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Abstract. We present a comparison of electron density estimates for planetary nebulae based on different emission-
line ratios. We have considered the density indicators [O 11]A3729/A\3726, [S11]A6716/A6731, [Cl1I]A5517/A\5537,
[Ar1v]Ad711/X4740, C11lA1906/A1909 and [N1]A5202/A5199. The observational data were extracted from the
literature. We have found systematic deviations from the density homogeneous models, in the sense that: Ne.(N1) <
Ne(O11) < No(St1, Cr11, Clitt or Ar1v) and Ne(S11) & Ne(C111) & No(Cl111) & No(Ar1v). We argue that the lower
[O11] density estimates are likely due to errors in the atomic parameters used.
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1. Introduction

The electron density, N., is one of the key physical pa-
rameters needed to characterise a planetary nebula. Some
density assessment is necessary to confidently derive the
chemical abundance of the nebula, to calculate the total
mass of ionised gas and is even useful to estimate the dis-
tance of the object. Most of the density estimates found
in the literature are based on measurements of a single
emission-line ratio sensitive to it obtained from spectra
taken from special areas of the nebulae, usually the bright-
est ones. In the presence of internal variations of electron
density, these single line ratio measurements may not be
representative of all ionising zones. In fact, the analysis by
Stanghellini & Kaler (1989) of a large data sample of plan-
etary nebulae taken from the literature have indicated the
existence of statistically significant discrepancies between
the values of electron densities obtained from distinct
density sensors as [O11]A3729/A3726, [STJA6716/A6731,
[CL]A5517/A5537, [Ar1v]A4711/M4740. In special, they
have found [S11] densities generally higher than those from
[O11]. However, Kingsburgh & English (1992), using their
own homogeneous data for 63 galactic planetary nebu-
lae, have found densities derived from integrated [O 11] and
[S 11] doublet ratios in excellent agreement with each other.
On the other hand, Meatheringham & Dopita (1991), for a
sample of 44 planetary nebulae in the Magellanic Clouds,
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have found the opposite, i.e., [O11] densities systemati-
cally higher than [S11] ones. More recently, Keenan et al.
(1996, 1997, 1999), based on data from the series of high
spectral resolution observations of planetary nebulae by
Hyung, Aller and collaborators (see references in Sect. 2),
have made simultaneous determinations of electron den-
sity and temperature from different ratios of [S11], [Ar1v]
and [O11] optical and ultraviolet emission-lines and have
found them to be in excellent internal consistency and in
generally good agreement with values obtained from sen-
sors associated to different ions. In the present paper we
readdress the subject of comparing the electron density
estimated from different ions.

2. Analysis

The data used were taken from the electronic emission-
line catalogue for planetary nebulae by Kaler et al. (1997),
from Kingsburgh & English (1992) and from the spectral
survey of high surface brightness planetaries by Hyung,
Aller, Feibelman and collaborators (Aller & Hyung 1995;
Aller et al. 1996; Feibelman et al. 1994, 1996; Hyung 1994;
Hyung & Aller 1995a,b, 1996, 1997a,b, 1998; Hyung et al.
1993, 1994a,b,c, 1995, 1997, 1999a,b, 2000, 2001; Keyes
et al. 1990). Instead of comparing directly the derived den-
sities, as has been done by other authors, what implies in
discarding all line ratios close or beyond the saturation
limits at low and high densities, we have compared the
line ratios themselves with one another.
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Fig. 1. [SUJA6T16/A6731 vs. [O11]A3729/A3726 for the same
nebular region data from Kaler et al. The dotted, solid and
dashed lines are the loci of density homogeneous nebulae at
electron temperatures of 5000, 10000 and 15000 K, respec-
tively. On these curves, the density increases from the top-right
to the bottom-left. The dotted-dashed rectangle shows the low
and high density saturation limits of these line ratios.

Three kinds of analyses were done with the data from
the catalogue of Kaler et al. (1997). First, for each com-
parison, we have selected the data for those objects that
had the respective pair of emission line ratios measured
on a same area or section of the nebula and taken from
a same bibliographic source. These data from a common
nebular region should better cope with the possible inter-
nal electron density variations. However, in some cases the
number of objects selected was very small or even null, as
for the comparisons with C11]A1906/A1909. For the sec-
ond kind of analysis we have calculated the standard de-
viations and the mean values of the line ratios for each
planetary nebula (regardless of the area from where the
data were obtained). For single measurements ratios we
arbitrarily attributed the value of 20% of the mean to the
standard deviation. A large spread of the data was found
in these two kinds of comparisons with points falling far
beyond the saturation limits of the respective line ratios
(e.g. Figs. 1 and 2). In fact in many cases no correlation be-
tween the density indicator ratios is perceived. The same
problem is also seen in some of the Stanghellini & Kaler
(1989) plots. Part of the data spread is genuine and reflects
the internal variation of density in the nebulae. On the
other hand, the data have came from a variety of sources
and have different accuracies and some may be unreliable.
Therefore in the third kind of analysis we have selected a
most homogeneous sub-sample of the mean data. For the
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Table 1. References for the atomic data.

ion n  ion. potential (eV) references

X? Xt X? coll. str.  trans. prob.
NI 5 000 145 1, 2] (3, 4]

Su 8 104 234 [5] [6, 7]

Oon 5 13.6 351 8, 9] [4]

Clmi 5 238 399 [10] 3, 11]

Cm 5 244 479 [12] [4, 13, 14]
Artv 5 409  59.8 [15] [3, 16]

References: [1] Pequignot & Aldrovandi (1976); [2] Dopita
et al. (1976); [3] Kaufman & Sugar (1986); [4] Wiese et al.
(1996); [5] Ramsbottom et al. (1996); [6] Verner et al. (1996);
[7] Keenan et al. (1993); [8] Pradhan (1976); [9] McLaughlin &
Bell (1993); [10] Butler & Zeippen (1989); [11] Mendoza (1983);
[12] Berrington et al. (1985) (extrapolated to Te = 5000 K);
[13] Glass (1983); [14] Nussbaumer & Storey (1978);
[15] Zeippen et al. (1987); [16] Mendoza & Zeippen (1982).

comparison of the [S11], [S11] and [Cl111] ratios we have se-
lected those data with the standard deviations, o, of less
than 15% of the mean and for the [Ar1v] ratio we increase
this limit to 20%. For the other density indicator, the small
number of data did not allow this sample selection. With
this procedure we have discarded the single measurements
and the objects with strong density variations.

3. Results

In Figs. 1-17 we have shown the comparisons of the den-
sity indicator [Ar1v]A4711/A4740, [Clua] A5517/A5537,
[O11] A3729/A3726, [S1] A6716/A6731, C111] A1906/A1909
and [N1] A5202/A5199 to one another. As the three anal-
yses mentioned in Sect. 2 of the data from the catalogue
by Kaler et al. (1997) have shown the same trends in all
cases, we have presented here only the best plot available
for each comparison with the exception of the [S1I] vs.
[O11] comparison for which all plots are shown as exam-
ple. In all these figures, the lines are the loci of density
homogeneous nebulae at different electron temperatures
and the rectangle delimitates the space of allowed values
for these line ratios between the low and high density lim-
its. The theoretical calculations have been done with the
n-levels atom programme temden contained in the nebular
STSDAS/IRAF package (see Shaw & Dufour 1995). The
references for the collision strengths and transition proba-
bilities used are listed in Table 1 together with the number
of levels n considered and the ionization potentials of the
ion and of its predecessor.

In the following, the results of the comparisons are
discussed.
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Fig. 2. [S1JA6716/A6731 vs. [O11]A3729/A3726 for the mean
values for the whole sample from Kaler et al. The error bars
are the standard deviations of the respective line ratios. Lines
as in Fig. 1.
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Fig.3. [SHJA6716/A6731 vs. [O1]A3729/A3726. Data:

(m) mean values for the selected sample (o < 15%) from Kaler
et al. (from left to right: NGC 6644, NGC 6741, NGC 6884,
IC 4846, IC 1747, IC 2165, NGC 6210, NGC 40, Me 2-1,
IC 351, NGC 6818, NGC 6445, IC 4593, NGC 650 and NGC
6853); (A) from Hyung, Aller and collaborators. Lines as in
Fig. 1.
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Fig.4. [SUJA6716/A6731 vs. [O11]A3729/A3726 for the data
from Kingsburgh & English (1992). Lines as in Fig. 1. For the
upper set of models the collision strenghts from McLaughlin &
Bell (1998) were adopted.
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Fig.5. [ClIIA5517/A5537 vs. [Ariv]A711/M740. Data:

(m) mean values for the selected sample (o < 15%) from Kaler
et al. (from left to right: NGC 7027, NGC 6886, NGC 6884,
Hu 1-2, IC 5217, NGC 6210, IC 2165, NGC 2440, IC 2003,
NGC 3242, Me 2-1 and NGC 2022); (A) from Hyung, Aller
and collaborators. Lines as in Figs. 1.
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Fig.6. [S1|A6T16/A6731 vs. [Ariv]\d711/X4740. Data: Fig.8. [O1]A3729/A3726 vs. [Ar1v]\d711/X4740. Data:

(m) mean values for the selected sample (o < 20%) from Kaler
et al. (from left to right: NGC 6886, NGC 6884, IC 2003, IC
2165, Hu 1-2, NGC 6210, Me 2-1 and NGC 6853); (A) from
Hyung, Aller and collaborators. Lines as in Fig. 1.
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Fig.7. [SH]A6716/A6731 vs. [ClUIA5517/A5537. Data:

(m) mean values for the selected sample (o < 15%) from
Kaler et al. (from left to right: M 1-74, IC 5117, NGC 6567,
NGC 6153, NGC 6884, NGC 6578, M 1-17, IC 4846, IC 2165,
Hb 12, Hu 1-2, NGC 2867, Me 2-1, IC 351, NGC 6818 and
NGC 6778); (A) from Hyung, Aller and collaborators. Lines
as in Fig. 1.

(@) mean values for the selected sample (o < 20%) from Kaler
et al. (from left to right: NGC 7027, IC 5217, NGC 6884,
NGC 6210, NGC 6803, NGC 6886, IC 2165, Me 2-1, NGC 2022,
NGC 2440 and NGC 6853); (A) from Hyung, Aller and col-
laborators. Lines as in Fig. 1.
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Fig.9. [O11]A3729/A3726 vs. [CliIA5517/A5537. Data:

(@) mean values for the selected sample (o < 15%) from Kaler
et al. (from left to right: 1C 4997, 1C 4846, IC 5217, NGC 6884,
IC 351, Cn 3-1, IC 2165, NGC 6818, Me 2-1 and NGC 2022);
(A) from Hyung, Aller and collaborators. Lines as in Fig. 1.
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Fig.10. [SuJA6716/X6731 wvs. [N1JA5202/A5199. Data:

(m) mean values for the whole sample from Kaler et al. (from
left to right: NGC 6302, NGC 6886, IC 418, NGC 6741, NGC
6572, IC 2003, NGC 7009, Hu 1-2, NGC 6309, NGC 6543, Hu
1-1, NGC 2440 and NGC 6720); (A) from Hyung, Aller and
collaborators. Lines as in Fig. 1.
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Fig.11. [O1]A3729/A3726 vs. [N1JA5202/A5199. Data:

(m) mean values for the whole sample from Kaler et al. (from
left to right: NGC 6572, NGC 7009, IC 418, NGC 6886, NGC
6309, NGC 6741, NGC 6302, NGC 2440 and NGC 6720); (A)
from Hyung, Aller and collaborators. Lines as in Fig. 1.
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Fig.12. [Ariv]M711/04740 vs. [N1A5202/A5199. Data:

(m) mean values for the whole sample from Kaler et al. (from
left to right: NGC 6572, NGC 6302, NGC 6886, NGC 2440,
NGC 7009, IC 2003 and Hu 1-2); (A) from Hyung, Aller and
collaborators. Lines as in Fig. 1.
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[CIII] A5517/A5537

Fig.13. [Clm]A5517/A5537 vs. [N1JA5202/A5199. Data:
(m) mean values for the whole sample from Kaler et al. (from
left to right: NGC 6302, NGC 6572, NGC 6886, IC 418, NGC
7009, Hu 1-2, NGC 6741, NGC 2440, NGC 6309, IC 2003, Hu
1-1 and NGC 6720); (A) from Hyung, Aller and collaborators.
Lines as in Fig. 1.
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Fig.14. [Su]\6716/\6731 vs. C1i]A1906/A1909. Data:

(m) mean values for the whole sample from Kaler et al. (from
left to right: IC 418, IC 4997, IC 2149, J 900, IC 2165, Hu 1-2,
IC 5217, IC 1297 and IC 351); (A) from Hyung, Aller and
collaborators. Lines as in Fig. 1.
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Fig. 15. [O II]/\3729/)\3726 vs. C III])\1906//\1909. Data:

(m) mean values for the whole sample from Kaler et al. (from
left to right: IC 4997, IC 5217, IC 3568, IC 351, IC 418, IC
2165 and IC 2149); (A) from Hyung, Aller and collaborators.
Lines as in Fig. 1.
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Fig.16. [Ar1v]M711/04740 vs. CmijA1906/A1909. Data:

(m) mean values for the whole sample from Kaler et al. (from
left to right: 1C 4997, J 900, IC 5217, IC 2165, IC 3568 and
Hu 1-2); (A) from Hyung, Aller and collaborators. Lines as in
Fig. 1.
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Fig.17. [Clu]A5517/A5537 vs. CuilA1906/A1909. Data:

(m) mean values for the whole sample from Kaler et al. (from
left to right: IC 4997, IC 418, IC 1297, Hu 1-2, IC 5217, J 900,
IC 2149, IC 2165, IC 3568 and IC 351); (A) from Hyung, Aller
and collaborators. Lines as in Fig. 1.
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3.1. [Su] vs. [On]

Figures 1 and 2 show the comparison between [S11] and
[O 11] density sensors for the same region data and for the
mean data from Kaler et al. (1997), respectively. In Fig. 3
we have the same comparison for the mean ratios for the
selected sample from the Kaler et al. and for the data
from Hyung, Aller and collaborators as well. For Fig. 4
we have used the homogeneous data from Kingsburgh
& English (1992) which is missing in the Kaler et al.
(1997) catalogue. These plots clearly indicate that the
[St] electron density estimates are statistically higher
than the [O 11] ones for the densest nebulae. The data from
Meatheringham & Dopita (1991), who have claimed the
opposite, were already in the Kaler et al. catalogue and are
included in our plots. The fact that Kingsburgh & English
(1992) and Keenan et al. (1996, 1999) have not found any
discrepancy between the densities derived from the [O11]
and [S11] ratios demonstrates that the direct comparison
between the density sensor is a better approach for this
aim. Due to the non linear conversion from line ratio to
electron density specially near to the saturation limits any
discrepancy between different density estimates tends to
be hidden by the large errors in density.

It is important to consider that we are assuming a
same electron temperature for the S11 and O11 zones. As
can be seen in Figs. 1-4, the theoretical relationship be-
tween [S11] and [O11] ratios is very weakly dependent on
the adopted electron temperature in the case of homoge-
neous models. Although we could shift the middle section
of these curves adopting different temperatures in each
zones, both ends are virtually tight, specially on the high
density limit, where the density sensors are independent
on the temperature. So the discrepancy between [S11] and
[O11] densities near the high density limit is certainly not
an effect of the adopted electron temperatures.

Arguably two sequences can be perceived in Figs. 3
and 4: one following closely the density homogeneous mod-
els and the other with Ne(S11) > N¢(O11). Interestingly,
Phillips (1998) has found that the relationship nebular
radius versus [S11] density has two distinct branches with a
discontinuity in densities at nebular radius close to 0.1 pc.
To explain this discontinuity Phillips has proposed that
most planetary nebulae contain two primary [S 11] emission
zones, with densities differing approximately by a factor
of 102. The dominant component for the emission would
be dependent on evolutionary state of the nebula. It would
be valuable to know whether or not a similar discontinuity
is also found in [O11] densities.

In the past, [S11] densities on average several times
higher than those derived from the [O11] ratio had been
found (Aller & Epps 1976; Saraph & Seaton 1970).
However, most of this difference was accounted on errors
in atomic parameters used. In fact, the calibration of elec-
tron density with the [S11] A6716/A 6731 line ratio have
changed significantly over the years. For instance, accord-
ing to Saraph & Seaton (1970), at an electron temperature
of 10000 K, [Su] A6716/A6731 = 1 would correspond to
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N, = 2200 cm~3, while the current evaluation would be
of N, = 610 cm~3. More recently, Stanghellini & Kaler
(1989) have found N¢(S11) higher than N.(O11) by only
5% or 16%, depending on the data selection. Rubin (1989)
has suggested that [S11] densities higher than those from
[O11] may be caused by a dynamical “plow effect” at the
ionising front, which would increase the density of the
matter just beyond the HT edge.

It is not unreasonable to expect that the remaining
discrepancy between the [S11] and [O11] density estimates
was still caused by errors in the atomic parameters, al-
though since the compilation of atomic parameters rele-
vant to nebular diagnostics by Mendoza (1983) till few
years ago only slight shifts towards the opposite direction
had been verified in the calibrations of these density sen-
sors with an increase of the densities derived from [S11]
and a decrease of those from [O11] within the linear sec-
tions of these calibrations. More recently, Keenan et al.
(1999) have shown that the calculations of [O11] collision
strengths by McLaughlin & Bell (1998) have a striking ef-
fect on the theoretical [O11] ratio specially at low electron
densities. However, as can be seen in Fig. 4, the adoption
of the atomic data of McLaughlin & Bell (1998) would not
make a significative difference in the high density range
and would bring an additional problem for the lower den-
sity range, since the models calculated using the collision
strengths of Pradhan (1976) fit much better the observa-
tional data from Kingsburgh & English (1992).

We think that the discrepancy between the [S11] and
[O11] density estimates is more likely due to uncertainties
in the atomic parameters because the fraction of the ST
ionization zone outside the O zone should be very small
at least for a nebula limited by radiation. The fact that at
the low density limit the [S11] and [O11] ratios are in first
approximation dependent only on the relative values of the
statistical weights of the upper levels of these transitions
would explain why the compatibility between the data and
the models is higher for the less dense objects. At the high
density limit the spontaneous transition probabilities are
the dominant parameters and both these line ratios are
given by

3
r= §A(2D5/2 — 483/2)/14(2])3/2 — 483/2) as Ne — OQ.

Although there are some points in Figs. 3 and 4 reaching
the [S11] high density limit, none of the best measurements
of the [O11] ratio is close to its predicted high density limit
r = 0.26. This fact could be indicating that the transition
probabilities for the O 11 ion should be revised. A 25-50%
increase in the above transition probability ratio for the
O 11 ion would result in much better compatibility between
the models and observations. Interestingly, not long ago,
the opposite situation was prevailing with the theoretical
[O11] ratio higher the observed value (see Zeippen 1987).
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3.2. [Ariv] and [Clin]

The ratio [Ar1v]A\d711/A4740 is a density sensor for the
innermost parts of the nebula. Observationally, high res-
olution is required to resolve [Ar1v] A4711 from the Hel
A4713 line and measure accurately the doublet. Probably
due to the contaminations of the Hel line, a large scat-
ter in measurements of the [Ariv] lines is found in the
Kaler et al. (1997) catalogue with a fair quantity of data
corresponding to [Ar1v] ratios well above the low density
limit. Our selection procedure have eliminated most of
them. However, as the [Ar1v] lines are only strong in high
excitation nebulae, only a small number of data passed
the selection.

The comparison between the [Ar1v] and [Cli] ratios
is shown in Fig. 5. The data for these ions are fairly com-
patible with the homogeneous models. Figures 6-9 show
the comparisons of these two density sensor with the [S11]
and [O11] ratios. The [S1] densities are consistent with
those derived from the [Ar1v] and [Clui] ratios, whereas
the [O1] ratio definitely indicates lower demnsities. It is
important to realize that, as can be inferred from the
values of the ionization potentials (see Table 1), the St
zone is basically disjointed of the both the Art*+ and
CIT* zones. In contrast, the OF and ClT+ coexist in a
considerable volume of the nebula. Moreover, the ST and
CIT* zones together encompass the Ot zone. Therefore,
the similarity between [S11] and [Cli] density estimates
and the lower values derived from [O11] are incompatible.

3.3. [N]]

The line ratio [N1JA5202/A5199 produces density esti-
mates for the outermost part of the nebula since it is
associated to a neutral species with low ionization po-
tential (see Table 1). Relatively few measurements are
found for this ratio and it was not considered in the pre-
vious comparisons of different density indicators for plan-
etary nebulae (Aller & Epps 1976; Saraph & Seaton 1970;
Stanghellini & Kaler 1989). Figures 10-13 show the com-
parisons of the [N1] ratio with the [S11], [O11], [Ar1v] and
[Cl111] ratios for the full object sample from Kaler et al.
(1997) and for the data of Hyung, Aller and collaborators.
Statistically, the [N'1] density estimates are lower or at best
marginally compatible with the [O11] ones and definitely
lower than those from the [St1], [Ar1v] and [Cl] ratios.

3.4. Ci]

Due to the need of space observations the ultraviolet line
ratio C11]A1906/A1909 was measured in very few objects.
In Figs. 14-17 we have shown the comparisons of this line
ratio with the [St], [O11], [Ar1v] and [Clm1] density sen-
sors for the mean values for the full data sample present in
the Kaler et al. (1997) catalogue and the data of Hyung,
Aller and collaborators. Within the error bars the C111]
densities are compatible with those deduced from the [S11],
[Ar1v] and [Clmi] ratios and higher than those derived
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from the [O11] ratio. In the past C111| densities system-
atically higher than those from optical ratios had been
found (Feibelman et al. 1981) in consequence of errors in
the C111] atomic data (Keenan et al. 1992).

4, Conclusions

Based on the atomic data from the references listed in
Table 1 and on observational data from the emission-line
catalogue for planetary nebulae by Kaler et al. (1997),
from Kingsburgh & English (1992) and from the series of
high spectral resolution observations of Hyung, Aller and
collaborators (see references in Sect. 2), we have found sys-
tematic deviations from the density homogeneous models
in the comparison of different density indicators, in the
sense that:

Ne(NT1) S Ne(O11) < Ne(S11, Crit, Cluit or Ariv),

Ne(S11) & N (C111) & No(Cliir) & No(Ariv).

Since the same trends were verified in each of the analyses
of the data from Kaler et al. (1997) mentioned in Sect. 2
and confirmed with the other two data sets, we are con-
fident that they are not a spurious product of the data
selection. Obviously, these results can only have statistical
meaning since the planetary nebulae are very inhomoge-
neous objects.

In principle, some of these discrepancies could be due
to possible errors in the atomic parameters needed to de-
rived the electron densities from the line ratios. In fact,
most of the discrepancies between density sensors have
been eliminated along the years with the improving of the
atomic data calculations. In particular, we believe that
the [O11] density estimates lower than those derived from
the other usual density indicators, the [S11], [Ar1v], [Cl111]
and C111] ratios, are likely caused by errors in the [O11]
transition probabilities for the following reasons: none of
the best measurements of the [O11] ratio reaches the pre-
dicted high density limit, as happens with the other ratios;
the discrepancy between the [S11] and [O11] densities es-
timates only occurs near to the high density limit, where
the transition probabilities are the key parameters; the dy-
namical “plow effect” at the ionising front, which would
increase the density of the matter just beyond the HT edge
suggested by Rubin (1989) to explain No(N11) > N.(O11)
should have a major impact on the [N1] ratio, the out-
ermost density sensor, and on the contrary the [N1] den-
sities are lower than those derived from the others ra-
tios. Moreover, the [S11] and [Cl111] density estimates are
compatible to each other even though the ionizing zones
of these two species are distinct. Since these two zones
together encompass the OT zone, the lower [O11] densi-
ties are unexpected. A theoretical reassessment of the O11
atomic data and an observational effort to define the [O 11]
ratio high density limit would be important to clarify the
matter.
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