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ABSTRACT

We present the high-dispersion spectra of the elliptical ring shaped planetary nebula NGC 6803, secured with the Hamilton Echelle
Spectrograph attached to the 3-m Shane telescope of Lick Observatory. Numerous lines from neutral to quadruply ionized ions are
presented in the wavelength region from 3650 to 9900 Å. We also use the low dispersion UV spectral data obtained with the 60-cm
interstellar ultraviolet explorer. In spite of its simplistic symmetrical bilateral shape, the diagnostics imply that the physical condition
of the nebular shell is very complex with a huge density range of 1300−80 000 cm−3. A comparison of the 1995 and 2001 [Ar iv] data
suggests that the density increase occurred near the inner shell boundary. In spite of a huge ionization potential range, the average
electron temperature indicated by primary diagnostic lines is relatively low, i.e., Te ≤ 9500 K, except for [Cl iv], from which we
derive a temperature that is around 11 500 K. We derived the chemical abundances of He, C, N, O, Ne, S, Ar, Cl, and K, based on
the physical condition suggested by diagnostics and photo-ionization analysis. The chemical abundances of NGC 6803 are mostly
enhanced when compared with the average Galactic planetary nebula. The effective temperature of its central star appears to be about
90 000 K and its luminosity about 2400 L�, assuming a distance of 3000 pc. The evolutionary track implies that NGC 6803 might
have been evolved from a companion star of about 1.0 M� in a binary system, or from a single progenitor of about 1.5 M�, born in a
metal-rich zone near the Galactic plane.

Key words. planetary nebulae: individual: NGC 6803 – ISM: abundances – Stars: AGB and post-AGB – HII regions –
planetary nebulae: general

1. Introduction

An intermediate star of 1−8 M� evolves on an asymptotic giant
branch (AGB), which ejects a large fraction of material into the
interstellar medium (ISM). The ejected gas is brightened by the
hot stellar core at the end of the AGB and begins a new evo-
lutionary phase as a planetary nebula (PN). The nebulous gas
that surrounds the central star of the planetary nebula (CSPN)
is brightest in the optical wavelength range. Numerous lines are
emitted from the PN in a broad spectrum of wavelengths rang-
ing from UV to IR, where an especially large portion observed
is in the visual wavelength range. The high-dispersion spec-
troscopy is useful in discerning the closely located lines, such
as [N i] 5198 & 5200, [Ne iii] 3967 & 3970, and [O ii] 3726 &
3729 (all line wavelengths are in Å unit), whose intensity ratios
allow us to derive the physical condition of the nebular shell. The
spectroscopic studies based on the high-dispersion spectroscopic
data in the optical wavelength regions can reveal information on
rare elements, such as Cl, K, Ar, and F, which supply further
clues to their origin or build-up history, which would have oc-
curred along the evolutionary track of low-to-intermediate mas-
sive stars (see, e.g., Otsuka et al. 2008).

NGC 6803 is a relatively small, bright PN that shows a disk
with a bright, elliptical, shaped rim, 6′′ × 4.′′5. It is known as a
moderate excitation object with He ii 4686 and [O ii] 3727 that
are weak (Lee et al. 1974; Aller 1951). Feibelman (1994) de-
tected the P Cygni signature in C iv from the IUE spectral data.

Understanding the physical conditions of the PN gas and
the CSPN is very important. Peimbert & Torres-Peimbert
(1987) studied the density and temperature dependence of the

� Table 2 is available in electronic form at http://www.aanda.org

He i I(10830)/(5876), along with I(7065)/(5876) ratios observed
in NGC 6803. Zhang et al. (2004) have derived the physical con-
ditions and chemical abundances of NGC 6803 based on the
medium-resolution data, at 0.95−4 Å. It would be more use-
ful if one can find the physical state of this object using high-
resolution data, e.g., 0.05−0.154 Å available with the Hamilton
Echelle Spectrograph (HES) attached to the 3.0-m Shane tele-
scope at the Lick Observatory. Most recently, the spectroscopic
line profile analysis has been carried out using HES data by Choi
et al. (2008). However, the objective of their study was to study
the expansion velocity of the shell based on the line profiles of
some strong lines.

In this study, we present the full list of optical lines secured
with the 3-m HES. We also measure the UV emission lines
available through the IUE archives. Using these data, we obtain
the physical condition of NGC 6803 and derive chemical abun-
dances. We also construct a photo-ionization (P-I) model and
derive properties of the CSPN.

Section 2 presents the line fluxes from the IUE and HES ob-
servations. In Sect. 3, we discuss the physical conditions derived
from the diagnostic lines. In Sect. 4, we give the derived chem-
ical abundances with the help of a theoretical model. Section 5
gives a summary. Table 1 lists some basic data for NGC 6803.

2. Spectroscopic data

The HES spectroscopic observations were carried out with the
3-m telescope at the Lick Observatory on 1995 August 18 (UT)
and 2001 August 29 (UT). The detailed description of the HES
observations is given in Choi et al. (2008), who present the
spectral line profiles using the 1995 spectral data for their line
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Table 1. Some basic data for NGC 6803, PNG 046.4−04◦1.

Basic data

α = 19h31m16.s4, δ = +10◦03′24′′ (2000),
l = 46.◦4, b = +04.◦1 (2000)

Diameter = 5.′′5,
log F(Hβ) = –11.18 ± 0.01 [erg cm−2 Å−1 s−1]
Electron number density: Ne ∼ 1300–80 000 cm−3 (see text)
Extinction parameter: C = 0.81 (see text)
Radial velocity = +10.23 ± 0.75 (see text) & 13.1 km s−1

Central star (PN): V = 15.2, spectrum =WN?
T (�) = 90 000 K (see text)

Distance estimates (kpc): 1.1−3.0 kpc

Notes. From Acker et al. (1992), unless otherwise indicated.

profiles. In this study, we used two types of observation data.
The exposures were 120 and 3 min in 1995, and 60 and 5 min in
2001. The description of the two short exposures given in Choi
et al. (2008) was wrong (Choi, priv. comm.), which reported as
two and three minutes in 1995 and 2001, respectively. The seeing
was about 1.′′0 during the observations. We placed a slit entrance
of 640 μm (∼1.′′2) × 4.′′0 at the center of the planetary nebula.
The chosen slit width of 640 μm corresponds to two pixels on a
2048 × 2048 CCD or a spatial dimension of 1.′′2 in the sky. The
two pixels on a CCD in our HES system correspond to 0.05 Å
at 3600 Å and 0.15 Å at 8850 Å, respectively.

There was no fixed position angle, since no image rotator
was used in the observing run; when the observation started, the
slit length direction was set in a vertical axis on a randomly di-
rected image and the nebular image was rotated on the slit en-
trance during the exposures. Although there appears to be no
prominent small-scale structure(s) from ground-based telescopic
images, there could be some small sub-arc-second structures that
might cause the intensity difference between different observ-
ing runs. Any further discussion remains speculative until high
spatial resolution images are available, e.g., with Hubble space
telescopic observations.

The data reduction was carried out by the IRAF. The de-
tailed data reduction procedures are described in Hyung (1994).
Table 2 lists the optical region HES spectra, combined from four
exposures of 1995 and 2001 observations: (1) Lines of the strong
Hα and [O iii] 4959, 5007 were often saturated in long expo-
sures, so we need to use data from short exposures; (2) We also
listed some questionable lines (marked as “line?”), leaving their
identification to a future study. The first column gives the mea-
sured wavelength corrected for the nebular radial velocity with
respect to the observer, 10.23 ± 0.75 km s−1. This value was ob-
tained by comparing the observed wavelengths of all the rela-
tively strong lines (F(HES) > 1.0 relative to F(Hβ) = 100.0)
with the laboratory wavelengths in column 2. The radial velocity
derived by Hβ lines is 15.80 km s−1, which is close to the Acker
et al. (1992) quoted value, Vr = 13.1 km s−1. The discordance
may be caused by the different choice of data: the kinematical
structure responsible for certain species of ions must be different
from that of other lines. It also may be affected by different ob-
servation conditions, e.g., different area over the image, different
slit entrance size, and different devices employed.

Columns 3 and 4 of Table 2 are the ions and the multiplet
number in Moore’s Multiplet Table (Moore 1972). Column 5
gives the extinction coefficient, fλ, as defined by Seaton (1979).
Column 6 gives the extinction corrected HES flux line intensi-
ties, while Cols. 8 and 9 list the 1995 and 2001 HES intensities,

Table 3. Observed emission line fluxes from low-dispersion IUE
spectra.

λ(obs) Ion fλ I(IUE) Fluxa

1302.9 Si ii 1.482 19.434 0.60
1397.1 O iv] 1.312 11.549 0.49
1553.5 C iv 1.181 16.427 0.89
1641.0 He ii 1.136 34.458 2.03
1664.2 O iii] 1.128 12.885 0.77
1751.4 N iii] 1.120 12.187 0.74
1908.0 C iii] 1.227 59.184 2.94
2331.8 [O iii] 1.339 15.360 0.62
2424.8 [Ne iv] 1.114 7.992 0.49
2834.0 C ii 0.621 3.184 0.49
3024.3 O iii 0.506 3.619 0.69
3044.7 O iii 0.496 1.955 0.38
3132.8 O iii 0.454 6.667 1.40

Notes. a 10−13 erg s−1 Å−1 cm−2. fλ: by Seaton (1979). Intensities I(IUE)
are based on the scale of I(Hβ) = 100 with an interstellar extinction
coefficient, C = 0.81.

respectively, all on the scale of I(Hβ) = 100.0. Column 7 lists
root-mean-square (rms) errors estimated from all the available
1995 and 2001 HES four exposures.

The logarithmic interstellar extinction coefficient at Hβ can
be derived from a comparison of the observed Balmer line ra-
tios with the theoretical values (Hummer & Storey 1987). Lee
et al. (1974) found C = 0.6 assuming electron temperature,
Te = 7500 K, while Zhang et al. (2004) derive C = 0.869. Choi
et al. (2008) assumed C = 0.63 for their line profile study with
the 1995 data. From the current combined data set, we adopted
a slightly higher value, C = 0.81 or Av = 1.71. The scatter is
unavoidable considering the different slit position and size over
the nebular image and seeing conditions at the time of the run.
The different choice of C would not change our conclusion. The
higher extinction value, C, implies that NGC 6803 is heavily
affected by the interstellar extinction due to the low Galactic lat-
itude and possibly due to the farther distance from us.

The IUE archives contain two spectral scans, SWP06256
and LWR05428 (1979 August 23, Program ID: NCBJH, PI:
Harrington), taken with the large (10 × 23 arcsec2) entrance
aperture. The exposures of both data were each an hour long.
The measured UV line fluxes are given in Table 3. We were
able to measure about a dozen lines including two strong lines of
He ii 1640 and C iii] 1908, but most other lines were very weak.
The employed HES entrance-slit size was smaller than the neb-
ula. Meanwhile, the IUE oval slot entrance size was larger, so
all the flux is expected to have been captured in the IUE obser-
vation. Since the IUE and HES observations employed different
slot entrances and as a result the spectral data represent differ-
ent areas of the nebula, one cannot find the exact the extinction
coefficient for the IUE data. We applied extinction coefficient,
C = 0.81, to the IUE data, derived from the HES data. Here we
employed a theoretical ratio of I(He ii 1640)/I(He ii 4686) = 6.7
(for Te = 11 000 K), assuming the electron temperature indi-
cated by the other high-excitation HES [Cl iv] line (see Fig. 1).

We were able to observe the following lines: H, He i, He ii,
C ii, C iii], C iv], [N i], [N ii], N ii, N iii, [O i], O i, [O ii],
O ii, [O iii], O iii, [Ne iii], [S ii], [S iii], [Ar iii], [Ar iv], [Arv],
[Cl ii]?, [Cl iii], [Cl iv], Si ii, [Fe ii], [Fe iii], [Fevii]?, [K iv],
and Mg i. The [Fevii] and [Cl ii] lines are questionable. The
high excitation He ii, [Arv], and [Cl iv] lines are present. The
weakly registered O iv] and [Ne iv] in Table 3 appear to be real.
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Table 4. Diagnostic indicated physical conditions.

Ion I.P. Lines Ratio Ne,Te(K)1 HES 1995 2001

(eV) Ne(cm−3) –Te(K)– (K) (K)
[S iii] 23.3 I(9069+9531)/I(6312)* 71.9 (9.1%) (10 000) 9300 ± 340 9500 9200
[Ar iii] 27.6 I(7751+7136)/I(5192)* 276 (11%) (10 000) 8500 ± 250 8900 8000
[O iii] 35.1 I(4959+5007)/I(4363) 237 (11%) (10 000) 9500 ± 210 9850 9500
[Cl iv] 39.61 I(5323)/I(7530+8045)* 0.0274 (8.1%) (10 000) 11 000 ± 900 11 000 –

Te(K) –log Ne(cm−3)– (cm−3) (cm−3)
[S ii]a 10.4 I(6716+6731) /I(4069+4076)* 2.86 (9.2%) 9000 3.86 ± 0.04 – –
[O ii]a 13.6 I(3726+3729)/I(7319+7330)* 3.64 (8.1%) 9000 4.73 ± 0.42 4.04 4.78
[Ar iv]a 40.7 I(4711+4740)/I(7171)* 61.0 (8.7%) 9500 4.86 ± 0.05 4.85 4.88
[N i] -0- I(5198)/I(5200) 1.58 (8.9%) (8500) 3.06 ± 0.11 3.03 3.13
[S ii] 10.4 I(6716)/I(6731) 0.531 (4.8%) (9000) 3.93 ± 0.12 4.03 4.10
[O ii] 13.6 I(3726)/I(3729) 2.18 (8.1%) (9000) 3.45 ± 0.09 3.50 3.42
[N ii] 14.5 I(5755)/I(6548+6583) 0.0141 (5.4%) 9000 4.33 ± 0.01 4.40 4.33
[Cl iii] 23.8 I(5518)/I(5538) 0.578 (2.6%) (9500) 4.13 ± 0.03 4.12 4.15
[Ar iv] 40.7 I(4711)/I(4740) 0.658 (8.7%) (9500) 4.10 ± 0.08 3.95 4.16

Notes. The 1995 and 2001 diagnostics in Cols. 7 and 8 are for the long exposures, except those for [O iii]. 1Tes were obtained assuming Ne ∼
10 000 cm−3 while Nes were obtained assuming Te = 8500 K, 9000 K, and 9500 K as in Col. 5. The letter “a” as in [S ii]a indicates the auroral-to-
nebular transition ratio. * highly uncertain since the wavelength difference involving the line ratio is so large.

Fig. 1. Electron temperature and density of NGC 6803, based on the
combined data.

The O iii lines in both HES and IUE could be real and might be
Bowen fluorescence lines. Over about 190 lines are identified.
We also list unknown ∼70 lines, marked as “line?”, for a future
study.

As noted by Lee et al. (1974), the He ii lines are weak, as
well as other high-excitation lines such as [Cl iv] and [K iv].
The low-excitation lines are also very strong. The diversified ex-
citation implies that the nebular geometry is much more complex
than one can guess from its simple appearance. In the next sec-
tion, we derive the physical conditions based on the diagnostic
lines in Tables 2 and 3.

3. Nebular physical conditions

With the atomic constant as given in Aller (1984) and
Osterbrock (1989), the ratios of some diagnostically useful
lines would allow us to derive the electron temperatures and
densities of the gas. The recent up-to-date data can be found
in Otsuka et al. (2009). Table 4 gives the nebular physical
conditions, Te and log Ne, derived based on the combined
line intensities, I(HES), i.e., Col. 6 of Table 2, while Fig. 1
displays a diagram that plots the locations of the physical

conditions, log Ne − Te plane. The lines we have used were
[N i] 5198/5200, [N ii] 5755/(6548+6583), [O ii] 3726/3729,
[O ii]a (3726+3729)/(7319+7330), [O iii] (4959+5007)/4363,
[S ii] 6716/6731, [S ii]a (6716+6731)/(4069+4076), [S iii]
(9069+9531)/6312, [Ar iii] (7751+7136)/5192, [Ar iv]
4711/4740, [Ar iv]a (4711+4740)/7171, [Cl iii] 5518/5538,
and [Cl iv] 5323/(7530+8045). Successive columns in Table 4
stand for ion, ionization potential (I.P.), related diagnostic
lines, line ratio along with the rms % error obtained from the
combined HES data, given in parenthesis, and derived Tes or
Nes for the combined (1995+2001), 1995, and 2001 HES data.

In deriving the [O iii] electron temperature, we used the well-
known (4959+5007)/4363 line ratios. However, some lines such
as 4959+5007 lines are strong, so the line measurements are
only available from the short exposures. Weak lines, which are
missing in the short exposures, can sometimes be available from
the long exposures. For the strong lines, the opposite is true.
Table 5 illustrates the situation for which lines are available and
for which ones are missing in the long and short exposures of
HES, respectively.

Hyung et al. (1994a,b) estimated the diagnostic error with
the HES data: e.g., �T = ±1500 K for ∼6% errors in [Ar iii]
lines, and � log Ne = ±0.2 dex for ∼10% in [Cl iii] lines. We
similarly estimated the errors for the diagnostic derivation, based
on the highest rms value from the lines involving each ratio,
�T < 350 K, except for [Cl iv] and � log Ne < 0.11 except for
[O ii]. Part of the scatter is due to observational or measurement
error. The scatter could also be caused by the error in atomic
constants or by incomplete correction of interstellar and atmo-
spheric extinction, especially when the wavelength separation
involving the diagnostic line ratio is large as apparent in [S iii]
(9069+9531)/6312 and [O ii] (3726+3729)/(7319+7330).

The diagram indicates that the electron temperatures are
about Te ∼ 8500−9500 K for most ions, assuming log Ne = 4.0.
From their 1995 HES data analysis (with a slightly different
C parameter), Choi et al. (2008) find a similar Te([O iii]) =
9700 K. Lee et al. (1974) derived electron temperatures
and densities using their photographic and photoelectric data,
Te([O iii]) = 9500 K and Te ∼ 7500 K from the Balmer
jump. Zhang et al. (2004) find a similar electron temperature,
Te ∼ 9730 K from the [O iii] (88 μm + 52 μm)/4959 lines.

A65, page 3 of 15

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201219263&pdf_id=1


A&A 549, A65 (2013)

Table 5. Separate measurement of diagnostic line intensities in each exposure.

Ion Lines 1995(1) 1995(2) 2001(3) 2001(4)

[S iii]
I(9069+9531)

I(6312)
(37.07+117.4)

2.29
(37.89+117.7)

...
(37.77+95.25)

1.87
(39.58+102.69)

1.94

[Ar iii]
I(5192)

I(7751+7136)
0.128

(6.38+24.91)
...

(6.26+23.51)
0.103

(6.68+26.45)
...

(6.95+26.76)

[O iii]
I(4959+5007)

I(4363)
(...+...)

7.09
(367.74+1130.47)

6.99
(...+...)

5.36
(390.74+1198.81)

6.67

[Cl iv]
I(5323)

I(7530+8045)
0.034

(0.323+0.819)
...

(...+...)
...

(0.380+0.893)
...

(...+0.945)

[S ii]a
I(6716+6731)
I(4069+4076)

(3.65+7.07)
(2.58+1.32)

(3.87+7.25)
(...+...)

(3.59+7.12)
(2.39+1.09)

(4.05+7.08)
(2.88+...)

[O ii]a
I(3726+3729)
I(7320+7330)

(17.21+7.44)
(3.84+3.07)

(...+...)
(3.71+2.92)

(19.43+9.08)
(4.17+3.27)

(17.25+8.21)
(4.34+3.46)

[Ar iv]a
I(4711+4740)

I(7171)
(2.44+3.21)

0.090
(...+...)
...

(2.01+3.26)
0.090

(2.09+3.47)
...

[N i]
I(5198)
I(5200)

0.276
0.180

...

...
0.250
0.151

...

...

[S ii]
I(6716)
I(6731)

3.65
7.07

3.87
7.25

3.59
7.12

4.05
7.08

[O ii]
I(3726)
I(3729)

17.21
7.44

...

...
19.43
9.08

17.25
8.21

[N ii]
I(5755)

I(6548+6583)
1.81

(29.46+90.89)
...

(30.19+93.22)
1.62

(...+85.89)
1.62

(28.07+88.81)

[Cl iii]
I(5518)
I(5538)

0.464
0.792

...

...
0.441
0.776

...

...

[Ar iv]
I(4711)
I(4740)

2.44
3.21

...

...
2.01
3.26

2.09
3.47

Notes. 1995(1): 2 h exposure in 1995. 1995(2): 3 min exposure in 1995. 2001(3): 1 h exposure in 2001. 2001(4): 5 min exposure in 2001.

They also derive another electron temperature, Te ∼ 8500 K
and log Ne = 3.6 from the Balmer jump. There is only one mea-
surement of [Cl iv] from the 1995 2 h exposure, which indicates
a higher Te of around 11 000 K. The [N ii] electron temperature
would also be higher if we assume a lower density for the low
excitation lines. The high temperature indicated by [Cl iv] might
be in error, since the [Cl iv] 5323 line is weak (low S/N).

The electron densities are more complex, i.e., Ne ∼
1300−80 000 cm−3. We may be able to distinguish them in
three Ne domains; (1) Ne ∼ 13 000 cm−3 for most ions; (2)
Ne ∼ 1300−2800 cm−3 for low-excitation lines, such as [N i] and
[O ii]; and (3) Ne ∼ 55 000−80 000 cm−3 for some auroral-to-
nebular transition lines, [Ar iv]a and [O ii]a. The electron densi-
ties derived by Choi et al. (2008) were 2000−9000 cm−3, assum-
ing 9700 K, i.e., high density for the high-excitation lines and
low density for the low-excitation lines. Choi et al. (2008) inter-
pret the density scatter as a density contrast in a prolate shell.
See their Fig. 2, where the model geometry of a prolate shell
is found, in which the density of the equatorial shell is much
higher than that of the polar conic zone. The discordance of den-
sities derived by the same ionic stage could be due to the atomic
constants although the degree of uncertainties would be differ-
ent depending on different ions (see Wang et al. 2004 for more
details). With caution, the present diagnostics indicate the possi-
bility of much higher density substructures.

Derivation of the diagnostic temperatures or densities based
on the averaged intensities of the two different epochs could be
wrong in the case of flux changes. We present the electron tem-
peratures and densities, Cols. 7−8 in Table 4 for two epochs sep-
arately. Figure 2 shows the diagnostics of 1995 and 2001 sepa-
rately, which was observed with the same spectrograph.

The electron temperatures show a decrease. The change ap-
pears to be obvious in [Ar iii] and [O iii], but the indication
coming from [S iii] is uncertain. No notable variations are found

in density diagnostics, except for [Ar iv] between the 1995 and
2001 epochs. To verify whether the change in the [Ar iv] di-
agnostic is real, one must evaluate the errors in this and other
diagnostics.

Estimating scatter in the derived diagnostic temperatures or
densities using the rms % of several different epoch line intensi-
ties might not be useful, especially when the actual change oc-
curs in the line fluxes. For the 1995 and 2001 data, one can sim-
ilarly estimate the scatters, using the rms % errors presented in
Table 2.

Table 6 presents the separate line intensity ratios for four ex-
posures, along with rms % errors for each epoch, i.e., 1995 and
2001 HES data, respectively. The rms % error for each line ratio
was in fact adopted from the maximum errors of the lines in-
volved. Since the rms % errors are not available for [Cl iv] and
[N i], we quote from [Cl iii]. The rms % errors of each epoch are
much smaller than those of the total I(HES) (see rms % errors in
parenthesis, Col. 4 of Table 4). We did not present the resulting
diagnostic scatters for two epochs in Table 4, since they would
be smaller than those of Col. 5 in Table 4.

Both 1995 and 2001 diagnostics in Fig. 2 generally agree
with the combined result in Fig. 1 within an observation er-
ror. There appears to be an abnormally large difference in
Ne([Ar iv]), � log Ne ∼ 0.21 dex, between two periods. Was
there any shock activity in the high-density, inner shell bound-
ary that caused a change in physical conditions? Although we
could not extract temperature change in the high-excitation lines,
there appears to be evidence of sudden density change, Ne =
8900 (103.95)→ 14 400 (104.16) cm−3 between two periods. The
[Ar iv] density variation found in the HES data that were ob-
tained under similar or extremely good weather conditions ap-
pears to be an actual feature.

The density variation might occur perhaps due to some rad-
ical event, such as an interacting wind in limited zone near the
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Table 6. Diagnostic line ratios and errors for all exposures.

Ion Lines 1995(1) 1995(2) 2001(3) 2001(4)
[S iii] I(9069+9531)/I(6312) 67.5 (1.3%) ... 71.1 (4.4%) 73.3 (4.4%)
[Ar iii] I(7751+7136)/I(5192) 244 (3.3%) ... 322 (2.4%) ...
[O iii] I(4959+5007)/I(4363) ... 214 (0.8%) ... 238 (13%)
[Cl iv] I(5323)/I(7530+8045) 0.0298 (2.6%)* ... ... ...

[S ii]a I(6716+6731)/I(4069+4076) 2.75 (3.5%) ... 3.08 (11.2%) ...
[O ii]a I(3726+3729)/I(7320+7330) 3.57 (3.0%) ... 3.83 (6.5%) 3.26 (6.5%)
[Ar iv]a I(4711+4740)/I(7171) 62.7 (3.6%) ... 58.5 (3.6%) ...
[N i] I(5198)/I(5200) 1.53 (2.6%)* ... 1.66 (2.6%) ...
[S ii] I(6716)/I(6731) 0.516 (3.5%) 0.534 (3.5%) 0.504 (7.0%) 0.572 (7.0%)
[O ii] I(3726)/I(3729) 2.31 (6.5%) ... 2.14 (6.5%) 2.10 (6.5%)
[N ii] I(5755)/I(6548+6583) 0.0150 (1.5%) ... ... 0.0139 (1.9%)
[Cl iii] I(5518)/I(5538) 0.586 (2.6%) ... 0.568 (2.6%) ...
[Ar iv] I(4711)/I(4740) 0.760 (3.6%) ... 0.617 (3.6%) 0.602 (3.6%)

Notes. The errors are from the largest one of internal disagreements (rms % errors) between long and short exposures of the lines involved (see
Table 2). * Errors that are not available, are adopted from the nearby [Cl iii] lines.

Table 7. Derivation of ionic concentrations.

Xm+ λlab(Å) I(λ) Te(K) Xm+/H+ mean Xm+ λlab(Å) I(λ) Te(K) Xm+/H+ mean

He+ 4471 5.28 11 000 1.056(−1) Ne3+ 2425 1.11 11 000 1.34(−6) 1.34(−6)
5876 18.66 11 000 1.180(−1) S+ 4069 2.609 9000 6.14(−7)
6678 4.33 11 000 1.061(−1) 1.099(−1) 4076 1.200 9000 8.35(−7)

He2+ 4686 5.13 11 500 4.40(−3) 6716 3.777 9000 9.18(−7)
5412 0.91 11 500 5.74(−3) 5.07(−3) 6731 7.109 9000 8.90(−7) 8.14(−7)

C2+ 1907,09 1.23* 9500 4.68(−6) 4.68(−6) S2+ 6312 2.207 9300 6.93(−6)
C3+ 1549,51 1.18* 11 000 1.39(−6) 1.39(−6) 9069 37.88 9300 1.09(−5)
N0 5198 0.262 8500 1.60(−6) 9531 107.9 9300 5.60(−6) 7.81(−6)

5200 0.165 8500 2.41(−6) 2.00(−6) Cl2+ 5518 0.451 9500 1.06(−7)
N+ 5755 1.673 9000 3.28(−5) 5538 0.782 9500 1.19(−7) 1.13(−7)

6548 29.12 9000 2.50(−5) Cl3+ 5323 0.034 11 000 6.27(−8)
6583 89.38 9000 2.62(−5) 2.80(−5) 7530 0.350 11 000 6.36(−8)

N2+ 1747−50 1.12* 9500 2.49(−5) 2.49(−5) 8045 0.883 11 000 5.33(−8) 5.99(−8)
O0 5578 0.041 8500 8.90(−6) Ar2+ 5192 0.115 8500 3.61(−6)

6300 3.743 8500 1.16(−5) 7136 25.28 8500 3.18(−6)
6364 1.270 8500 1.23(−5) 1.09(−5) 7751 6.542 8500 3.14(−6) 3.31(−6)

O+ 3726,29 26.08 9000 4.03(−5) Ar3+ 4711 2.169 9500 5.98(−7)
7320 4.001 9000 9.06(−5) 4740 3.302 9500 6.66(−7) 6.32(−7)**
7330 3.165 9000 7.15(−5) 6.75(−5) 7171 0.090 9500 2.12(−6)

O2+ 4363 5.889 9500 4.45(−4) 7263 0.078 9500 2.19(−6)
4959 377.8 9500 4.58(−4) 7237 0.087 9500 2.46(−6) 2.26(−6)
5007 1160 9500 4.87(−4) 4.63(−4) [8.40(−7)]**

O3+ 1403−10 1.31* 11 000 6.13(−5) 6.13(−5) Ar4+ 6435 0.088 11 000 7.32(−8) 7.32(−8)
Ne2+ 3869 101.8 9500 1.28(−4) K3+ 6102 0.126 9500 1.27(−8) 1.27(−8)

3968 36.88 9500 1.53(−4) 1.41(−4)

Notes. X(−Y) means X × 10−Y. All the ionic concentrations were found, assuming Ne = 10 000 cm−3. C+, C2+, and N2+: the IUE fluxes are used.
** The ionic abundance for Ar3+ is from the derivation by λλ4711,40. When Ne = 80 000 cm−3 is used, the ionic abundance value derived by
λλ7171,7263/37, i.e., 8.40(-7), is also close to the one derived by λλ4711,40: see the text.

inner boundary of the main shell where the [Ar iv] or other high-
excitation lines were emitted. From the available IUE UV spec-
tra, NGC 6803 was known to have a central star with weak emis-
sion lines. Feibelman (1994) suspected that NGC 6803 may have
C iv P Cyg, while Marcolino et al. (2007) report it as absent.
There is no evidence of any systematic change in electron den-
sities and temperatures in other lines, though.

The discordance found in the [O ii] diagnostics was
seen in other PNe: the auroral-to-nebular transition, [O ii]
(7319+7330)/(3726+3729), always indicates higher density than
the nebular line ratio does. Some Galactic PNe are known to
be high-density objects, e.g., IC 4997 (Hyung et al. 1994b) and
M 2-24 (Zhang et al. 2004). NGC 6803 would not be classified

as such a high-density PN. A somewhat high-density value is
also to be found from the [N ii] lines: Ne ∼ 21 000 cm−3, assum-
ing Te ∼ 9000 K for the [N ii] zone. However, in a relatively
low-density object like NGC 7009 (the high-dispersion long-slit
spectroscopic data analysis by Hyung & Lee, in prep.), the high-
density blobs or substructures appear to be present in the main
shell (see also the BoBn 1 investigation by Otsuka et al. 2010).
The discussion of the density fluctuation or a possible presence
of high-density substructures in this object is beyond the scope
of our study, so we will leave this matter to future study.

In NGC 6803, we detected the high-excitation lines such
as He ii and O iv]. When compared with other high-excitation
Galactic PNe that emit the He ii lines, the overall gas

A65, page 5 of 15



A&A 549, A65 (2013)

Fig. 2. Electron temperature and density of NGC 6803. Top: with the
1995 data. (Number 2: from a short 3 min. exposure. Unspecified di-
agnostic lines are from the 120 min. exposure data.) Bottom: with the
2001 data. (Numbers 3 and 4: 60 and 5 min. exposures. The unspecified
diagnostics are from the 60 min. one.)

temperatures suggested by the diagnostics appear to be low. We
need to check the electron temperatures derived by the diagnos-
tics with the predicted values by a P-I model, and we further
investigate the cause of the relatively low temperatures indicated
by the [O iii] and [Ar iii] lines of the nebula.

Using the electron temperatures derived from the diagnostic
lines, one can derive ionic concentrations for available ions. In
deriving the fractional ionic concentration, we assumed the same
electron density, Ne ∼ 10 000 cm−3, for all ions, and adopted
the position where the most ions crossed. The electron tempera-
tures were adopted differently, using the diagnostic information
of [Ar iii], [S iii], [O iii], and [Cl iv] ions and considering the
level of the ionization potential (I.P.) of involving ions. Table 7
lists fractional ionic abundances for He+, He2+, C2+, C3+, N0,
N+, N2+, O0, O+, O2+, O3+, Ne2+, Ne3+, S+, S2+, K3+, Cl2+, Cl3+,
Ar2+, Ar3+, and Ar4+, mostly based on collisionally excited lines,
except for He. Successive columns give ions, lines used, line in-
tensities, electron temperatures assumed for the ions, fractional
ionic concentration relative to hydrogen, and mean values. The
ionic concentration of some elements, e.g., C, is only available
from the UV wavelength region. The C value was from the in-
ternational ultraviolet explorer (IUE) data, i.e., intercombination
C lines in the UV wavelength region, e.g., C iv] 1549,51 and
C iii] 1907,09 in Table 7. We derived the ionic abundances for
these UV lines, assuming that the intercombination UV lines are
collisionally excited.

As mentioned, NGC 6803 shows strong line intensities even
for the neutral stages of O and N. Although the fractional
concentration was available for oxygen, O0 or N0 value must be
ignored because these ions are likely to be patches that could not

represent the ionized zone. There is a large discordance in O+ or
Ar3+, because some lines in these ions are strongly dependent on
the density. As noted earlier, the densities found by the nebular
line ratio and by the auroral-to-nebular transition line ratio were
different.

For some ions such as O, most of the ionic stages were avail-
able in the presented optical HES and UV IUE wavelength range
data. In such a case, the elemental abundance would be the sum
of all ionic concentrations. However, for most elements, the UV
data in Table 2 and the ground-based telescopic data in Table 3
did not cover all ionic stages, so one must find the ionization cor-
rection factors (ICFs) for the unobservable ionic stages to derive
the abundance for each element. The ICF for the unobservable
stages is usually found by using either (1) the semi-empirical
method referring to the availability of other ions of similar I.P.
or (2) the photoionization (P-I) modeling method utilizing its
prediction.

We employ the latter method, i.e., constructing an appro-
priate P-I model nebula with NEBULA (Hyung 1994) and
CLOUDY (Ferland 1997). In general, the chemical abundance
determined by using collisional lines differs largely from that de-
termined by using recombination lines. The standard P-I model,
which assumes the permitted lines to be recombination lines,
cannot fit the permitted lines in case the permitted lines are emit-
ted through another mechanism such as fluorescence, nor can
predict the shock excited lines.

We evaluate the degree of discordance for the C ii 4267 by
comparing the observed intensity with the prediction in the next
section.

4. Theoretical model and chemical abundances

To investigate the spectra of various elements in a self-consistent
way, one needs to analyze all spectra simultaneously in a co-
herent environment or in a sound model. We use a P-I model
with NEBULA (Hyung 1994). We also refer to the prediction by
CLOUDY (Ferland 1997). Lee & Hyung (2008) have recently
compared the prediction for a relatively simple structure PN,
NGC 7026, using two codes, and basically found no difference
between them.

To start a nebula model calculation with a P-I code, one must
know the approximate value of chemical abundances for the gas
shell and the stellar energy distribution (SED) curve for the ion-
izing UV photons. For the SED or the photoionizing UV con-
tinuum photons from the CSPN, “Tlusty” by Hubeny (1988)
was used. We assumed the central star has the same chemical
abundances as the nebular gas. The distance to the PN must also
be adopted to fit the size and the absolute F(Hβ) flux. Acker
(1992) gave the distance to NGC 6803 in the range 1−3.0 kpc.
We adopted 3000 pc, close to the maximum. The chemical abun-
dances must be given as an input. We were guided by the ionic
abundances given in Table 8, and we refined them further until
the P-I model calculation fit both the electron temperature(s) and
the observed line intensities well.

The P-I code also requires a geometry and density distribu-
tion in the shell. The model cannot employ a realistic complex
geometry or the different densities seen in the diagnostics. As a
standard procedure, we start a model with a stellar radius and in-
ner shell radius and adjust the inner and the outer boundaries to
fit the observed nebular size. Once these are given, the P-I code
will solve the energy balance and statistical equilibrium equa-
tions at each radius and give predictions, e.g., line fluxes, the
ionization fraction for each element, and physical conditions. If
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Table 8. Ionic concentration in NGC 6803.

Ion N(ion)/N(H+) ΣN(ion)/N(H+) Ion N(ion)/N(H+) ΣN(ion)/N(H+)

He+ 1.099(−1) Ne2+ 1.41(−4)
He2+ 5.07(−3) 1.15(−1) Ne3+ 1.34(−6) 1.42(−4)
C2+ 4.68(−6) S+ 8.14(−7)
C3+ 1.39(−6) 6.07(−6) S2+ 7.81(−6) 8.62(−6)
N0 2.00(−6) Cl2+ 1.13(−7)
N+ 2.80(−5) Cl3+ 5.99(−8) 1.73(−7)
N2+ 2.49(−5) 5.49(−5) Ar2+ 3.31(−6)
O0 1.09(−5) Ar3+ 6.32(−7)
O+ 6.75(−5) Ar4+ 7.32(−8) 4.01(−6)
O2+ 4.63(−4) K3+ 1.27(−8) 1.27(−8)
O3+ 6.13(−5) 6.03(−4)

Notes. X(−Y) means X × 10−Y. Σ[N(ion)/N(H+)]: sum of all the ionic concentrations available.

Table 9. Inputs for NGC 6803 P-I model.

Parameter Value
Central star (K) 90 000
Surface gravity, log g (cgs unit) 5.38
Luminosity (L�) 2400 (2900)*
Density, NH(cm−3) 8800
Inner radius, Rin (pc) 0.015
Outer radius, Rout (pc) 0.033 (2.′′3)*
Input abundances He: 0.115 C: 5.0(−4) N: 4.3(−4) O: 6.0(−4) Ne: 1.8(−4)

S: 2.5(−5) Cl: 2.5(−7) Ar: 4.0(−6) K: 1.6(−8)
Fractional ionization He C N O Ne S Cl Ar K
X+ 0.963 0.052 0.046 0.042 0.011 0.011 0.049 0.001 0.018
X2+ 0.035 0.582 0.576 0.940 0.964 0.325 0.371 0.326 0.142
X3+ 0.362 0.377 0.018 0.025 0.488 0.428 0.658 0.840
X4+ 0.004 0.001 0.000 0.000 0.176 0.150 0.014 0.000
ICF(X) 1.030 1.059 1.608 1.000 1.011 2.976 1.252 1.002 1.191

Notes. X(−Y) means X × 10−Y. ICF(X) = 1/(X++X2+) for He. ICF(X): the ionization correction factors for the unobservable ionic stages of each
element. ∗ see the text.

the prediction does not fit the observed values, one needs to ad-
just the effective temperature of the CSPN, with which one must
produce another SED by using “Tlusty”. The iteration goes on
until the P-I model nebula gives a satisfactory prediction for the
observed line intensities.

The diagnostics, as shown in Figs. 1 and 2, implied a higher
density, especially for the high-excitation lines. As discussed in
Sect. 3, the nebular shell might consist of three different den-
sity zones. It would therefore be desirable to construct a model
geometry with a density contrast between the polar and the equa-
torial zones (see IC 2165, Hyung 1994) or a stratified shell with
a high-density compact inner shell with the outer low-density
shell (see IC 4997, Hyung et al. 1994b). For NGC 6803, we
do not employ such a refinement, since it does not improve the
prediction except for some lines, such as [O ii]7321/2, 7332/3.
Instead, we assumed a homogeneous shell with a density value,
NH = 8800 cm−3 (or Ne ∼ 10 000 cm−3), close to the inter-
mediate value in Figs. 1 and 2. The single density value may
cause a problem for low or high density lines, as mentioned in
Sect. 3 (see Figs. 1 and 2 and Table 4). However, we believe the
simplistic density distribution would not misguide our effort on
chemical abundances or the CSPN parameters.

Table 9 lists the input data for the model nebula and the
CSPN and the chemical abundances adopted in our final P-
I model. We also list the predicted fractional ionization factor,
Xn+s for all available elements and the ionization correction fac-
tors, ICFs, for the unobserved ionic stages (see Table 9). The
chemical abundances appear to be enhanced (discussion will

follow). As noted before, the electron temperatures of NGC 6803
indicated by the diagnostics were relatively low, in spite of the
appearance of high-excitation lines, 8000, 9300, and 9500 K by
[Ar iii], [S iii], and [O iii]. The Te([Ar iii]) is even lower than the
Te([N ii]). We checked the O zones, where the predicted electron
temperatures were 9800, 9000, 10 300, and 10 600 K for [O ii],
[O iii], [O iv], and [Ov], respectively. The relatively lower tem-
peratures appear to be caused by relatively large amount of cool-
ing elements, i.e., C/H, N/H, O/H, etc.

The final model indicated that the effective temperature of
the CSPN is 90 000 K. The inner and outer shell radii are 0.015
and 0.033 pc, so the angular size of the outer radius would be
∼2.′′3 at a distance of 3000 pc. The outer boundary matches the
approximate size of the shell in the equatorial zone direction,
which is presumably a higher density zone than the polar zone.
The outer boundary of the shell is material-bounded (i.e., trun-
cated within the Strömgren sphere radius) to fit the line inten-
sities well. If we adopt a lower density in the shell (and with a
little larger inner radius), we can similarly fit the outer boundary
of the shell in the polar cap direction (∼3′′).

The intrinsic absolute Hβ flux, given by the
model, is F(Hβ) = 3.5(−11) (here, 3.5(−11) means,
3.5 × 10−11 erg cm−2 Å−1 s−1). Then this value corresponds to
F(Hβ) = 5.4(−12) in observation by applying the interstellar
extinction, C = 0.81, which is slightly lower than the observed
value of 6.6(−12), given in Table 1. One can fit the absolute Hβ
flux by increasing the radii of the CSPN and nebular shell, e.g.,
by 1.1 times and L(�) ∼ 2400 → 2900 L�. A slight increase
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Table 10. Comparison of observed and predicted intensities in NGC 6803 (I(Hβ) = 100).

Ion λ(Å) Iobs(HES) Ipred Ion λ(Å) Iobs(HES) Ipred

He i 5876 18.76 ± 1.43 17.27 [Ne iii] 3969 37.00 ± 7.77 33.61
6678. 4.35 ± 0.10 4.61 [Ne iv] 2422/25 8.0 0.98
4471 5.31 ± 0.64 5.84 [S ii] 4068 2.62 ± 0.20 1.72

He ii 4686 5.15 ± 0.48 3.41 4076 1.21 ± 0.11 0.58
5412 0.91 ± 0.51 0.35 6716 3.79 ± 0.18 1.62
1640 34.5 29.31 6731 7.13 ± 0.07 3.15

C ii 4267 0.61 ± 0.01 0.28 [S iii] 6312 2.03 ± 0.19 2.98
C iii] 1907/09 59.2 59.11 9069 38.07 ± 0.91 31.94
C iv] 1549/51 16.4 17.69 9531 108.3 ± 9.64 176.6
[N ii] 6584 89.70 ± 2.69 89.69 [Cl ii] 8580 0.25 ± .03 0.12

6548 29.24 ± 0.88 30.53 [Cl iii] 5518 0.45 ± 0.01 0.37
5755 1.68 ± 0.09 1.64 5538 0.78 ± 0.01 0.58

N iii 1747-52 12.2 7.62 [Cl iv] 7530 0.35 ± 0.03 0.34
[O i] 6300 3.76 ± 0.33 0.16 8046 0.89 ± 0.05 1.21

6363 1.28 ± 0.04 0.05 [Ar iii] 5193 0.12 ± 0.01 0.08
[O ii] 3726 17.96 ± 1.04 18.6 7136 25.41 ± 1.30 13.39

3729 8.24 ± 0.67 6.1 7751 6.57 ± 0.27 3.22
7321/2 4.02 ± 0.25 1.91 [Ar iv] 4711 2.18 ± 0.19 3.96
7332/3 3.18 ± 0.20 1.91 4740 3.31 ± 0.11 6.47

[O iii] 1666 12.9 4.43 7238 0.09 ± ? 0.07
4363 6.53 ± 0.72 5.36 7265 0.08 ± 0.002 0.08
4959 379.23 ± 11.38 392.84 7172 0.09 ± 0.00 0.10
5007 1164.6 ± 33.7 1136.2 [Arv] 6435 0.09 ± 0.005 0.09

[Ne iii] 3868 102.10 ± 18.38 111.32 7005 0.10 ± ? 0.24

Notes. Iobs(HES): from Tables 2 and 3.

in the CSPN radius and shell boundaries adopted in the model
would not change the predicted value of the angular nebular size.

The shell itself was assumed to be homogeneous, and no fill-
ing factor was introduced. One can increase the outer boundary
with the filling factor, whenever the predicted PN outer boundary
is smaller.

In the study of other ring type PN Hubble 12, Hyung & Aller
(1996) solved this dilemma by introducing a high-density com-
pact shell around the CSPN, which is detached in the outer main
shell. NGC 6803 could be such an object. The possible presence
of a recently ejected high-density substructure in this object,
however, can only be verified through a large ground telescope,
such as the 8-m class Subaru, the Very Large Telescope, or
the Hubble Space Telescope. As mentioned earlier, the distance
adopted in the model is an upper limit (see Table 1). Putting the
nebula at a farther distance would make the predicted Hβ flux
CSPN brightness lower. The current adopted distance appears to
be the best choice.

In Table 10, we list the predictions. The observed and pre-
dicted line intensities are all given on the scale of I(Hβ) = 100.
The predictions were generally successful for most lines ex-
cept for auroral transition lines such as [O ii] and [S ii], and the
agreements for He i and He ii are generally fine. In predicting
He lines, we corrected for collisionally excited contributions.
For the cases of N and O, there are strong forbidden lines in
the optical wavelength region, whereas there is no strong for-
bidden line for C in the optical wavelength region. We must
therefore rely on the UV lines for C. The predictions for UV
C iii] 1907/09, C iv] 1549/51, and optical C ii 4267 are fine.
Considering that the observed line intensities of permitted lines
are often stronger than the predicted values by 3–20 times, the
prediction for C ii 4267 is surprising.

It has been a long-standing problem that contemporary
available P-I codes cannot predict both forbidden and re-
combination (permitted) line intensities simultaneously. Our

P-I modeling was carried out to fit the forbidden lines. We also
checked the predicted values for the relatively stronger permitted
lines of N iii (assuming these are recombination lines), but dis-
crepancies are large. For example, Iobs & Ipred = 1.28 & 0.20 for
N iii 4640.6, and 1.20 & 0.06 for N iii 4641.8. The predicted val-
ues for the other recombination lines, N iii 4097 and N iii 4103,
are less than 0.01 (but Iobss = 1.54 & 0.74, respectively). A
comparison of predictions for other weakly observed O ii and
O iii lines is not applicable (Ipred < 0.01), unless we increase
the input values for these elements to fit the line intensities. We
did not try such a refinement. The discrepancy for the predic-
tion of N3+ permitted lines (due to the presently adopted abun-
dance suitable for the forbidden N lines) is greater by a factor of
six. Wesson et al. (2005) find a smaller abundance disagreement
between the recombination line method and the forbidden line
method: 4.5, 2.8, and 3.1 times for C, N, and O, respectively.
Our discrepancies for C ii, which only comes down to a factor of
two, is quote low compared with those of other permitted lines.

These scatters or disagreements are perhaps due to obser-
vational errors involving the bad weather condition and errors
caused by data reduction, e.g., atmospheric correction and the
response function from the flux calibration star. The other error
sources are the atomic constants employed in the code and the
assumed simplistic nebular geometry. Predictions for ions of N,
O, Ne, and Cl are generally successful. As mentioned earlier,
the discordance for some [S iii], [O ii], and [Ar iv] lines are un-
avoidable with the simplistic single-density shell. The actual ob-
ject may consist of complex high-density blobs within the main
shell and the shell itself may have a stratified radial density vari-
ation. As mentioned, a density-contrast shell model would be
desirable, but we did not try such a refinement to improve the
predictions.

With the P-I model predictions, we are now able to find
the semi-empirical abundances for He, C, N, O, Ne, S, Cl, Ar,
and K. We derived them, all based on the model, for collisionally
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Table 11. Comparison of abundances.

N(X)/N(H)
Element ΣN(ion)/N(H+) ICF N(ICF) N(P-I) � WLB(1) Ours Mean(2) Sun(3)

He 1.15(−1) 1.030 0.118 0.115 0.01 0.114 0.118 0.11 0.086
C 6.07(−6) 1.059 6.43(−6) 5.0(−4) 1.89 1.7(−4) 2.5(−4) 6.48(−4) 2.57(−4)
N 5.49(−5) 1.608 8.83(−5) 4.3(−4) −0.69 2.4(−4) 2.6(−4) 1.40(−4) 6.31(−5)
O 6.03(−4) 1.000 6.03(−4) 6.0(−4) 0.00 5.0(−4) 6.0(−4) 4.93(−4) 4.57(−4)
Ne 1.42(−4) 1.011 1.44(−4) 1.8(−4) −0.10 1.6(−3) 1.6(−4) 1.25(−4) 6.92(−5)
S 8.62(−6) 2.976 2.57(−5) 2.5(−6) 1.01 1.1(−5) 1.4(−5) 8.08(−6) 2.14(−5)
Cl 1.73(−7) 1.252 2.17(−7) 2.5(−7) −0.06 3.0(−7) 2.3(−7) 3.32(−7) 3.16(−7)
Ar 4.01(−6) 1.002 4.02(−6) 4.0(−6) 0.00 2.5(−6) 3.8(−6) 2.42(−6) 1.51(−6)
K 1.27(−8) 1.191 1.51(−8) 1.6(−8) −0.03 ... 1.6(−8) ... 1.35(−7)

Notes. Ours: recommended for NGC 6803 from the HES data. � = log N(ICF) − log N(P-I). (1) ICF-abundances of NGC 6803 obtained from
Wesson et al. (2005). (2) PN average by Kingsburgh & Barlow (1994). (3) Solar abundances by Hyung & Feibelman (2004) (reference therein).

excited lines. In Table 11, we compared the abundances of He/H,
C/H, N/H, O/H, Ne/H, S/H, Cl/H, and Ar/H. Column 2 gives
the ionic abundances of observed stages, i.e., IUE and HES
data (Table 6). Column 3 lists the P-I model’s ICFs in Table 9,
Column 4 gives the semi-empirical ICF abundances by multi-
plying both Cols. 2 and 3. Column 5 lists the P-I abundances
presented in Table 9. Column 6 gives the logarithmic difference,
i.e., � = log N(ICF) − log N(P-I). The abundance difference be-
tween two methods agrees within a factor of two except for C, N,
and S, where � = 1.89, −0.69, and 1.01, respectively. We also
quoted other derivations by Wesson et al. (2005) in Col. 7 for
comparison. Column 8 lists the recommended abundances close
to the middle of the two N(ICF) and N(P-I) values; 9 the aver-
age PN value by Kingsburgh & Barlow (1994); and 10 the solar
values quoted from Hyung & Feibelman (2004).

Although the C, N, and S abundances are uncertain,
NGC 6803 is an O/C > 1. The typical Galactic PN has a carbon-
to-oxygen ratio (C/O) greater than unity, while NGC 6803’s C/O
is less than 1 or oxygen-rich. Our recommended abundances are
close to the values derived by Wesson et al. (2005) except for Ne.
Most elemental abundances are higher than the average Galactic
PN values except for C and Cl. The He and N are slightly en-
hanced object, and the Ne and S are also enhanced. M-type
AGB stars are known to have an oxygen-rich atmosphere, while
C-type AGB stars have a carbon-rich atmosphere. The triple-α
process inside the AGB star may produce 12C. The carbon is
dredged up to the surface, which changes the chemical compo-
sition of the atmosphere. If the carbon-to-oxygen ratio (C/O) is
less than unity, carbon atoms will be locked into the CO around
the star. The later stage or PN will thus be oxygen-rich. On the
other hand, if the carbon processed in the helium-burning re-
gions of AGB is continuously dredged up, the surface of the star
changes from an oxygen-rich to a carbon-rich environment (see,
e.g., Otsuka et al. 2010). NGC 6803 did not undergo such a con-
tinuous or third dredge-up. NGC 6803 must have evolved from
an O-rich, M-type AGB star.

The nebular radial velocity to the Sun is ∼10.23
(13.1) km s−1 and the Galactic longitude of NGC 6803 (l =
46.◦4 & b = +04.◦1; 2000) is close to the position of solar apex.
The solar motion relative to the local standard of rest (LSR)
is ∼13.4 km s−1 toward a position of Hercules (l ∼ 50◦, b =
+23◦). The radial velocity of NGC 6803 relative to the LSR
would be ∼25 km s−1, which is similar to that of other Galactic
PNe (Hyung & Huh 2007) or the nearby later generation of
Galactic members, such as metal-rich main sequence A stars
(Carroll & Ostlie 2007; see reference therein). The radial dis-
tance of NGC 6803 from the Galactic center is ∼6.3 kpc, assum-
ing that the Sun’s distance to the Galactic center is 8.0 kpc and

the distance to the PN from us is 3 kpc. As a result, NGC 6803,
located closer to the the Galactic center than the Sun, must be
rotated around the Galactic center at a faster velocity than the
Sun, similar to what other nearby Galactic PNe do. The radial
velocity or nebular kinematical behavior in the Galaxy implies
that the progenitor of NGC 6803 might have been born later than
the average PNe.

The highly enhanced chemical abundances imply that
NGC 6803 might have been evolved from a more massive star
than the Sun. The massive progenitor means the CSPN has be
to be more massive than the evolutionary track suggested and
its luminosity higher. The new physical parameters of the CSPN
can be attained only by increasing the distance to the nebula in
a P-I model calculation. However, we have already adopted its
value from the upper limit among the observed ones in Acker
et al. (1992). The derived interstellar extinction is Av = 1.71 mag
for the nebula. Although the distance determination to the nebula
based on interstellar extinction is uncertain, one can make a rea-
sonable estimation by using the algorithm of Sale et al. (2009).
The distance to the low Galactic latitude objects and the mea-
sured extinction have a simple relationship, d(kpc) ∼ 1.31Av up
to d ∼ 3.5 kpc (using Av ∼ 1.015A6250; see Figs. 7 and 12 in
Saler et al. 2009). The above algorithm implies that the distance
to NGC 6803 is d ∼ 2.3 kpc. Any greater distance value than the
presently adopted value of 3.0 kpc will not be appropriate.

NGC 6803 has O/C > 1, and most heavy elemental
abundances are also enhanced. The chemical abundances of
NGC 6803 are similar to those of the Peimbert type II ob-
ject (evolved from an intermediate population I progenitor, i.e.,
1.5 M� (see Peimbert 1978). If NGC 6803 had evolved from
a single star, the progenitor might have been a relatively mas-
sive star, higher than 1 M�. The currently observed highly en-
hanced abundances would be hard to explain by a thermal pulse
model with a less massive star (see Vassiliadis & Wood 1993).
The alternative explanation would be a binary star evolution: the
abundance contamination might occur due to the mass exchange
or inflow from a massive primary star at its early evolutionary
history before settling down to the current system: the presently
brightened nebular shell might be the ejecta of a later evolved
companion star (see Otsuka et al. 2011).

We derived the CSPN luminosity of 2400 or 2900 L� from
our P-I modeling for a distance of 3000 pc. Our P-I model sug-
gests that the CSPN of NGC 6803 has an effective temperature of
Teff ∼ 90 000 K. Taking Teff and L(�) at face value (see Table 9),
and utilizing Schönberner (1983) and Vassiliadis & Wood (1994)
evolutionary tracks, we derive a CSPN mass of about 0.56 M�,
which evolved from a progenitor that is slightly less massive than
the Sun.
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Since the distance and the luminosity are uncertain, the de-
rived progenitor mass values could be uncertain. Using Fig. 1 of
Napiwotzki & Schönberner (1995), we derive an absolute mag-
nitude of the CSPN of Mv = 1.1 from the derived extinction of
Av = 1.71 and the adopted distance of 3000 pc. In this case, the
mass of the CSPN would be about 0.65 M� for the CSPN using
a nebular radius of 0.033 pc, assuming an expansion velocity of
Vexp ∼ 20 km s−1, which corresponds to a 1.5 M� progenitor,
such as Peimbert type II objects.

Since the accurate distance is not known to us, any further
discussion of the physical scale of the PN shell and CSPN and
its progenitor star will be highly speculative at this stage. In any
case, the progenitor must have been born in a heavily polluted
zone near the Galactic plane.

5. Conclusions

NGC 6803 showed weak He ii lines and many lines of diversi-
fied excitations from neutral to quadruply ionized ions. We in-
vestigated the physical conditions of NGC 6803 and derived its
abundances using the IUE and HES spectral line data. In spite
of its fairly symmetrical morphology, the physical condition of
the shell appears to be varied in both the latitude and radial di-
rections. The overall nebular geometry could be an axial sym-
metrical structure with high densities in the equatorial region, as
suggested by Choi et al. (2008).

We constructed a P-I model to fit the observed line inten-
sities and physical conditions derived by the diagnostics. The
P-I model code that we used was NEBULA by Hyung (1994).
The CSPN effective temperature as an input of the P-I model cal-
culation was calculated by using Tlusty model atmosphere code.
After elaborate trials with different effective temperatures to find
a self-consistent fit to observed parameters, we found a conver-
gent effective temperature for the CSPN, i.e., ∼90 000 K. We
employed a constant density of NH = 8800 cm−3, but a density
composite shell needs to be investigated. From the final model
that generally fitted the observed lines, we were able to derive
the ICFs. Using these ICFs, we derived the semi-empirical abun-
dances that were compared with the adopted values from the fi-
nal model.

The P-I model calculation fitted strategically important lines
in the UV wavelength region, which was somewhat unexpected,
when compared with the other PN cases. For example, the model
fitted both the C iii] and C iv] lines. It also predicted the permit-
ted C ii 4267 line intensity in the optical region within a factor
of two. The model could not fit some density sensitive lines in
the visual wavelength range. The cause of the relatively low-
excitation temperatures observed in the diagnostics is likely due
to the highly enhanced abundances of major elements such as
N, O, and Ne. Unlike the simplistic density assumption adopted
in the P-I model, the PN itself appears to be very complex. The
PN shell might consist of many stratified density components
in both the radial and latitude directions. The PN might have a
high-density inner shell surrounded by a medium density outer
shell. The overall geometry must be a prolate shell geometry
with a density contrast in the equatorial and polar conic shell
geometry.

In summary, with the help of the P-I predicted ICFs, we de-
rived the chemical abundances and found the CSPN parameters.
NGC 6803 is an oxygen-rich PN (O/C > 1), and most elemental
abundances are higher than the average PN or the Sun. The
erelatively higher heavy abundances suggest that NGC 6803 was

born from a metal-rich zone in the later stage of Galactic evolu-
tion than the other average PNe. NGC 6803 might have evolved
from a massive progenitor of about 1.5 M�. Alternatively, the
CSPN could be a less massive star of 1 M�, a member of a binary
system, whose chemical abundances and the nebular abundances
became enhanced due to mass exchange occurring earlier in the
stage of evolution. A comparison of the 1995 and 2001 [Ar iv]
data suggests that there appears to be a proof of density change,
Ne = 8900 (103.95) → 14 400 (104.16) cm−3 between two peri-
ods in the high-density zone near the inner shell boundary. A
more careful analysis must be done with a spectrograph, capa-
ble of both high wavelength dispersion and high spatial resolu-
tion, such as the HDS at the Subaru Observatory to confirm the
sub-arc scale structures involving high-density blobs or density
contrast geometry.
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Table 2. Line intensities of NGC 6803 (I(Hβ) = 100).

λobs(Å) λlab(Å) Ion Mult. fλ I(HES) rms I(1995) I(2001)
3679.21 3679.35 H i H21 0.270 0.760 24% 0.95 0.57
3682.69 3682.81 H i H20 0.269 0.684 2.6% 0.70 0.67
3686.72 3686.83 H i H19 0.268 0.934 31% 1.22 0.65
3691.48 3691.56 H i H18 0.267 0.729 26% 0.92 0.54
3697.23 3697.15 H i H17 0.265 1.085 42% 1.54 0.63
3703.76 3703.86 H i H16 0.272 1.067 17% 1.25 0.89
3704.89 3705.02 He i (25) 0.271 1.011 29% 1.31 0.71

3712.74 O ii (3)
3711.92 3711.97 H i H15 0.269 1.431 1.43
3721.93 3721.94 H i H14 0.267 2.383 8.5% 2.18 2.59
3726.02 3726.03 [O ii] (1F) 0.266 17.961 5.8% 17.21 18.94 ± 1.24
3728.78 3728.82 [O ii] (1F) 0.265 8.243 8.1% 7.45 8.88 ± 0.50
3734.28 3734.37 H i H13 0.263 2.116 9.7% 1.91 2.32
3750.04 3750.15 H i H12 0.259 2.337 4.4% 2.23 2.44
3759.79 3759.81 O iii (2) 0.256 0.665 8.3% 0.72 0.61

3771.08 N iii (4)
3770.70 3770.63 H i H11 0.253 3.474 0.7% 3.50 3.45
3797.84 3797.90 H i H10 0.246 5.725 15% 5.32 5.38 ± 1.13
3819.70 3819.61 He i (22) 0.241 1.000 21% 1.21 0.79
3835.30 3835.39 H i H9 0.236 6.810 15% 8.03 6.59 ± 0.81
3868.75 3868.71 [Ne iii] (1F) 0.228 102.10 18% 127.59 90.33 ± 2.03

3888.65 He i (2)
3888.84 3889.05 H i H8 0.223 19.315 15% 23.30 17.92 ± 1.23
3964.63 3964.73 He i (5) 0.204 1.056 3.4% 1.09 1.02
3967.53 3967.41 [Ne iii] (1F) 0.203 37.002 21% 46.99 34.18 ± 4.49
3970.13 3970.07 H i Hε 0.203 16.118 20% 20.09 15.29 ± 2.40
4026.14 4026.36 He i (18) 0.189 2.489 5.4% 2.59 2.36 ± 0.16
4046.12 4046.50 [Fe iii]? (4F) 0.185 0.341 0.34
4068.67 4068.60 [S ii] (1F) 0.180 2.618 7.8% 2.58 2.50 ± 0.28
4072.16 4072.16 O ii (10) 0.179 0.362 39% 0.50 0.22
4076.17 4076.35 [S ii] (1F) 0.178 1.205 9.2% 1.32 1.09

4097.27 O ii (20; 48)
4097.28 4097.31 N iii (1) 0.173 1.538 4.7% 1.61 1.47
4100.25 4100.04 He ii (4−12) 0.172 0.179 0.18
4101.69 4101.76 H i Hδ 0.172 27.827 6.4% 30.33 26.71 ± 0.28
4103.27 4103.37 N iii (1) 0.172 0.742 13% 0.84 0.64

4121.46 O ii (19)
4120.82 4120.81 He i (16) 0.168 0.273 2.4% 0.28 0.27
4142.13 line? 0.163 1.442 1.44

4143.77 O ii (106)
4143.67 4143.76 He i (53) 0.163 0.472 0.1% 0.47 0.47
4189.79 4189.79 O ii (36) 0.154 0.138 0.14
4199.90 4199.83 He ii (4−11) 0.152 0.143 6.5% 0.13 0.15
4267.06 4267.18 C ii (6) 0.141 0.613 2.1% 0.60 0.63
4338.66 4338.67 He ii (4−10) 0.129 0.172 15% 0.20 0.15
4340.52 4340.47 H i Hγ 0.129 51.366 12% 54.67 ± 4.58 45.41 ± 0.40
4345.45 4345.56 O ii (2) 0.128 0.173 0.17
4349.35 4349.43 O ii (2) 0.127 0.149 0.15
4359.76 4359.40 O ii (26) 0.124 0.114 0.11
4363.15 4363.21 [O iii] (2F) 0.124 6.526 11% 7.07 ± 0.06 5.65 ± 0.75
4379.13 4379.11 N iii 0.119 0.244 2.9% 0.24 0.25
4387.83 4387.93 He i (51) 0.117 0.644 1.7% 0.63 0.65
4471.57 4471.48 He i (14) 0.095 5.306 12% 5.98 5.27 ± 0.62
4511.04 4510.93 [K iv] 0.085 0.139 9.5% 0.15 0.13
4541.51 4541.59 He ii (9) 0.077 0.188 1.6% 0.19 0.19
4571.02 4571.00 Mg i] (1) 0.070 0.179 18% 0.21 0.15
4634.05 4634.16 N iii (2) 0.054 0.700 6.8% 0.65 0.75
4638.76 4638.86 O ii (1) 0.053 0.174 0.17
4640.50 4640.64 N iii (2) 0.053 1.279 1.28

4641.73 O ii (1)
4641.45 4641.81 N iii (2) 0.053 1.200 64% 0.43 1.97
4649.04 4649.14 O ii (1) 0.051 0.467 2.8% 0.45 0.48

4651.35 C iii (1)
4650.56 4650.84 O ii (1) 0.050 0.149 12% 0.13 0.17

4658.64 C iv (8)
4658.31 4658.10 [Fe iii] (3F) 0.049 0.153 5.8% 0.16 0.14
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Table 2. continued.

λobs(Å) λlab(Å) Ion Mult. fλ I(HES) rms I(1995) I(2001)
4661.72 4661.63 O ii (1) 0.048 0.169 6.0% 0.18 0.16
4676.07 4676.23 O ii (1) 0.044 0.112 3.7% 0.11 0.12
4685.66 4685.68 He ii (3−4) 0.042 5.147 9.3% 4.47 5.49
4711.32 4711.34 [Ar iv] (1F) 0.036 2.179 8.7% 2.44 2.03 ± 0.05
4713.10 4713.14 He i (12) 0.036 0.769 0.6% 0.77 0.76
4740.27 4740.20 [Ar iv] (1F) 0.029 3.313 3.4% 3.21 3.31 ± 0.12
4859.48 4859.32 He ii (4−8) 0.000 0.393 34% 0.53 0.26
4861.36 4861.33 H i Hβ 0.000 99.989 4.7% 104.69 95.28
4875.49 line? −0.003 0.413 0.41
4924.29 4924.53 O ii (28) −0.015 0.070 38% 0.10 0.04
4931.03 4931.30 [O iii] (1F) −0.017 0.140 8.3% 0.13 0.15
4948.57 4948.54 [Fe iii]? −0.021 0.156 0.16
4958.84 4958.92 [O iii] (1F) −0.023 379.23 3.0% 367.73 390.73
4963.26 line? −0.024 3.099 3.10
4969.11 4969.36 † −0.026 0.187 23% 0.14 0.23
4996.17 4996.29 † −0.032 0.223 40% 0.31 0.13
5002.18 line? −0.033 1.216 1.22
5006.75 5006.84 [O iii] (1F) −0.034 1164.6 2.9% 1130.4 1198.8
5015.60 5015.68 He i (4) −0.036 2.447 3.5% 2.34 2.48 ± 0.05
5017.30 5017.48 † −0.036 0.463 17% 0.38 0.54
5040.97 5041.06 Si ii (5) −0.041 0.265 17% 0.31 0.22
5047.61 5047.74 He i (47) −0.043 0.138 53% 0.06 0.21

5056.35 Si ii (5)
5055.97 5056.02 Si ii (5) −0.045 0.125 2.3% 0.13 0.12
5191.46 5191.80 [Ar iii] (3F) −0.073 0.116 11% 0.13 0.10
5197.80 5197.90 [N i] (1F) −0.074 0.263 5.1% 0.28 0.25
5200.17 5200.26 [N i] (1F) −0.074 0.166 8.9% 0.18 0.15
5270.53 5270.40 [Fe iii] (1F) −0.089 0.084 18% 0.10 0.07
5322.76 5323.30 [Cl iv] (3F) −0.100 0.034 0.03
5341.93 line? −0.104 0.043 0.04

5412.00 [Fe iii] (1F)
5411.67 5411.52 He ii (2)4−7 −0.118 0.912 56% 0.40 1.42
5460.73 line? −0.128 0.121 0.12
5517.76 5517.71 [Cl iii] (1F) −0.139 0.453 2.6% 0.46 0.44
5535.03 5535.39 N ii (63) −0.143 0.029 0.03
5537.70 5537.88 [Cl iii] (1F) −0.143 0.784 1.0% 0.79 0.78
5577.58 5577.34 [O i] (3F) −0.152 0.041 32% 0.05 0.03
5591.85 5592.37 O iii (5) −0.155 0.019 0.02
5666.33 5666.64 N ii (3) −0.172 0.067 12% 0.08 0.06
5675.73 5676.02 N ii (3) −0.174 0.035 0.04
5679.58 5679.56 N ii (3) −0.175 0.147 7.9% 0.16 0.14
5686.10 5686.44 N ii (3) −0.176 0.033 0.03
5701.63 line? −0.179 0.021 0.02
5710.40 5710.76 N ii (3) −0.181 0.022 0.02
5754.65 5754.64 [N ii] (3F) −0.191 1.681 5.4% 1.81 1.62
5801.37 5801.51 C iv (1) −0.201 0.036 15% 0.04 0.03
5812.01 5811.98 C iv (1) −0.203 0.019 0.02
5815.46 5815.97 † −0.204 0.034 32% 0.02 0.05
5820.70 5820.43 He ii (5−34) −0.205 0.015 0.01
5861.40 line? −0.213 0.022 0.02
5867.57 5867.82 He ii[Kr iv] Pf29,1F −0.214 0.027 0.03
5875.56 5875.67 He i (11) −0.216 18.762 7.6% 17.62 ± 0.43 19.86 ± 0.55
5885.34 5885.90 † −0.218 0.020 0.02

5931.79 N ii (28)
5931.60 5931.83 He ii Pf25 −0.226 0.026 0.03
5952.33 5952.93 He ii Pf24 −0.229 0.009 0.01
6037.18 6036.78 He ii Pf21 −0.243 0.019 0.02
6073.39 6074.19 He ii Pf20(8) −0.249 0.031 0.03
6102.05 6101.80 [K iv] (1F) −0.254 0.127 2.7% 0.13 0.12
6150.64 line? −0.262 0.026 0.03
6153.36 line? −0.262 0.019 0.02
6156.88 line? −0.263 0.016 0.02
6159.94 line? −0.263 0.020 0.02
6170.04 6170.69 He ii Pf18 −0.265 0.037 0.04
6233.24 6233.82 He ii Pf17(7) −0.275 0.026 0.03
6300.46 6300.30 [O i] (1F) −0.285 3.762 8.9% 4.07 ± 0.05 3.41 ± 0.04
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Table 2. continued.

λobs(Å) λlab(Å) Ion Mult. fλ I(HES) rms I(1995) I(2001)
6312.10 6312.10 [S iii] (3F) −0.287 2.034 9.1% 2.29 1.88 ± 0.04
6346.62 6347.09 Si ii (2) −0.292 0.073 17% 0.09 0.06
6363.77 6363.78 [O i] (1F) −0.294 1.275 3.5% 1.24 1.27 ± 0.05
6371.68 6371.36 Si ii (2) −0.295 0.137 8.6% 0.15 0.12
6393.83 line? −0.299 0.036 8.0% 0.04 0.03
6401.51 line? −0.300 0.037 0.04
6406.02 6406.38 He ii Pf15(7) −0.300 0.029 1.3% 0.03 0.03
6435.17 6435.11 [Ar v] (1F) −0.305 0.089 5.5% 0.08 0.09
6461.81 6461.95 C ii −0.309 0.071 6.9% 0.08 0.07
6473.44 line? −0.310 0.098 6.8% 0.09 0.10
6527.48 6527.23 [N ii] −0.318 0.046 1.0% 0.05 0.05
6544.31 6544.50 † −0.320 0.069 0.07
6548.02 6548.03 [N ii] (1F) −0.321 29.239 3.0% 29.59 ± 0.43 28.07
6552.63 line? −0.321 0.028 0.03
6555.03 line? −0.322 0.038 0.04
6559.76 6560.10 He ii (4−6) −0.322 0.605 0.61
6562.67 6562.82 H i Hα −0.323 286.029 7.9% 263.45 308.61
6577.74 6578.03 C ii (2) −0.325 0.224 1.3% 0.23 0.22
6580.22 line? −0.325 0.039 0.04
6583.40 6583.45 [N ii] (1F) −0.326 89.699 3.0% 91.31 ± 1.38 86.54 ± 1.67
6601.34 6601.10 [Fe vii] (1F) −0.328 0.030 0.03
6678.36 6678.15 He i (46) −0.338 4.348 2.3% 4.45 ± 0.12 4.27 ± 0.09
6683.44 6683.15 He ii Pf13(7) −0.339 0.034 7.1% 0.04 0.03
6716.34 6716.47 [S ii] (2F) −0.343 3.790 4.8% 3.69 ± 0.13 3.69 ± 0.26
6730.71 6730.85 [S ii] (2F) −0.345 7.133 1.0% 7.11 ± 0.11 7.11 ± 0.03
6890.20 6890.88 He ii Pf12(7) −0.363 0.056 11% 0.05 0.06
6894.02 line? −0.364 0.022 0.02
6905.65 line? −0.365 0.026 0.03
6911.55 line? −0.366 0.015 0.01
6961.22 line? −0.371 0.027 0.03
6978.16 line? −0.373 0.019 0.02
6988.62 line? −0.375 0.016 0.02
7005.29 7005.70 [Ar v] (1F) −0.376 0.010 0.01
7046.87 line? −0.381 0.077 0.08
7061.45 7062.40 C iv? −0.383 0.022 0.02
7065.01 7065.28 He i (10) −0.383 8.607 6.3% 8.34 ± 0.38 8.93 ± 0.29
7135.53 7135.78 [Ar iii] (1F) −0.391 25.405 5.1% 24.65 ± 0.83 26.51 ± 0.18
7154.42 7155.14 [Fe ii] (14F) −0.393 0.028 0.03
7160.10 7160.50 He i −0.393 0.024 9.5% 0.03 0.02
7170.28 7170.62 [Ar iv] (2F) −0.394 0.090 0.3% 0.09 0.09
7177.37 7177.50 He ii Pf11(6) −0.395 0.064 3.0% 0.06 0.07
7230.55 7231.12 C ii (3) −0.401 0.110 9.3% 0.10 0.12
7235.46 7236.19 C ii (3) −0.401 0.197 0.20
7236.74 7237.54 [Ar iv] (2F) −0.401 0.087 0.09 .27
7262.62 7262.96 [Ar iv] (2F) −0.404 0.079 2.1% 0.08 0.08
7281.45 7281.35 He i (45) −0.406 0.824 0.3% 0.82 0.83
7297.73 7298.05 He i (1/9) −0.407 0.041 13% 0.04 0.05
7319.74 7319.40 [O ii] (2F) −0.410 4.016 6.3% 3.82 ± 0.08 4.21 ± 0.10
7330.02 7330.70 [O ii] (2F) −0.411 3.180 6.4% 3.04 ± 0.09 3.31 ± 0.11
7499.34 7499.84 He i (1/8) −0.427 0.060 2.7% 0.06 0.06
7529.73 7530.83 [Cl iv]** −0.430 0.352 8.1% 0.32 0.38
7579.05 line? −0.435 0.012 0.01
7592.09 7592.74 He ii Pf10(6) −0.436 0.052 18% 0.04 0.06
7750.93 7751.43 [Ar iii] (1F) −0.451 6.567 4.1% 6.36 ± 0.07 6.74 ± 0.16
7815.39 7816.16 He i (69) −0.457 0.081 10% 0.07 0.09
7856.22 line? −0.460 0.015 0.01
7883.73 line? −0.463 0.035 0.04
8018.31 line? −0.474 0.025 0.03
8045.36 8046.27 [Cl iv] (1F) −0.477 0.886 5.8% 0.82 0.90 ± 0.03
8195.29 8196.48 C iii? −0.489 0.059 0.06
8203.08 8203.90 He i (4/14) −0.490 0.027 0.03
8236.76 8236.78 He ii Pf9 −0.492 0.230 5.9% 0.22 0.24
8249.44 8250.00 H i P40 −0.493 0.052 11% 0.06 0.05
8251.99 8252.50 H i P39 −0.494 0.040 28% 0.05 0.03
8254.36 8255.15 H i P38 −0.494 0.037 7.4% 0.04 0.03
8257.21 8257.86 H i P37 −0.494 0.058 3.5% 0.06 0.06
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Table 2. continued.

λobs(Å) λlab(Å) Ion Mult. fλ I(HES) rms I(1995) I(2001)
8260.24 8260.94 H i P36 −0.494 0.083 14% 0.07 0.09

8264.40 He i (4/13)
8263.72 8264.29 H i P35 −0.495 0.096 1.7% 0.10 0.09
8267.12 8267.94 H i P34 −0.495 0.078 9.0% 0.07 0.09
8271.10 8271.93 H i P33 −0.495 0.083 14% 0.07 0.09
8275.65 8276.31 H i** P32 −0.495 0.098 14% 0.08 0.11
8280.10 8281.12 H i** P31 −0.496 0.100 10% 0.09 0.11
8285.31 8286.43 H i** P30 −0.496 0.111 8.9% 0.10 0.12
8291.30 8292.31 H i P29 −0.497 0.132 16% 0.11 0.15
8297.79 8298.84 H i P28 −0.497 0.134 3.7% 0.13 0.14
8305.31 8306.12 H i** P27 −0.498 0.159 16% 0.13 0.18
8313.84 8314.26 H i P26 −0.498 0.180 2.9% 0.17 0.19
8323.16 8323.43 H i P25 −0.499 0.189 6.7% 0.18 0.20
8334.17 8333.78 H i P24 −0.500 0.187 6.1% 0.18 0.20
8343.17 8342.20 He i** −0.502 0.055 0.05
8345.80 8345.55 H i P23 −0.502 0.285 34% 0.19 0.38

8359.66 He i
8358.95 8359.01 H i P22 −0.504 0.269 14% 0.23 0.31
8361.62 8361.60 He i (1/6) −0.504 0.164 24% 0.12 0.20
8374.17 8374.48 H i P21 −0.506 0.262 0.26 0.26
8391.53 8392.40 H i P20 −0.509 0.327 10% 0.29 0.36
8412.83 8413.32 H i P19 −0.512 0.401 14% 0.34 0.46
8420.55 8420.97 O i (54) −0.514 0.026 0.03
8432.45 8433.85 [Cl iii]** −0.515 0.025 0.03
8437.45 8437.96 H i P18 −0.516 0.442 1.4% 0.44 0.45
8443.40 8444.40 He i (4/11) −0.517 0.029 0.03
8445.71 8446.48 O i (4) −0.517 0.103 0.10
8467.53 8467.26 H i P17 −0.521 0.435 9.4% 0.39 0.47

8481.16 [Cl iii] (3F)
8480.38 8480.73 He i −0.523 0.039 0.04
8485.85 8485.80 He i −0.523 0.029 0.03
8499.16 8500.00 [Cl iii] (3F) −0.525 0.024 0.02
8502.14 8502.49 H i P16 −0.526 0.557 7.8% 0.51 0.60
8527.68 line? −0.530 0.027 0.03
8544.90 8545.38 H i P15 −0.532 0.693 8.8% 0.63 0.75
8578.95 8578.70 [Cl ii] (1F) −0.537 0.247 11% 0.22 0.28

8581.70 He i (6/14)
8582.50 He i (4/20)

8582.04 8582.54 [Cl ii] −0.538 0.094 8.0% 0.09 0.10
8598.59 8598.39 H i P14 −0.540 0.834 4.9% 0.79 0.88
8616.89 8616.96 [Fe ii] (13F) −0.543 0.041 0.04
8647.25 8648.26 He i (6/13) −0.547 0.058 0.06
8664.58 8665.02 H i P13 −0.550 1.113 4.6% 1.04 1.14 ± 0.02
8750.34 8750.48 H i P12 −0.562 1.160 13% 0.97 1.30 ± 0.09
8775.97 8776.77 He i (4/9) −0.566 0.071 6.8% 0.07 0.08
8788.95 8787.60 [P i]? −0.568 0.049 36% 0.03 0.07
8845.11 8845.38 He i (6/11) −0.575 0.111 11% 0.12 0.10
8854.27 8854.10 He i (5/11) −0.577 0.045 0.05
8863.05 8862.79 H i P11 −0.578 1.795 11% 2.02 1.61 ± 0.15
8926.34 line? −0.587 0.202 38% 0.13 0.28
8997.99 8996.99 He i? (6/10) −0.596 0.101 0.10
9001.27 line? −0.597 0.075 0.08
9014.91 9014.91 H i P10 −0.599 1.408 5.2% 1.37 1.47 ± 0.09
9061.90 line? −0.605 0.025 0.03
9062.98 line? −0.605 0.093 7.6% 0.10 0.09
9068.56 9068.90 [S iii] (1F) −0.606 38.072 2.4% 37.21 ± 0.49 38.17 ± 1.04
9094.27 line? −0.609 0.031 0.03
9209.09 9210.28 He i (83),6/9 −0.612 0.188 2.0% 0.18 0.19
9211.68 line? −0.612 0.053 0.05
9214.22 9213.24 He i? (7/9) −0.612 0.140 36% 0.09 0.19
9222.58 line? −0.612 0.089 2.2% 0.09 0.09
9228.52 9229.02 H i P9 −0.612 2.742 1.3% 2.76 ± 0.04
9373.47 line? −0.616 0.460 35% 0.30 0.62
9463.66 9463.57 He i (1/5) −0.618 0.160 4.0% 0.17 0.15
9516.19 9516.50 He i (4/7) −0.619 0.100 0.10
9524.68 9526.00 He i (6/8) −0.620 0.157 32% 0.21 0.11
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Table 2. continued.

λobs(Å) λlab(Å) Ion Mult. fλ I(HES) rms I(1995) I(2001)
9530.06 9531.00 [S iii] (1F) −0.620 108.27 8.9% 117.48 ± 0.16 96.92 ± 4.24
9545.26 9545.97 H i** P8 −0.620 3.768 9.2% 4.24 3.46 ± 0.14
9691.54 line? −0.624 0.660 0.66
9848.73 9850.24 [C i] (1F) −0.627 0.105 0.10
9858.15 line? −0.627 0.222 0.22

9903.50 C ii] (17)
9902.94 9902.70 [Kr iii] (1F) −0.628 0.227 0.23
9913.95 line? −0.629 0.172 0.17

Notes. ? Doubtful identification. † Seen in other PNe. line? undentified lines. ** This and some Paschen lines are affected by the atmosphere.
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