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Abstract. Long slit spectrophotometry of the bipolar planetary
nebula IC 4406, in the range from 360 to 930 nm, has been
used to study the chemical structure along its major axis. We
find that:
— the He, O, N, Ne, and Ar abundances are constant, within
errors, along the major axis of the nebula. Average values
for He/H, O/H, N/H, Ne/H, and Ar/H are: 0.126, 5.6x 104,
2.0x1074, 1.7x10~* and 3.2x107°, respectively. The N and
He abundances of IC 4406 are quite modest for objects in this
morphological class.
— The computed abundances of sulphur indicate an increase of
S/H towards the external parts of the nebula, which may likely
reflectinaccuracies in the available ionization correction factors.
Within the accuracy of the present data and analysis method,
IC 4406 appears therefore to be a chemically homogeneous ob-
ject.
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IC 4406

1. Introduction

Bipolar objects form a distinctive class of planetary nebulae
(PNe). Here the term “bipolar” is used to indicate nebulae which
consist of an equatorial waist from which two symmetrical lobes
depart in the perpendicular directions, as opposed to elliptical
PNe in which the central waist is absent (Schwarz et al. 1993).
These nebulae are also referred to as “butterfly” in the literature
(Balick 1987). Besides their characteristic morphology, bipo-
lar PNe show a number of peculiar properties (see Corradi &
Schwarz 1995 — hereafter CS95 — for a recent extensive anal-
ysis and for references to previous studies): they belong to a
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younger Galactic disc population than elliptical objects, have
the hottest central stars among PNe, chemical overabundances
of helium, nitrogen, and possibly neon, outflow velocities of
up to one order of magnitude larger than the typical expansion
velocities of PNe, large neutral envelopes, and peculiar IRAS
colours. Some of the above properties indicate that bipolar PNe
are produced by more massive progenitors than PNe of the other
morphological classes.

Chemically, bipolar nebulae belong to the class of type I
PNe (Peimbert & Torres-Peimbert 1983) defined by having ei-
ther He/H % 0.125 or log(N/O) 2 —0.3. The most likely reason
for this overabundance in He and/or N relative to the Sun and to
most of the other PNe is that massive AGB stars (M; 2 2 M)
are expected be substantially He and/or N enriched at their sur-
face, following second and third dredge-up episodes as well as
a consequence of efficient H-burning at the base of the con-
vective envelope (Renzini & Voli 1981). Modern calculations
(Marigo et al. 1996) fail, however, to reproduce the He and N
overabundances measured in several bipolar PNe, at least for
the considered range of progenitor masses (0.7<M;<4 My).

Although chemical abundances are available for many PNe,
including bipolar PNe, these determinations are not all of the
same accuracy (cf. Perinotto, 1991 for a critical compilation of
abundances of galactic PNe). New, homogeneous, high quality
chemical data are still needed to improve our knowledge on
the subject. We have obtained deep long-slit spectra of about
fifteen bipolar nebulae selected from the compilation of CS95.
These data allow us to obtain an homogeneous set of chemical
abundances for this morphological class of PNe, as well as to
address the question of possible abundance variations inside
the nebulae. This is an important topic, because material found
at different positions in a PN could be the result of various
mass loss episodes or trace the chemical inhomogeneities in the
original mass outflow. In this paper, we discuss the results for
the bipolar PN IC 4406, illustrating in detail observations, data
reduction, and the analysis method. The results for the other
nebulae will be presented in a forthcoming paper.
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2. IC 4406

IC 4406 (PN G319.6+15.7) is a large (~ 100" long) south-
ern bipolar PN. Optical CCD images of the nebula are pre-
sented by Sahai et al. (1991), Schwarz et al. (1992), and Cor-
radi & Schwarz (1993). In these images, IC 4406 appears to
be composed by two elongated lobes, mostly prominent in the
light of low ionization species such as [NII]\658.3, extending
from a bright central region showing evidence for the presence
of a large torus of ionized gas. CO observations (Sahai et al.
1991) indicate that the ionized gas is located inside a cylindri-
cal molecular cavity; the CO expansion velocity increases from
~ 15 km s~ in the equatorial plane to 60-70 km s~! along the
polar directions of the cylinder. An optical velocity field of the
nebula has been obtained by Corradi & Schwarz (1993), but ve-
locities are not resolved there. In the central region, roughly cor-
responding to the equatorial ionized torus, shocked H, emission
has been detected (Storey 1984), which is supposed to be pro-
duced at the interface between ionized and molecular gas (Sahai
et al. 1991). The morphological and kinematical properties of
IC 4406 indicate that the mass outflow has been collimated by
an equatorial density enhancement in the circumstellar envelope
ejected by the progenitor, in agreement with the current view of
formation of bipolar PNe (Balick 1987).

The major axis of the nebula lies very close to the plane of
the sky. Sahai et al. (1991) derived a nebular inclination (angle
1 between the symmetry axis of the nebula and the line of sight)
of 78°.543°. This inclination makes IC 4406 an ideal target
to look for chemical gradients, since every line of sight inter-
sects regions of the nebula which are all approximately at the
same distance from the centre. Mixing of emission coming from
regions at different distances from the central star is therefore
minimized.

Previous studies of the chemical abundances of IC 4406
have been presented by Kaler (1978, 1983), de Freitas Pacheco
et al. (1992), and Perinotto et al. (1994), but they lack spatial
resolution or are limited to the bright central part of the nebula.

3. Observations and reduction

IC 4406 was observed on March 1994, at the 1.52m ESO tele-
scope of La Silla, Chile, equipped with a Boller & Chivens
spectrograph. The detector used was a Ford FA2048L CCD. On
the first night, the ESO grating No.25 was used giving a recipro-
cal dispersion of 0.28 nm pix ! (spectral resolution 2 pix) and
a useful spectral range from 360 nm to 840 nm (see below).
The slit of the spectrograph was placed on the long axis of the
nebula and passed through its central star. The position angle
(P.A.=+82°) was chosen as to avoid a foreground star which lies
almost exactly along the symmetry axis of IC 4406. A draw-
ing of the slit, superimposed on an Ha+[NII]658.3 image of
the nebula taken from Corradi & Schwarz (1993), is shown in
Fig. 1. The slit width was 2", and the spatial scale along the slit
0".82 pix~'. With this configuration, two spectra with exposure
times of 45 and 60 min were obtained. The seeing was around
1”.5 FWHM (full width at half maximum).
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Fig. 1. The Ha+[NI1]658.3 image of IC 4406 (from Corradi & Schwarz
1993). North is at the top, East to the left. The inset in the image is
reproduced with different cuts to show up the bright inner nebula. The
total field of view is 114" x 114" . A drawing of the adopted slit position
is superimposed on the image. In the slit we have indicated the seven
regions from which average 1-D spectra were extracted (see text).

On the second night, red spectra of IC 4406 were obtained
by using ESO grating No.14 and an order separator filter cutting
all wavelengths below 680 nm. The useful spectral range is from
710 nm to 930 nm, with a reciprocal dispersion similar to that
of the blue spectrum. Two exposures of 2 and 45 min were
obtained. The slit width and position angle were the same as
for the blue spectrum. Only in the central position the shorter
exposure proved to be sufficiently exposed to allow to measure
the line intensities and to compare them with the values given
by the longer exposure. On each night, three spectrophotometric
standard stars were also observed.

The data were reduced using the standard MIDAS procedure
for long-slit spectroscopy. In the blue spectrum the instrumen-
tal response curves from individual standard stars agree within
10% of their mean value from 360 nm to 840 nm. This is the
wavelength range that we have adopted for the subsequent anal-
ysis. Outside this range, the instrumental response curves from
different standard stars deviate significantly (>20%). For sim-
ilar reasons and because of uncertainties in the absolute fluxes
tabulated for the selected standard stars above 950 nm, we have
used a spectral range between 710 nm and 930 nm, although in
the original spectrum nebular lines as red as the HeIA1083 nm
were detected.
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Table 1. The selected regions of IC 4406

Region Distance'  Size’
p3 +42.2 19.7
p2 +22.5 19.7
pl +7.8 9.8

c 0 5.7
nl —7.8 9.8
n2 —225 19.7
n3 —42.2 19.7

! Distance in arcsec of the middle point of the region from the centre
of the nebula. The plus sign indicates positions in the eastern lobe, the
minus in the western one.

% Size of the region in arcsec.

3.1. Flux measurements

Line emission from several ions was detected through the
whole (~105") optical extent of IC 4406. Before measuring
line fluxes, one-dimensional spectra of a number of regions were
extracted by spatial binning along the slit. We have decided to
divide the section of IC 4406 covered by the slit into seven parts
(a central region, plus three symmetrical ones on each side of
the central star), in order to increase the S/N ratio in the faint
lobes while keeping a good number of positions where to in-
vestigate for radial variations of chemical abundances. In the
following the central region is referred to as ¢, while regions on
the eastern lobe (the “positive” side of the nebula according to
the oriented direction defined by P.A.=+82°) are named p1, p2,
and p3 for increasing distances from the centre, respectively.
Analogously, the three regions on the western (“negative”) lobe
are called n1, n2, and n3. The exact location of the middle point
of each region and its extension are given in Table 1. The limits
of the regions are also indicated in Fig. 1.

Line fluxes in the average 1-D spectra were measured using
the MIDAS/ALICE package: multi-Gaussian analysis was per-
formed to separate partially blended components. Line fluxes
measured in the two spectra with different exposure times in the
same position were then averaged with a weight proportional to
the exposure time, after normalisation within each spectrum to
Hp. In the blue spectra, the errors on the average fluxes have
been estimated by considering the deviations of the individual
measurements from the average values. These deviations re-
sulted larger than the errors as computed by the MIDAS/ALICE
program from the r.m.s. of the continuum fit, and larger in the
more external positions than in the positions closer to the cen-
tral star. Accordingly, the errors on the average fluxes have been
adopted as follows. In positions n2, n3, p2, p3, they are taken
to be as large as 10%, 20%, 30% and 50% for the lines whose
intensity is >0.2-HJ3, between 0.05 and 0.2-Hj3, between 0.01
and 0.05-HS, and <0.01-Hp, respectively. It has to be men-
tioned than only in very few cases in the subsequent analysis
we will use line whose intensity is less than 0.01 Hf. For the
central positions (nl, ¢, pI), which are significantly brighter,
the estimated uncertainty of the average fluxes resulted to be

Table 2. Observed line fluxes.

Identification

372.70
374.90
377.06
379.79
381.96
383.54
386.87
388.90
396.84
402.64
407.20
410.18
426.72
434.05
436.32
438.79
439.20
447.15
454.16
464.10
468.57
471.13
474.02
486.13
492.19
495.89
500.68
520.00
541.15
551.77
553.79
575.46
587.57
630.03
631.21
636.38
654.80
656.28
658.34
667.81
671.65
673.08
689.09
700.57
706.53
713.58
717.75
723.75
728.13
731.96
733.02
732.50
753.05
759.27
775.11
804.56
819.65
823.68
841.33
843.80
846.73
850.25
854.54
857.87
859.84
866.50
872.71
875.05
886.28
901.49
906.89
922.90

cp
F(HpB)"

*110™13 erg cm™

[om
blend
Hyy
Hjo
Hel
Hog
[NellT]
Hg
Hell
Hel
blend
Hé
CII
H~y
[orj
Hel

Hel
Hell
NIII
Hell
[ArIV]
[ArlIV]
HB
Hel
[OIII]
[OIIT]
[NI]
Hell
[CIIII]
[CIIIT]
[NII]
Hel
[O1]
[SIIT]
[o1]
[NII]
Hao
[NII]
Hel
[SII]
[SII]
Hell
[ArV]
Hel
[ArIII]
Hell
[ArlV]
Hel
[O1I]
[OI1]

[OII]bl.

[CIIV]
Hell
[AdIT]
[CIIV]
CIIl
Hell

[SIIT]
Py

n3
936.1

111.1
22.0
489

19.0

455
9.6

333
0.20

0.32

2 -1

18.8
36.5

11.9
182.5
325.1
541.4

1159.0
52
1.4
0.6
0.5
5.7
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well represented by one half of the values quoted above. In the
near-IR spectra, fluxes from the two differently exposed frames
can be compared only in position ¢, and give deviations similar
to those of blue spectra in the external positions. This spectral
region, however, has larger uncertainties in the correction for
the instrumental response curve, and we conservatively assign
an error of 40% to the fluxes (note that only the [SII[]906.8
line is used in the following chemical analysis). Fluxes from
the redder spectrum were then rescaled to the blue one using
lines in the overlapping spectral region (710-840 nm). The av-
erage observed fluxes are listed in Table 2. Conditions during
the observing run were photometric, and we also give in Table 2
the absolute flux of H3. We estimate the uncertainty on these
absolute fluxes to be of the order of 30%.

4. Chemical analysis
4.1. Extinction, density and temperature

Fluxes have been de-reddened using the extinction law of Mathis
(1990) with Ry =3.1. The logarithmic extinction constant cg
has been determined, in each of the selected regions, from the
Balmer decrement in the relative averaged spectrum. They are
listed in Table 2. Atthe centre, cg~0.27,in good agreement with
previous optical and radio determinations (Torres-Peimbert &
Peimbert 1977; Cahn et al. 1992; Tylenda et al. 1992).

The electron densities N, have been computed from the
[SII]673.1/671.7 intensity ratio, and electron temperatures from
the [OIII] 495.9/436.3 and [NII] 658.3/575.5 ratios. The atomic
data used throughout this paper are the same as in Kingsburgh
& Barlow (1994, hereafter KB94). The computed density and
temperature profiles of IC 4406 are shown in the upper panels
of Fig. 2, and listed in Table 3 with their errors. At the centre,
N.=860 cm~? decreasing in the outer parts to < 100 cm ™3
(note that in p3 and n3 the [SII] ratio approaches its low den-
sity limit, where it is no longer sensitive to density variations).
Tinrr and Tiorrr have a constant value, within errors, around
10000° K throughout the nebula. In regions n3 and p3 the
[OIII]A436.3 line is not detected, and Tjosrr) is assumed to
be the same as in the neighbouring positions.

4.2. Chemical abundances

Given the temperatures and densities, the ionic abundances rel-
ative to hydrogen in each of the selected regions are computed
from the line fluxes relative to H/3. The concentration of He ions
relative to hydrogen has been derived from the usual recombi-
nation lines assuming case B with the effective recombination
coefficients from Hummer & Storey (1987) for Hell and Hf3
lines and from Brocklehurst (1971) for the Hel lines. Correc-
tions of the Hel lines for the effect of collisional population of
their upper states via excitation from the 23S metastable level
was evaluated using the prescriptions by Clegg (1987). Owing
to the low densities, this contribution was found to be below
1-3 % and consequently no correction for the effect has been
applied.
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Errors on the ionic abundances from a single spectral line
are derived by taking into account both the errors in the line
ratios and those on the adopted temperature. To obtain the total
abundances, the ionization correction factors (icf) from KB94
are used. Errors on the total abundances are obtained by prop-
agating the errors on the mean ionic abundances as well as on
the icf. Ionic and total abundances are listed in Table 4. Abun-
dance profiles are shown in Fig. 2. We discuss the results for
the different elements separately.

Helium. The He/H abundance is constant throughout the nebula
around the value of 0.125 except for the extreme positions n3
and p3 where it apparently increases to ~0.15. Owing to the
to larger errors in the outer positions, we cannot conclude that
the effect is real. A confirmation by further observations would
be however in order, considering the important implications of
such a result. The mean He/H abundances throughout the neb-
ula, obtained by weighting the determinations in the different
positions with both their errors and a “mass” factor (propor-
tional to the square root of the total H3 flux from that region),
is 0.126£0.015.

Oxygen. We measure a substantial amount of O° particularly
in the outer parts of the nebula. On the other hand, where O°
is abundant, the same could be inferred of the neutral hydro-
gen. Excluding O° in the computation of the total O/H abun-
dance, therefore, is to some extent compensated by the fact
that also the neutral hydrogen is not taken into account. We
have then derived the total O/H abundance by the formula
O/H=(O*/H* + O* /H*)-icf, as done by KB4, where icf(O)
accounts for the contribution of the ionization stages higher than
O%. In this way, the total oxygen abundance results to be con-
stant throughout IC 4406, with an average value of is 5.60+1.26
(x107%).

Nitrogen. Similarly to oxygen, the N/H total abundance is con-
stant throughout the nebula. The weighted mean of N/H is
2.0140.87 (x 10~%), and the average log N*/O* = log N/O =
—0.43 (which is constant within 8% throughout the seven posi-
tions). Both are quite modest values for bipolar PNe (CS95).
Neon, argon and sulphur. The situation for these elements is
less clear. While the ionic abundances do not show dramatic
variations along the nebulae, when icf are applied a significant
increase of the total abundances toward the external regions
appears. The effect, although systematic in the three elements,
remains within the estimated errors for Ne and Ar, while it is
larger than the errors for sulphur. Note that the sum of the argon
abundances in three different ionic stages (Ar**+Ar**+Ar*) is
on the other hand pretty constant. We then suspect that the used
icf, in particular for sulphur, do not correctly describe the ion-
ization structure of the nebula. The weighted means of Ne/H
and Ar/H are 1.684+0.70 (x10~*) and 3.19+1.12 (x1079), re-
spectively.

5. Discussion and conclusions

IC 4406 just meets the condition for Type I PNe of having
He/H 2 0.125. On the other hand, its N/O abundance ratio is
not strongly enhanced. According to its morphology (the equa-
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Fig. 2. Density, temperature, and abundance profiles for IC 4406. Tin 1) and Tior1 ) are indicated by filled and open circles, respectively (open
squares are adopted Tiorrn). Symbols are plotted slightly displaced in d in order to avoid overlapping. In the lower panels, ionic and total
abundance profiles for He, O, N, Ne, Ar, and S are shown. The explanation of the symbols used is given in the Legenda at the bottom of the

figure. Above the uppermost boxes, the limits of the regions into which the slit was divided are indicated by horizontal “errorbars”.
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Table 3. Electron density and temperature in IC 4406. In brackets are adopted temperatures.

n3 n2 nl c pl p2 p3
Ne (em™3) 11072, 2607189, 65039, 8607359, 640*%3, 290*17¢, 70+%9
Tiorrn  (°K) (9800*11% 9800*11%  10200%6%,  10600*%%, 1020075,  9500*1$% (9500750
Tinrn (CK) 100001755 10000*'3%)  10200*7%, 1000075,  10000*7%,  9800*¢%%,  10600*55)
Table 4. Chemical abundances of IC 4406. In brackets are the % errors on the total abundances.
Ton/Elem. line n3 n2 nl c pl p2 p3
He*/H 4471  0.204 0.137 0.114 0.105 0.110 0.113 -
5876  0.157 0.124 0.106 0.095 0.106 0.122 0.145
6678  0.141 0.124 0.110 0.102 0.110 0.134 0.156
mean  0.159 0.128 0.110 0.099 0.109 0.122 0.148
He?*/H 4686 - - 0.013 0.024 0.012 - -
He/H total  0.159 (15) 0.128 (17) 0.123(9) 0.123(10) 0.121(9) 0.122(17) 0.148 (17)
0%H x10* 6300 1.83 0.63 0.47 045 0.46 0.64 1.40
6364 1.89 0.64 0.49 0.46 0.49 0.72 1.45
mean 1.86 0.63 0.48 0.46 0.47 0.68 1.42
O*/H x10* 3727 4.09 2.13 1.35 1.35 1.47 2.26 3.20
7325  3.95 2.39 1.70 1.68 1.83 291 3.61
mean  4.05 221 1.43 1.43 1.56 2.40 3.31
O™/H x10* 4959 1.82 3.57 3.61 3.13 3.65 4.13 222
5007 1.85 3.71 3.80 3.30 3.86 430 2.28
mean 1.84 3.64 3.70 321 3.75 421 225
icf 1.00 1.00 1.08 1.15 1.07 1.00 1.00
O/H x10* total  5.88(41) 5.84(35) 5.55(16) 5.36(17) 5.68(16) 6.61(39)  5.56 (42)
N*/H x10° 6548  15.40 7.86 5.29 5.00 5.46 8.83 13.30
6583  15.40 7.89 5.27 5.03 5.48 8.90 13.20
mean  15.40 7.87 5.28 5.02 5.47 8.86 13.10
icf 1.45 2.64 3.86 3.72 3.64 2.75 1.68
N/H x10* total  2.24(69)  2.09(66) 2.04(32) 1.87(32) 200(32) 2.44(68) 220 (70)
Ne*/H x10* 3869  1.40 1.27 1.08 0.91 1.12 1.46 1.63
icf 3.20 1.61 1.50 1.67 1.52 1.57 247
Ne/H x10*  total  4.47(65) 2.04(61) 1.62(30) 152(30) 1.69(30) 229(75) 4.03(76)
Ar/H x10° 7135 2.22 231 2.10 2.00 2.19 2.74 2.17
Art/H x10° 4740 - - 0.17 0.28 0.13 - -
Ar*/H x10° 7005 - - - 0.03 - - -
icf 3.20 1.61 1.35 1.37 1.38 1.57 2.47
Ar/H x10°  total  7.11(170) 3.71(68) 3.06(24) 3.15(24) 3.19(24) 430(67) 5.37(123)
S*/H x10° 6717  4.11 1.09 0.36 0.27 0.39 1.36 3.44
6731  4.10 1.09 0.36 0.27 0.39 1.36 3.44
mean 4.11 1.08 0.36 0.27 0.39 1.36 3.44
S™/H x10° 6312 - - - - - 2.63 -
9069  3.50 2.28 1.25 0.98 1.79 428 3.95
mean  3.50 2.28 1.25 0.98 1.79 3.83 3.95
icf 1.01 1.10 1.19 1.18 1.17 1.12 1.02
S/H x10° total  7.69(42)  3.69(51) 1.92(42) 148(43) 2.56(44) 543 (48)  7.56 (42)

torial waist is not very pronounced), kinematics (the polar ex-
pansion velocities are not very high), and chemistry (the He and
N/O enrichment is modest), IC 4406 appears therefore to be a
“moderate” bipolar PN.

Apart from the sulphur abundances, whose interpretation
remains difficult, the results of the present study make IC 4406
a chemically homogeneous object. This is consistent with the

idea that the nebula is the result of a single envelope ejection
from the progenitor star, its elongated shape being the result of
collimation processes in the chemically homogeneous, coeval
ejecta.

Our abundance determinations can be compared with those
from previous studies of IC 4406, at least for its central region.
de Freitas Pacheco et al. (1992) found He/H=0.095, substan-
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tially lower than the values of 0.141 (Kaler 1978, 1983), 0.13-
0.14 (Perinotto et al. 1994), and 0.126 (present work). Signif-
icant differences between de Freitas Pacheco et al. (1992) and
our work are also found for oxygen, nitrogen, and argon, whose
abundances are by a factor < 1.5 higher in their study. Our
abundances show better agreement with those of Kaler (1978,
1983) and Perinotto et al. (1994), although variations of up to
30% are the rule rather than the exception. These numbers give
anidea of the actual uncertainty in the PNe abundances available
in the literature.

Another point to be considered in the future, when a better
understanding of the problem will be reached, is the question of
whether the ionic abundances derived by the intense collision-
ally excited forbidden lines are really accurate. Recent studies
(e.g. Liuet al., 1995) have in fact shown that there is a clear dis-
crepancy between the chemical abundances for heavy ions (in
particular O%) computed by collisionally excited lines and those
from recombination lines, the latter ones being up to a factor of
five higher. A full explanation of this discrepancy is not avail-
able yet, even taking into account the temperature fluctuations
scheme of Peimbert (1967).

To our knowledge, the only other chemical studies of bipolar
PNe with detailed spatial information are those by Guerrero
(1995) on NGC 2440 and NGC 2818, and by Guerrero et al.
(1996) on K 4-55. NGC 2818 appears to be similar to IC 4406
in showing constant abundances along its major axis. On the
contrary, significant chemical variations are found in the various
morphological components of NGC 2440 and K 4-55, which
are interpreted as due to successive mass loss episodes of newly
enriched material from their progenitors. These very different
results illustrate the interest in pursuing this kind of spatially
detailed chemical studies of bipolar PNe.
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