abundance derived by
them was 8.20, compared to our value of 8.08. They find that it also
has very low S, Ne and Ar abundances compared to other disc PNe
and conclude that the progenitor star of Hu 1-2 is very old, has a
low mass and it takes a long time for it to reach the PN stage.

In addition to ADF variations amongst different nebulae, the dis-
crepancy between ORL and CEL abundances has also been found
to vary across the nebular surface in NGC 6153 (Liu et al. 2000),
NGC 6720 (Garnett & Dinerstein 2001b) and NGC 7009 (Luo &
Liu2003). In all cases, while CEL abundances are found to be nearly
constant across the nebula, ORL abundances are strongly peaked to-
wards the nebular centre. Thus again, it seems that the discrepancy
between heavy elemental abundances derived from ORLs and from
CELs is mainly caused by apparently higher ORL abundances.

4.2 Magnesium abundance

As pointed out by Barlow et al. (2003), the Mg 4f-3d line at
4481.21 Ais the strongest and easiest to measure ORL from any
third-row ion and to a good approximation, Mg/H = Mg?* /H*. We
have determined Mg?* /H* ionic abundances from the Mg 11 A4481
line for 11 PNe in our sample. In Fig. 6, we plot Mg?*/H* ionic
abundance ratios determined from the Mg 11 14481 ORL against the
0%t /H* ADF for a sample of 18 PNe, including five PNe previously
analysed by Barlow et al. (2003), plus M 2-24 from Zhang & Liu
(2003) and NGC 7027 from Zhang et al. (in preparation).

As mentioned above, the peculiar bulge PN M 2-24 is strongly
enhanced in « elements, including magnesium. Excluding M 2-24,
magnesium abundances determined from the A4481 ORL are al-
most constant over a wide range of oxygen ADFs. The average Mg
abundance of log (Mg/H) + 12 = 7.52733 is consistent within the
uncertainties with the solar photospheric value, 7.54 (or 3.45 x 1073
by number; Holweger 2001). As pointed out by Barlow et al. (2003),
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depletion of magnesium on to dust grains is unlikely to be signifi-
cant in PNe. Clearly, the strong enhancement of ORL abundances
relative to CEL values observed in second-row elements, such as
carbon, nitrogen, oxygen and neon, is absent for the third-row ele-
ment magnesium. A linear regression yields

|:Mg2+

H+

02+
] = (7.45 £ 0.07) + (0.069 £ 0.109)A (F) ,

with a linear correlation coefficient of 0.12.

For the high-excitation PNe Hu 1-2, NGC 6741, 7662 and 7027,
[Mg1v] and [Mgv] CELs have been detected in some of them,
yielding Mg** and Mg*" ionic abundances, respectively. If we make
corrections to the magnesium elemental abundances for these high-
excitation PNe by allowing for small contributions from Mg>* and
Mg** ionic stages and assume

(Mg/H)sum = (MgéﬁL + MgéELs + Mg4C_ELs) /H+’

then, after the corrections, a linear regression yields

Me = (7.51£0.07) + (0.010 £ 0.152)A o
T Sum— . . . . R

with a linear correlation coefficient of 0.02.

4.3 Helium abundance

Het and He?* ionic abundances are traditionally derived from
strong and easily observable lines such as He1 14471, 15876 and
16678, and He 11 14686, all excited by recombination. It is interest-
ing to investigate whether helium ionic abundances derived from
these ORLs are also enhanced relative to values indicated by a He1
or Hent CEL, should such a line be observable. We note that the
He1 2s3S level is metastable. As a consequence, there is a large
population built on this level, and excited triplet spectral terms such
as 2p *P° become accessible by thermal electron collisions. As a re-
sult, the He 12s3S—2p 3P° line at 1.0830 wm is strongly enhanced or
even dominated by collisional excitation from the 2s *S metastable
level. This line, however, falls in the near-IR and is difficult to ob-
serve using an optical spectrograph. X.-W. Liu obtained in 2001
June a high-quality spectrum of NGC 6153 in the far red covering
the AA7700-11100 wavelength region using the Boller & Chivens
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Figure 7. Nebular helium abundances [in units such that log N(H) = 12]
plotted against O** /H+ ADFs for 19 PNe, labelled with the ID numbers
listed in Table 14 and ‘h’ denotes Hf 2-2. The dashed line is a linear fit to
the data.

spectrograph mounted on the ESO 1.52-m telescope. The He1
1.0830-pm line flux measured from this spectrum is found to be in
excellent agreement with the prediction of the detailed bi-abundance
photoionization model constructed by Péquignot et al. (2003). This
implies that if one carries out an empirical abundance analysis as-
suming a chemically homogeneous nebula, then the He* /H™ ionic
abundance ratio derived from He 1 ORLs such as He 114471, 15876
and 16678 will be higher than the value yielded by the mainly colli-
sionally excited He 1 1.0830-pum line.? Additional measurements of
the He11.0830-pum line in other PNe are highly desirable. This line
is however strongly affected by optical depth effects, such that de-
tailed radiation transfer and photoionization modelling are required
for proper interpretation of its observed intensity.

In Fig. 7, helium abundances in units such that log N(H) = 12.0,
are plotted against O** /H* ADFs for 19 PNe, including Hf 2-2
(X.-W. Liu, unpublished data). Fig. 7 shows that the He abundance
is positively correlated with the O>* /H™ ADF. A linear fit yields

2+
He = (10.997 £ 0.019) 4 (8.03 & 2.33) x 1072A ((I?I_+> ,
with a linear correlation coefficient of 0.64.

Zhang et al. (2004) find for a large number of PNe that the neb-
ular helium abundance is positively correlated with the difference
between the [O 11] forbidden-line temperature and the Balmer jump
temperature. Because the ADF has been found to be positively cor-
related with the difference between the two temperatures (Liu et al.
2001b; see also Fig. 4), the positive correlation seen in Fig. 7 comes
as no surprise.

It has been known for some time that, in PNe, helium and nitrogen
abundances are positively correlated with each other, a fact often at-
tributed to the second dredge-up process. However, as pointed out
by Zhang et al. (2004), the very high helium abundance measured
in some PNe, including some of the extreme PNe showing very
large ADFs, raises the question of whether part, if not all, of the
overabundance of helium is caused by physical effects which are
responsible for the systematically higher ORL heavy element abun-
dances relative to the corresponding CEL values.

2 In the bi-abundance model of NGC 6153 constructed by Péquignot et al.
(2003), roughly two-thirds of the observed He1 1.0830-um line emission is
produced by collisional excitation by electron impacts.
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4.4 N/O abundance ratio

‘We have shown in Section 2.3 that if we adopt the new more strict cri-
terion for type I PN of Kingsburgh & Barlow (1994), N/O = 0.74,
then three PNe, Hu 1-2, M 1-42 and M 2-24 listed in Table 14 are
type I PNe. For the original criterion of Peimbert & Torres-Peimbert
(1983), He/H = 0.125 and N/O = 0.5, NGC 6741 can be added to
the list of type I PN. Here we have adopted the N/O abundance ratio
derived from CELs. The new criterion requires the observed N/O
abundance ratio to be greater than the average (N+C)/O abundance
ratio for H1 regions of the host galaxy. Type I PNe are believed
to have evolved from more massive progenitor stars, with an initial
main-sequence mass M > 2.4 M) (Peimbert & Serrano 1980), and
thus to have formed more recently out of a more enriched ISM. In
Fig. 8, we plot ADFs for O?* /H* against the N/O abundance ratio
for a sample of 18 PNe. Excluding NGC 40 and Hf 2-2, there is
a general trend that the ADF increases for higher N/O abundance
ratios, albeit with a large scatter. NGC 40 has a very low E.C. and
singly ionized species, such as N* and O, dominate in this neb-
ula. From optical forbidden lines, we find N*/O" = 0.16, whereas
from FIR fine-structure lines measured with the /SO Long Wave-
length Spectrometer (LWS), we find N?*/O*" = 0.70 (the value
from ORLs is 1.0). The total N/O elemental abundance ratio from
the CEL analysis is 0.17.

4.5 Surface brightness, diameter and density

The mean surface brightness of a PN can be regarded as an evo-
lutionary parameter. As the nebula ages and expands, the density
drops and the surface brightness decreases. Garnett & Dinerstein
(2001a) find that O** /H* ADFs are greater for larger, lower sur-
face brightness PNe than for compact, dense ones, and suggest that
the abundance problem is a function of PN evolution, caused by
some physical processes which are related to the evolutionary state
of a nebula. A similar trend is found for the current sample of PNe.

Chemical abundances of PNe — I 1277
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(1983), N/O > 0.50, and by Kingsburgh & Barlow (1994), N/O > 0.74.

In Table 17, we tabulate nebular total HB fluxes, optical angular
diameters taken from the Strasbourg—ESO Catalogue of Galactic
Planetary Nebulae (Acker et al. 1992), logarithmic extinction co-
efficients and distances for 19 PNe, including Hf 2-2. Dereddened
average nebular surface brightnesses, calculated from total HB flux
and angular diameter are also given in the table, in units of 10~'2
erg cm~2 s~! arcsec™2.

In Fig. 9 we plot O** /H™ ADFs against mean nebular HB sur-
face brightnesses, after correcting for interstellar extinction, for a
sample of 19 PNe. Data for 12 PNe previously analysed by Garnett
& Dinerstein (2001a) are also plotted. They are generally brighter
than PNe in our sample and have lower abundance discrepancies.
With the exception of NGC 6720 (labelled as ‘6’), there is a clear
trend for the O** /H* ADF, A(O*f/H"), to be anticorrelated with

Table 17. Nebular angular diameters, distances, mean surface brightnesses, N¢([S 11]) and E.C.s. Nebular total HB fluxes and optical angular diameters are
taken from the Strasbourg—ESO Catalogue of Galactic Planetary Nebulae (Acker et al. 1992) and distances are from Cahn, Kaler & Stanghellini (1992) except

for Hf 2-2.
Name ADF(0%1) log F(HB) c(HpB) Diameter Distance 12 + log [I(HB)/6%] log Ne([S 11]) E.C.
(erg cm 2571 (arcsec) (kpc) (erg cm~2 s~ ! arcsec2) (cm™3)

Hf 2-2 84.0¢ —12.30 0.73b 18.6 4.50¢ —1.507 2.520 0.80
M 1-42 22.0 —11.63 0.704 9.0 5.46 —0.236 3.094 2.21
NGC 40 17.8 —10.37¢ 0.70 48.0 1.24 —0.430 3.24 0.18
M 2-24 17.0 —12.10 0.80 6.8 9.26 —-0.363 3.25 1.59
NGC 6153 9.2 —10.86 1.30¢8 24.0 1.28 0.282 3.608 3.83
M 2-36 6.9 —11.20 0.27¢ 8.1 6.06 —0.145 3.58¢ 343
NGC 7009 4.7 —9.80 0.20" 28.5 1.20 0.092 3.59" 5.19
NGC 6543 4.2 —9.61 0.10¢ 19.5 0.98 0.512 3.81° 2.94
NGC 6210 3.1 —10.09 0.13 16.2 2.03 0.223 3.64 4.69
IC 3568 2.5 —10.82 0.26 10.0 2.71 0.042 3.28 4.59
NGC 6720 2.4 —10.08 0.20 76.0 0.87 —1.040 2.70 5.52
NGC 6884 2.3 —11.11 1.00 6.0 2.11 0.936 3.96 5.34
NGC 7662 2.0 —9.99 0.18 17.0 1.16 0.331 3.52 6.79
NGC 6741 1.9 —11.34 1.15 8.0 2.05 0.606 3.30 6.33
NGC 6826 1.9 —9.96 0.06 25.0 1.58 —0.094 3.71 3.26
NGC 7027 1.8 —10.12 1.37 14.0 0.27 1.560 > 5.00/ 6.97
NGC 6790 1.7 —10.90 1.10 7.0 1.54 1.112 4.74 6.23
NGC 6572 1.6 —9.82 0.48 10.8 0.71 1.195 4.41 5.26
Hu 1-2 1.6 —11.21 0.51 8.3 1.48 0.064 3.69 9.69

Notes “From Liu (2003). *From unpublished data. “From Maciel (1984). 4From Liu et al. (2001b). ¢From Carrasco, Serrano & Costero (1983)./From Zhang
& Liu (2003). ¢From Liu et al. (2000). "From Liu et al. (1995). {From Wesson & Liu (2004)./From Zhang et al. (in preparation).
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nebular mean HB surface brightness, log (I(H 8)/62), as first noted
by Garnett & Dinerstein (2001a). Excluding NGC 6720, a linear fit
to the 18 filled data points yields

A o> I(HB)
T | = (0.789£0.077) — (0.561 % 0.106) log — =

with a linear correlation coefficient of —0.80.

NGC 6720, the Ring nebula, has an optical diameter ~76 arcsec.
A detailed spatially resolved analysis of O 11 recombination lines
across the Ring nebula has been carried out by Garnett & Dinerstein
(2001b). They find that the O** ADF is larger in the inner, lower
surface brightness region than in the outer region of the brighter
shell. A similar result has been found previously for NGC 6153
(Liu et al. 2000).

Related to the previous result, Garnett & Dinerstein (2001a) also
find that the ADF is positively correlated with absolute nebular
diameter, D; the larger the PN, the higher the discrepancy. Fig. 10
plots ADFs versus nebular diameters for the same sample of PNe as
in Fig. 9. A linear fit to the data, excluding NGC 6720 (‘6’), yields

()2+
A (F) = (0.504 £ 9.14) x 1072 + (2.06 + 0.24) x 102D,
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versus D‘z, where D is the absolute nebular diameter. IDs for individual
PNe are listed in Table 14 and ‘h’ is for Hf 2-2. The dashed line is a linear
fit to the data points.
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the data points excluding NGC 6720 (‘6’) and NGC 7027 (‘g’).

with a linear correlation coefficient of 0.91. Considering that dis-
tances to individual Galactic PNe are notoriously difficult to esti-
mate, and consequently nebular linear diameters, the good correla-
tion seen in Fig. 10 is remarkable.

If we assume that the total mass of ionized gas is a constant and
that the nebula expands as a thin shell of constant thickness, then we
expect the nebular intrinsic HB surface brightness to be inversely
proportional to nebular diameter D squared, /(HB)/6* o« D72. In
Fig. 11, we plot nebular intrinsic surface brightness, /(H 8)/62,
against D72, The data show a good correlation and can be fitted
by
log I(H B)/6* = (2.86 & 0.29) + (0.957 £ 0.101) log D2,
with a linear correlation coefficient of 0.92.

In Fig. 12, we plot O**/H* ADFs against the nebular elec-
tron density derived from the [S 1] A6731/A6716 doublet ratio, for

19 PNe, including Hf 2-2 (unpublished data). Nebular [S 11] electron
densities are listed in Table 17. Fig. 12 shows that the O>" ADF is

© 2004 RAS, MNRAS 353, 1251-1285



anticorrelated with log N([S 11]). As in the case of Fig. 9, NGC 6720
shows a large departure from the general trend. For NGC 7027, the
[Su] 26731/A6716 ratio gives only a lower limit to the electron
density. A linear fit excluding NGC 6720 and 7027 yields

O2+
A (F) = (3.32 £ 0.64) — (0.736 & 0.176) log N.([S 11]),

with a linear correlation coefficient of —0.73.

4.6 Excitation class

E.C.s for the PNe in our sample are given in Table 17, calculated
on the classification scheme proposed by Dopita & Meatheringham
(1990), which makes use of the observed /([O m1]A5007)/1(Hp) in-
tensity ratio for low- and intermediate-excitation PNe (E.C. < 5)
and the /(He ur4686)/I(Hp) ratio for higher E.C. PNe. We have
adopted the following formulae (Dopita & Meatheringham 1990)

E.C. = 0.45[I([0Om]*»5007)/I(HB)]  (E.C. <5.1),

E.C. = 5.54[1(He mA4686)/1(HB) 4 0.78] (E.C. = 5.1).

For a few nebulae in our sample, the flux of the [O 1] A5007 line
was not available, either because of limited wavelength coverage or
CCD saturation. In such cases, the flux of the [O 11] 14959 line was
used instead, assuming /(25007)/1(A4959) = 2.88.

In Fig. 13, O** /H* ADFs are plotted against values of E.C. The
figure shows a tight anticorrelation: nebulae of lower E.C. have
larger discrepancies between the ORL and the CEL abundances. A
linear fit yields

02+
A (F) = (1.40£0.15) — (0.170 £ 0.029)E.C.,

with a linear correlation coefficient of —0.82.

It is interesting to note that the H 11 A4686 line is clearly present
in Hf 2-2, NGC 40, M 1-42 and M 2-24, the four nebulae showing
the largest ADFs, with a intensity of a few per cent of that of HBS.
Normally, helium starts to be doubly ionized only in PNe with an
E.C. higher than about 4 (as determined from the intensity of the
15007 line), whereas all the above four PNe have an E.C. lower
than ~2. Clearly these nebulae have weaker CELs than expected
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Figure 13. O™+ /H™ ADFs plotted against the E.C. of Dopita & Meather-
ingham (1990). ID numbers for individual nebulae are listed in Table 14 and
‘h’ is for Hf 2-2. Solid circles and squares represent E.C. determined from
the [O 11] A5007 line and from the He 11 14686 line, respectively. The dashed
line is a linear fit to the data points.
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for these He 11 A4686 intensities, probably as a result of enhanced
cooling due to high heavy element abundances.

5 POSSIBLE CAUSES OF THE TEMPERATURE
AND ABUNDANCE DETERMINATION
DISCREPANCIES

5.1 Failure of the temperature fluctuation paradigm

Various mechanisms have been proposed to explain the abundance
and temperature determination dichotomy. Temperature fluctua-
tions, first proposed by Peimbert (1967) and used by Peimbert (1971)
to interpret systematically lower Balmer jump temperatures com-
pared to [O 1] forbidden-line temperatures, have long been thought
as an obvious solution to these two dichotomies. Given the much
higher excitation energy of the [O 111] A4363 auroral line compared
to that of the AA4959,5007 nebular lines, in an inhomogeneous neb-
ula with large temperature fluctuations, the 14363 auroral line will
be strongly enhanced in hotter regions, leading to a biased elec-
tron temperature, which will overestimate the actual average emis-
sion temperature of the A14959,5007 nebular lines. As a conse-
quence, an O** /H* ionic abundance ratio derived from the observed
(14959 + A5007)/Hp intensity ratio, assuming the electron temper-
ature yielded by the (A4959 + 15007)/14363 nebular to auroral line
ratio, will be underestimated.

However, as shown by Liu et al. (2000, 2001b) in their detailed
multiwaveband study of NGC 6153, M 1-42 and M 2-36, using
high-quality spectra from the UV to the FIR, temperature fluctua-
tions are incapable of explaining the very large differences between
the electron temperature and heavy element abundances determined
from the two types of emission line, i.e. CELs versus recombina-
tion lines/continuum. In particular, they have found that the large
discrepancies between the ORL and CEL abundances of carbon, ni-
trogen, oxygen and neon do not correlate with excitation energy E.x
nor critical density N; of CELs from which the CEL abundances
are derived — whether for IR, optical or UV lines. Very similar re-
sults are obtained from the current analysis for a sample of 12 PNe
and that of Tsamis et al. (2003a,b, 2004) for a sample of Galac-
tic and Magellanic Cloud H1i regions and PNe. To summarize, the
main evidence against temperature fluctuations as a viable solution
to the temperature and abundance determination problem includes
the following.

(i) Values of the ADF for different ions are found to be inde-
pendent of excitation energy of the CELs from which CEL abun-
dances are determined. However, in the scenario of temperature
fluctuations, CELs of higher excitation energy, such as the O11i]
AA1661,1666 lines will be affected by a greater factor than lines of
lower excitation energy, such as the [O11] A14959,5007 lines, or
the [O 1] 52- and 88-pm lines.

(ii) Owing to their very low-excitation energies [E., < 1 X
10° K « T([Omly,) ~ 1 x 10* K], the emissivities of collision-
ally excited IR fine-structure lines have only a weak dependence on
T, thus ionic abundances derived from them should be insensitive
to uncertainties in temperature measurement and the possible pres-
ence of temperature fluctuations. Yet they all yield ionic abundances
comparable to the values given by optical and/or UV CELs. The last
two rows of Table 16 and Fig. 3 compare O>* /H* abundances de-
rived from optical forbidden lines with those deduced from IR fine-
structure lines. Fig. 3 shows clearly that there is no evidence that
ionic abundances derived from IR lines are systematically higher
than values determined from optical forbidden lines and that there
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is a good agreement between them, within 0.3 dex in most cases.
Table 1 and Figs 2 and 3 show that, while most of the PNe require
N, derived from optical density-diagnostic lines to be adopted in
order for the IR fine-structure lines to give abundances that are in
agreement with the optical or UV CELs, for NGC 40 and 6720, it
is the use of N, deduced from the IR [O 1] 88-um/52-pm ratio
(which agrees with N, derived from optical lines, both being below
the critical density for the IR [O 11] 52-pm fine-structure line) that
leads to agreement between the IR and optical/UV CEL abundances.
Analysis of another low-density nebula NGC 3132 in the sample of
Tsamis et al. (2004) shows similar results. The close agreement
between the ionic abundances derived from IR fine-structure lines
and from optical forbidden lines, both being much lower than the
corresponding values derived from ORLs, in these low-density neb-
ulae suggests that temperature fluctuations and/or density inhomo-
geneities (see below) cannot be the dominant cause of the abundance
discrepancies.

(iii) The electron temperature determined from the hydrogen re-
combination Balmer discontinuity reaches almost an order of mag-
nitude lower than the [O 11] forbidden-line temperature in the most
extreme nebula Hf 2-2 and is about a factor of 3 lower in M 1-42,
indicating two phases of nebular gas with vastly different physi-
cal conditions. The existence of two components of ionized gas of
distinctively different electron temperatures is physically incompat-
ible with the concept of temperature fluctuations — small, continuous
spatial variations around some mean value.

To conclude, while temperature fluctuations may indeed be
present in PNe and may be responsible for some of the observed
characteristics of PNe (e.g. Zhang et al. 2004), they are unlikely to
be the dominant cause of the large discrepancies between the elec-
tron temperatures and heavy elemental abundances derived from
CELs, on the one hand, and from ORLSs and recombination con-
tinua, on the other.

5.2 Failure of the density inhomogeneity paradigm

Density inhomogeneities with N, > 10° cm~* can lead to appar-
ently higher [O 1] forbidden-line temperatures, thus mimicking the
effects of temperature fluctuations (Viegas & Clegg 1994). Such
high-density clumps would also quench the emission of lines with
relatively low critical densities, such as the [O 11] AA4959,5007 neb-
ular lines (N. ~ 10° cm™>) and the [Om] 52-, 88-pum and [N 1]
57-um fine-structure lines (N, ~ 10° cm™3). Because the main
effects of dense clumps on abundance determinations is mainly
through the effects of the artificially overestimated electron temper-
ature, some of the arguments developed in the previous subsection
against temperature fluctuations as the major cause of temperature
and abundance determination discrepancies also apply here. In par-
ticular, no correlation has been found between the ADF and the crit-
ical density of collisionally excited abundance diagnostic line. If we
assume that the optical [O 1] forbidden-line temperature has been
overestimated because of the possible presence of dense clumps, and
adopt instead the electron temperature determined from the nebular
continuum Balmer discontinuity (which is not affected by the dense
clumps) as the true value representing the whole nebula, then in
nebulae such as NGC 6153, M 1-42 and Hf 2-2, where the Balmer
temperature falls to as low as 6100, 3600 and 780 K, respectively,
ionic abundances determined from UV and optical CELs become
unphysically large, higher than even the values derived from ORLs.
In Paper I, we showed that high-order H 1 Balmer lines yield electron
densities comparable to the values derived from a variety of optical

forbidden-line density-diagnostic ratios, suggesting that there is no
evidence for a substantial amount of normal abundance ionized gas
in dense clumps with densities in excess of, say, 10° cm 3.

5.3 Evidence for a cold, metal-rich, ionized gas component

Abundance gradients as a possible cause for the high ORL abun-
dances observed in PNe were first proposed by Torres-Peimbert,
Peimbert & Pena (1990) who showed that by assuming a C-rich
inner zone in NGC 4361, the large discrepancy between the carbon
abundances deduced from ORLs and from CELs could be recon-
ciled. Liu (1998) mapped the surface brightness distributions of
carbon ORLs using deep long-slit spectroscopy and found instead
that the ORL abundance of carbon is flat across NGC 4361. Given
the limited spatial resolution (a few arcsec), his observation how-
ever does not rule out the possibility of small H-deficient inclusions
well mixed with the diffuse gas.

At T. ~ 10* K, collisional excitation is several orders of mag-
nitude more efficient than recombination. However, as T drops,
the emissivities of UV and optical CELs decrease exponentially,
whereas those of ORLs increase. In their empirical analysis of NGC
6153, Liu et al. (2000) found that a two-component nebular model,
with H-deficient (metal-rich) inclusions, embedded in diffuse ma-
terial of ‘normal’ metallicity can account for many of the observed
patterns. The metal-rich component was inferred to have a very
low temperature, presumably due to enhanced cooling and emits
therefore only in ORLs, with essentially no emission from CELs.
In contrast, the CELs originate almost entirely from the ‘normal’
component, with a temperature of ~10* K.

Detailed photoionization models of NGC 6153 and M 1-42,
incorporating H-deficient inclusions, have been constructed by
Péquignot et al. (2002, 2003) and Tylenda (2003). Because of the
enhanced heavy element cooling, dominated by the IR fine-structure
lines, models yield an equilibrium T, of ~10? K for the H-deficient
component, compared to ~10* K in the ambient gas, and a density
of approximately a factor of 10 higher, so the two components are
roughly in pressure equilibrium. The H-deficient inclusions con-
tain only ~1 per cent of the total mass and have helium and heavy
element abundances similar to those derived from the empirical two-
component models of Liu et al. (2000), who estimated that H : He :
O ~1:0.4:0.04 by number. The overall metallicity for the whole
nebula is close to that of the ambient gas (H: He: O ~ 1 :0.1 :
0.0004 by number).

The two-phase models can be tested (indirectly) if one can mea-
sure, by spectroscopy, the average 7. at which various lines are
emitted. The two-phase models predict (Liu 2003)

T.(CNONeORLs) < T.(HeI) < T.(BJ) < T.(OTID),

with the difference between any two of these temperatures being
correlated with the ORL/CEL abundance ratio. Liu (2003) compares
values of T, derived from the He1 15876/14471 and A6678 /14471
ORL ratios, from the H1 recombination Balmer discontinuity and
from the [O11] optical forbidden-line ratio, for a number of PNe
showing particularly large ADFs, including NGC 7009, M 2-36,
NGC 6153, M 1-42 and Hf 2-2. He has found that T.(He1) <
T.(H1) < T.([Om)) as predicted. He has also found that O 1 ORLs
yield even lower electron temperature than He 1 lines, (O 1) < 103
K. These results indicate that ORLs from heavy element ions arise
indeed from extremely cold ionized regions, and thus lend strong
support to bi-abundance nebular models.

In the following subsections, we present a similar analysis for the
PNe in the current sample. Electron temperatures determined from
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He1and O 11 lines are presented and compared to values derived from
other diagnostics. Given the weakness of the dependence of ORL
relative intensity on electron temperature and the extreme faintness
of heavy element ORLs, very accurate measurements are required.
The current data set was not optimized for this purpose. The uncer-
tainties are inevitably large. Even so, some interesting conclusions
can still be drawn.

5.3.1 Electron temperatures from He 1 ORL ratios

Intensity ratios of ORLs from a given ion, including those of He1
lines, have some, albeit weak, dependence on T, and therefore
can be used to determine an average electron temperature under
which the lines are emitted. The dependence is stronger for ratios
involving two lines originating from two separate spectral terms
of different orbital angular momentum quantum numbers of the
valence electron.

Liu (2003) has determined the average electron T.(He1) for
the He' recombining regions using the Her 15876/4471 and
16678/4471 intensity ratios for five extreme PNe previously found
to show large ADF values. The two ratios are particularly useful at
T. < 5000 K. He has found that, in all cases, T.(He1) < T.(BJ) <
T.([Om]). Interestingly, the A5876/4471 ratio observed in Hf 2-2
indicates that, on average, He 1 ORLs in this nebula must arise from
regions of electron density log N, < 4.5 (cm™).

For the spectra of the PNe in the current sample obtained with the
William Herschel Telescope (WHT) ISIS double spectrograph, the
A4471 line and the AA5876,6678 lines were recorded in blue-arm
and red-arm spectra, respectively, and there was no overlapping in
wavelength coverage between the two sets of spectra. As a result,
the intensity of a blue-arm line relative to a red-arm line has to be
established by either relying on the absolute flux calibration or by
using other means. As described in Paper I, we have used photomet-
ric Hoe /Hp ratios in the literature that were measured using a large
entrance aperture covering the whole nebula. To minimize effects
caused by uncertainties in flux calibration, we use the He1 2p 'P°—
3s 'S A7281 line in place of the A4471 line. Although A7281 is about
a factor of 10 weaker than 14471, it has the advantage that it was
recorded along with AA5876,6678 on the red-arm spectrograph for
our WHT observations.

In Fig. 14, we plot the A5876/14471, A6678/14471,
A7281/A5876 and A7281/16678 ratios as a function of electron
temperature T, for electron densities log N. = 2, 3,4 and 5 (cm™).
Case B recombination is assumed and line emissivities are taken
from Benjamin et al. (1999) and Smits (1996). Observed line ratios
for five extreme PNe previously observed by Liu et al. are marked
(see Liu 2003, and references therein). The A7281 line flux has
not been measured in Hf 2-2. Fig. 14 shows that the 17281/A5876
and A7281/A6678 ratios have a good sensitivity to electron tem-
perature comparable to or even better than the A5876/A4471 and
L6678/14471 ratios. Except for Hf 2-2, where the 17281 line has
not been measured yet, for each of the other four nebulae, the four
He 1 line ratios yield electron temperatures in good agreement, thus
confirming the validity of the method and the good quality of the
observations.

Note that the emissivity of the He1 A7281 line is sensitive to
optical depths of Hel resonance lines — its predicted intensity is
about a factor of 2 lower for case A recombination than for case B.
Thus, if there is a small departure of the He I singlet recombination
spectrum from pure case B recombination towards case A, T.(He1)
derived from the He1 A7281/15876 and A7281/A6678 ratios will
be underestimated. Thus, 7. derived from these ratios in pure case
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Figure 14. He1 line ratios, A5876/A4471, 3 x MA6678/4471, 56 x
A7281/A5876 and 8 x A7281/A6678, as a function of 7. for logN. =
2,3,4and 5 (cm’3). Observed line ratios for five extreme PNe previously
observed by Liu et al. are marked (see Liu 2003, and references therein).
The 17281 line flux has not been measured in Hf 2-2. Case B recombination
is assumed and line emissivities are taken from Benjamin et al. (1999) and
Smits (1996). PNe are labelled with the ID numbers given in Table 14.

B can be as a ‘lower limit” for 7T.(He1). Liu et al. (2000, 2001a)
compared the observed intensities with theoretical predictions for
several He I line series in NGC 6153, M 2-36 and M 1-42 and found
that the observed intensities of the 2s'S—np 'P° and 2p 'P°—ns 'S
series relative to 14471 are systematically weaker than predicted
case B values. They suggest that He 1 resonance lines are destroyed
partly by photoionization of H® or absorption by dust, effectively
causing a departure of the He 1 singlet recombination spectrum from
pure case B recombination towards case A, even though the nebula
is optically thick in the He 1 Lyman series. It is however interesting
to note that in Liu et al. (2000, 2001a) the comparisons were made
at much higher electron temperatures, 7. = 9100 K in NGC 6153
and 7. = 5000 K in M 2-36 and M 1-42. At lower temperatures,
the discrepancies they noted would have been smaller.

In Fig. 15, variations of the He 1 17281/15876 and 17281/16678
ratios as a function of T’ are plotted for log N, =2, 3,4 and 5 (cm™).
Observed ratios for 14 PNe in our sample are marked. In general, the
two ratios yield temperatures in reasonably good agreement. Values
of T.(He1) derived from the 17281/A5876 ratio are presented in
Table 18.

5.3.2 Electron temperatures from O 1 ORL ratios

Like Her lines, the relative intensities of O ORLs have some
weak dependence on T, and thus can be used to determine the
average electron temperature at which the lines are emitted. In
Fig. 16 the intensity ratios of the O 11 3s *P-3p *D° multiplet V1 to
3d 4F9/2—4fG[5] 11/2 24089 as a function of T'. are plotted for log N,
=2,3,4and 5 (cm™?). For 5000 < T. < 20000 K, the effective
recombination coefficients for the O 11 3s—3p and 3p-3d transitions
have been calculated by Storey (1994) assuming LS-coupling, and
those for the 3d—4f transitions by Liu et al. (1995) in intermediate
coupling. These calculations have now been extended to tempera-
tures as low as 100 K (P. J. Storey, private communication) and are
used here in generating the curves in Fig. 16. The measured ratios
for 17 PNe are marked in the figure and the temperatures yielded
by the ratios are presented in Table 18.
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Table 18. Comparison of electron temperatures derived from: (i) the ratio of O 1 multiplet V1 to the 14089 line; (ii) the He 115876 /14471
ratio (for the five PNe previously studied by Liu et al., i.e. NGC 6153, 7009, M 1-42, M 2-36 and Hf 2-2) or the A7281/15876 ratio
(for the other 14 PNe); (iii) the H1 recombination continuum Balmer jump; (iv) the [O 1] optical nebular to auroral line ratio.

Nebula T(Om) T<(Her) T.(H1BJ) Te([Om]) ADF(0O%**)
(K) (K) X) )

Hf 2-2¢ 2360 775 900 8820 84.0
M 1-42¢ 450 2310 3560 9220 22.0
NGC 40 - 10 600” 7020 10600 17.8
M 2-24¢ 570 2850 16300 - 17.0
NGC 61534 3200 3370 6080 9120 9.2
M 2-36¢ 800 4160 5900 8380 6.9
NGC 7009¢ 1600 5380 8150 9980 4.7
NGC 65437 16300 5220 8340 7940 4.2
NGC 6210 1800 6600 9300 9680 3.1
IC 3568 4500 8100 9490 11370 2.5
NGC 6720 7900 8290 9100 10630 2.4
NGC 6884 8200 5500 11550 11000 2.3
NGC 7662 1650 7280 12200 13350 2.0
NGC 6826 9100 8690 9650 9370 1.9
NGC 6741 6600 6830 15300 12600 1.9
NGC 7027¢ 7100 9260 12800 12600 1.8
NGC 6790 2200 8590 15000 12800 1.7
NGC 6572 9100 7415 11000 10600 1.6
Hu 12 - 12560 18900 19500 1.6
Mean 4890 6560 10030 10980 -

Notes. ¢ T(He1), Te(BJ) and T([O 11]) are taken from Liu (2003). ®The He1 A5876/A4471 ratio yields Te(He1) = 6400 K. € T.(BJ) is
taken from Zhang & Liu (2003). 4 T.(BJ) and T([Om1]) are taken from Wesson & Liu (2004). ¢ T.(BJ) and T([O 1)) are taken from

Zhang et al. (in preparation).
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Figure 15. Her1 line ratios 7 x A7281/A5876 (upper four curves) and
A7281/16678 (lower four curves) as a function of 7. for logN. = 2, 3,
4 and 5 (cm™?) (Smits 1996; Benjamin et al. 1999) assuming case B recom-
bination. Observed ratios for 14 PNe in our sample are marked. Nebulae are
labelled with the ID numbers given in Table 14.

5.3.3 Comparison of the emission temperatures
from different emission lines

The values of T.(O 1) and T.(He1), derived respectively from O11
and from He1 ORL ratios, are compared in Table 18 to T.(BJ)
derived from the hydrogen recombination continuum Balmer jump
and to T.([O 1)) derived from the [O 111] nebular to auroral line ratio.
Also given in the table are O>* /H™ ADFs. As already noted by Liu
(2003), Table 18 shows that in general

T.(CNONe ORLs) < T.(HeI) < T.(BJ) < T.(OTII).

11 T T

1(V1)/1(r4089)
S e e
c e b b b v b b L

100 1000 10000

Figure 16. Intensity ratio of O 11 multiplet V1 to the 3d—4f transition A4089
as a function of 7 forlogN. =2,3,4 and 5 (cm™3) (Storey 1994; Liu et al.
1995). The observed ratios for 17 PNe are marked. Nebulae are labelled with
the ID numbers given in Table 14 plus ‘h’ for Hf 2-2.

There are, however, some notable exceptions to this general pattern
in Table 18. The He 1 temperature T.(He 1) = 10 600 K derived from
the 27281 /15876 ratio for NGC 40 is identical to T.([O11]) and is
about 3600 K higher than the Balmer jump temperature, which is at
odds with the very large ADF observed in this nebula. A comparable
He 1 temperature of 10 800 K was obtained from the 17281/16678
ratio. On the other hand, A5876/14471 and A6678/A4471 yield
temperatures of 6400 and 8150 K, respectively. It seems that we
may have overestimated the intensity of the A7281 line in NGC 40,
caused for example by dust-scattering of the WC 8 central star 17281
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feature. Another exception is that the O 11 temperature derived from
the intensity ratio of multiplet V1 to 14089 for Hf 2-2, while nearly
6500 K lower than the [O 1] forbidden-line temperature, is about a
factor of 2 higher than He1 and H1 Balmer jump temperatures. We
note that if we use only the intensity of the strongest component of
multiplet V1, A4649.13, then its ratio to A4089 yields a temperature
of 630 K. A similarly low temperature of 540 K is derived from
the ratio of the strongest component of multiplet V10, A4075.86, to
A40809. It is possible that line blending affecting the other compo-
nents of multiplet V1 may have caused the high temperature yielded
by the ratio of the total intensity of multiplet V1 to that of the 24089
line. Alternatively, the apparently too high V1/14089 temperature
may also be caused by departures of the level populations of the three
fine-structure levels *Pg 1, of the ground term of the recombining
O** ion from their thermalized values, leading to the underpop-
ulation of the 3P, level (Liu 2003). A detailed discussion of this
process has been presented by Esteban et al. (2002) and Tsamis
etal. (2003a). A full discussion of the extraordinary PN Hf 2—-2 will
be presented elsewhere.

The very low electron temperatures deduced from O 11 and He1
ORL ratios, as first noted by Liu (2003) and shown in Table 18 (see
also Wesson et al. 2003; Tsamis et al. 2004), provides strong evi-
dence for the bi-abundance nebular model first proposed by Liu et al.
(2000) for NGC 6153 and studied in some detail by Péquignot et al.
(2002, 2003) and Tylenda (2003). In this scenario, a small amount
of ionized H-deficient material embedded in a diffuse nebula of
‘normal’ composition emits copiously in the ORLs of helium and
heavy element ions but emits essentially nothing in UV and optical
CELs. This is because of the very low T, (<103 K) prevailing in
this metal-rich gas component, resulting in a much enhanced cooling
rate controlled by the low-excitation IR lines. In other words, there
are two completely different phases of ionized gas in the nebula, one
of ‘normal’ composition (i.e. composition traditionally found from
CEL abundance analysis) and another with much enhanced helium
and heavy elemental abundances relative to hydrogen. The two gas
components have radically different electron temperatures, a phys-
ical picture which differs fundamentally from that depicted by the
temperature fluctuation scenario proposed originally by Peimbert
(1967).

Liu et al. (2001b) showed that the ORL to CEL abundance dis-
crepancy factor is strongly correlated with the difference between
the [O 1] forbidden-line temperature and the H1 Balmer jump tem-
perature. The linear fit that they obtained between the two quantities
using data available at that time has already been shown in Fig. 4. In
Fig. 17 we plot the O** /H™ ADF as a function of (i) T.([O11]) —
T.(BJ); (ii) T([Om]) — T (He); (iii) T([Om]) — T.(O1). While
there is a large scatter, especially in the cases of 7. ([O 1m1]) — T.(He 1)
and T.([Omi]) — T.(O1u) and for small values of ADF, a positive
correlation is seen in all cases.

A linear fit between A (O**/H*) and A Ty = T([Om1]) — T,
(BJ) for all the data points of the 18 PNe plotted in the figure yields

O2+
A <F> = (0.396 4+ 0.056) + (16.6 + 2.0) x 107> ATy,

with a linear correlation coefficient of 0.89. The fit is shown as a
dashed line in Fig. 17.

Similarly, after excluding a few outlying points from NGC 40,
6741, 6884, 7662 and Hu 1-2, a linear fit between A (O**/H*)
and ATye; = T.([O1m]) — T.(He1) for the remaining 13 data points
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Figure 17. 0> /H* ADFs plotted against (i) the difference between the
[O 1] and Balmer jump temperatures (open circles); (ii) the difference be-
tween the [Om] and He1 temperatures (filled circles); (iii) the difference
between the [Om1] and O 1 temperatures (open squares). Nebulae are la-
belled with the ID numbers given in Table 14 plus ‘h’ for Hf 2-2. Data
points with identical ordinate values are for the same PN. The dashed and
dotted lines are linear fits to the open and filled circles, respectively, but
excluding NGC 40 (‘3’), NGC 6741 (‘7’), NGC 6884 (‘11’), NGC 7662
(‘12’) and Hu 1-2 (‘1”) in the latter case.

yields

02+
A <F> = (—=0.240 £ 0.171) + (22.4 %+ 3.8) x 10 A1,

with a linear correlation coefficient of 0.86. The fit is shown as a
dotted line in Fig. 17. No linear regression was attempted between
A (O**/H") and ATy = T.([Om]) — T.(Om), due to the large
scatter of data. Better measurements are needed.

5.3.4 Nature and origin of the postulated H-deficient inclusions

We have shown that there is good evidence pointing to the existence
of a metal-rich component of ionized gas, which has a very low
electron temperature and produces most of the ORL emission from
heavy element ions that have been observed in many PNe. The
nature and origin of this new H-deficient gas component is not at
all clear at the moment. H-deficient knots have been known to exist
in a small number of so-called ‘born-again’ PNe, such as Abell
30 and Abell 78 (Iben et al. 1983; Jacoby & Ford 1983). Detailed
ORL observations and modelling of the knots J 1 and J 3 in Abell
30 (Ercolano et al. 2003; Wesson et al. 2003) show that they share
many of the observed patterns seen in extreme PNe such as Hf 2-2
(Liu 2003), M 1-42 (Liu et al. 2001b) and NGC 6153 (Liu et al.
2000), where direct observations have yet to discover the existence
of such H-deficient knots. The nature of ‘born-again’ PNe and the
origin of H-deficient knots detected in them remains a matter of
debate (Harrington 1996). In particular, Wesson et al. (2003) show
that the H-deficient knots in Abell 30 are oxygen-rich, contrary to
current theoretical predictions for born-again nebulae.

Given the weakness of ORLs, spatially resolved measurements of
ORLs in PNe have been carried out for only a few nebulae, includ-
ing NGC 4361 (Liu 1998), NGC 6153 (Liu et al. 2000), NGC 6720
(Garnett & Dinerstein 2001b) and NGC 7009 (Luo & Liu 2003).
Except for NGC 4361, heavy element abundances derived from
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ORLs are found to show large radial gradients, peaking strongly
at the nebular centre. In other words, the degree of discrepancy be-
tween the ionic abundances derived from these two types of emission
line is also found to vary within a given nebula, and is generally
largest close to the nebular centre. ORL abundances of C, N and
Ne are also found to show spatial variations similar to oxygen. In
NGC 7009, in addition to the central peaking, a second peak in
ORL abundances has been observed at ~18 arcsec from the central
star along the major axis, near a region of very low surface bright-
ness, approximately halfway between the bright shell and the two
outlying ansae.

Recently, Ruiz et al. (2003) and Peimbert et al. (2004) have pre-
sented deep optical spectroscopy of the PNe, NGC 5307 and 5315,
using an echelle spectrograph. Both nebulae are found to show mod-
est abundance discrepancies — the ADFs for O** /H* ionic abun-
dance ratio are 1.95 and 1.74 for NGC 5307 and 5315, respectively.
At a spectral resolution of 34 km s}, these authors find that in both
PNe O 11 ORLs and [O 11] CELSs have comparable widths and radial
velocities. Based on this, they have argued that these two nebulae
cannot harbour high-velocity H-deficient knots of the type found
in, for example, ‘born-again’ PN Abell 30 (Wesson et al. 2003). In-
terestingly, using the fibre-fed echelle spectrograph Feros mounted
on the ESO 1.52-m telescope, X.-W. Liu secured in 2001 June a
high-resolution spectrum of NGC 7009, which shows a large ADF
of ~5 (Liu et al. 1995). The spectrum has a spectral resolution of
~48 000 and an entrance aperture 2.7 arcsec in diameter positioned
at the north-western part of the bright shell of the nebula. A prelim-
inary analysis of the spectrum shows that both O 11 ORLs and [O 111]
CELs exhibit at least three partially resolved velocity components.
The ORL to CEL intensity ratio varies significantly amongst the
components. In addition, the O 11 ORLs are definitely narrower than
[O ] CELs. These results are in strong contrast to those found by
Ruiz et al. (2003) and Peimbert et al. (2004) for NGC 5307 and
5315.

Liu (2003) suggests that the hypothesized H-deficient inclusions
could come from evaporation of the planetary system (planets, as-
teroids, comets, etc.) of the progenitor star. Given that the postulated
H-deficient inclusions contain only a few Jupiter masses (Liu et al.
2000; Péquignot et al. 2002), this may not be so exotic as it sounds.
After all, many stars are now known to harbour planets. If so, it may
also provide an explanation for the high ORL /CEL abundance ratios
observed in some H1 regions (Tsamis 2002; Tsamis et al. 2003a),
where protoplanetary discs around newly formed stars in the very
vicinity of hot, massive young stars, which ionize the H1 regions,
have been found to be evaporating by the strong UV radiation fields
and stellar winds from the hot stars.

The strong correlations that have been revealed in the current work
and by others (Garnett & Dinerstein 2001a; Tsamis et al. 2004) indi-
cate that the discrepancy between abundances derived from ORLs
and CELs is a strong function of nebular evolution, and is most
prominent in large, evolved, low-excitation PNe. Further detailed
observations and analyses of those extreme PNe that show particu-
larly large ADF values, in particular the density, mass, composition
and dynamics of this postulated new H-deficient component, will
be extremely useful.
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