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ABSTRACT

ISO spectra of the bipolar planetary nebula Mz 3 are used to determine the element abundances in the bright lobes of the nebula. The ISO spectra
alone are sufficient to determine nitrogen, neon, argon, sulfur and iron abundances. These spectra are combined with spectra in the visual
wavelength region (taken from the literature) to obtain an extinction corrected spectrum which is used to determine the abundance of oxygen and
some other elements using a classical determination. We have tried abundance determination using photoionization modeling using CLOUDY,
which is essential for determining the helium, silicon and chlorine abundances. It was found difficult to model the entire spectrum. New
information about the central star could be determined. The abundances determined are found to differ somewhat from earlier results using
only visual spectra. The reasons for this difference are discussed. An elevated helium abundance is found, agreeing with the determination of
Smith 2003. Taken together with the high nitrogen abundance found, it is concluded that the exciting star of Mz 3 had a high progenitor mass.
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1. Introduction

Mz 3 (Menzel 3) is an intrinsically bright young bipolar plan-
etary nebula (PN 331.7-01.0). It extends for more than 50”
along its major axis, although its two bright polar lobes ex-
tend about 12” in an almost north-south direction on either
side of its bright unresolved nucleus. It has been well studied
in recent years. The visual and infrared spectrum has been stud-
ied by Zhang & Liu (2002), by Smith (2003) and by Smith &
Gehrz (2005). A radio interferometric study of the nebula at
four wavelengths between 3.5cm and 21 cm has been made
by Bains et al. (2004); the 6 cm flux density they find, about
630 mly indicates that the nebula is one of the strongest emis-
sion sources in the sky. It is therefore reasonably close although
there is no reliable estimate of its distance.

Narrow band HST images of the nebula have been studied
by Guerrero et al. (2004) and Santander-Garcia et al. (2004).
It is clearly a very complicated nebula. Besides the bright in-
ner lobes, there are also cylindrical and conical lobes and an
equatorial ellipse. These structures extend much further than
the bright conical lobes and are at a much lower intensity level.
None of these additional structures is seen in the radio maps
of Bains et al. (2004). In this paper we concern ourselves only
with the bright inner lobes and the central source.

* Based on observations with ISO, an ESA project with instruments
funded by ESA Member States (especially the PI countries: France,
Germany, the Netherlands and the United Kingdom) and with the par-
ticipation of ISAS and NASA.

http://www.edpsciences.org/aa

The nebula is located close to the galactic plane, in a region
of the sky with a rather high extinction. It is difficult to obtain
an exact value of the extinction but in this direction it probably
lies between 1 and 2 mag/kpc (see e.g. Lucke 1978). The ex-
tinction of the nebula is rather high: much of it is interstellar but
some of it is local to the nebula. We shall discuss this presently.
Here we may note one of the consequences of the high extinc-
tion: the attempt at obtaining an IUE spectrum of the nebula
produced a very noisy and unusable spectrum, although other
nebulae which are even weaker radio sources produced good
IUE spectra with the same observing time.

We have earlier studied nebulae with bilobal structure
which at first sight appear similar to Mz 3. These are NGC 6357
(Pottasch et al. 2000) and Hb5 (unpublished). Besides the
bilobal structure both of these nebulae have a bright central
source which is also nebular. In these two cases however most
of the emission comes from the central nebula and the lobes
make only a negligible contribution to the total emission. In
Mz 3 it is the lobes which make the largest contribution to the
total emission although the contribution of the central source
is not negligible. It may be that Mz 3 is a younger version of
these three nebulae. There are two reasons for this supposi-
tion. Firstly because the temperature of the central star is rather
low (between 35000 K and 40000 K) compared to well over
100000 K for the other two nebulae. Secondly because the
electron density is very high in the central nebula of Mz 3, over
10%cm™3, i.e. at least two orders of magnitude higher than in
the central source of the two other nebulae. In Mz3 it is the
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Fig.1. Mz 3 in the [NeII] 12.8 micron line with the ISO apertures
superposed. The [Nell] image is the deconvolved map of Smith &
Gehrz (2005).

lobes which have an electron density of 10* cm™3, while the
lobes in the other two nebulae have a much lower density.

The nature of the central source is not completely under-
stood. It contains the source of nebular ionization (the cen-
tral star) but it also contains nebular emission. This is shown
by several measurements. First, the spectrum of the central
source contains emission lines. The visual spectrum through
a very small diaphragm shows nebular forbidden lines ([O11],
[O 1], [N1I] etc.) and emission lines of forbidden iron in sev-
eral stages of ionization (Zhang & Liu 2002; Smith 2003). The
infrared images clearly show [NelI] strongly from the cen-
tral source (Smith 2003; the VISIR observations, Lagage et al.
2004). Secondly the hydrogen lines are clearly seen in emis-
sion from the central source. Zhang & Liu (2002) measure HB
from the central source and Smith (2003) images Paschen a.
The radio measurements show the central source quite clearly
(Bains et al. 2004) in continuum emission. It is optically thick
at the shortest wavelength measured (3.6 cm) and its size is less
than 1. The VISIR observations show that the central nebula
is diffraction limited, which means that its diameter probably
is less than 0.4”, and further it has an expansion velocity of
about 50 to 70 kms~!. The small size is related to the high
density mentioned above, which was found from the forbidden
iron lines. The age of the central nebula (depending on the dis-
tance) is probably less than 100 years and its mass is of order
3 x 107* solar masses.

In Fig. 1 an image of Mz 3 is shown in the light of the
[Ne1] line (taken from Smith & Gehrz 2005). The image is
very similar to that shown in the light of Paschen a (Smith
2003). The ISO diaphragm is shown superimposed on the fig-
ure. More will be said presently over the ISO observations. We
may already point out that one of the difficulties in interpreting
the ISO data lies in the fact that the central source and the lobes
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were measured together, but they must be analyzed separately
because their densities are very different.

The purpose of this paper is primarily to determine the
chemical abundances for this nebula which is of importance in
discussing the evolution of the nebula. Secondly the analysis of
the spectrum will yield information on the temperature of the
exciting star. This goal is achieved first by analyzing the ISO
spectroscopic data. Second, by applying state-of-the-art pho-
toionization modeling, to attempt to reproduce the overall spec-
tral energy distribution and the observed nebular emission line
intensities in the visual and the infrared range. The abundances
in this nebula have been determined earlier by Zhang & Liu
(2002) and by Smith (2003), using only the visual spectrum.

The advantages of incorporating the ISO spectroscopy in
our analysis have previously been discussed (e.g. see Pottasch
& Beintema 1999; Pottasch et al. 2000, 2001; Bernard Salas
et al. 2001), and can be summarized as follows.

The infrared lines originate from very low energy levels
and thus give an abundance which is insensitive to the temper-
ature in the nebula, and to possible temperature fluctuations.
Furthermore, when a line originating from a high-lying energy
level in the same ion is observed, it is possible to determine
an effective (electron) temperature T, at which the lines of that
particular ion are formed. When T, for many ions can be de-
termined, it is possible to make a plot of 7, against ionization
potential, which can be used to determine the 7. for ions for
which only lines originating from a high energy level are ob-
served. Use of an effective electron temperature takes into ac-
count the fact that ions are formed in different regions of the
nebula. This way possible temperature fluctuations within the
nebula can be taken into account.

Use of the ISO spectra have further advantages. One of
them is that the number of observed ions used in the abundance
analysis is approximately doubled, which removes the need for
using large “ionization correction factors”, thus substantially
lowering the uncertainty in the abundances derived for some
elements.

A further advantage is that the extinction in the infrared is
almost negligible, especially important because of the large ex-
tinction in Mz 3, and the fact that some of the extinction varies
over the nebula.

A second method of improving the abundances is by using a
nebular model to determine them. This has several advantages.
First it provides a physical basis for the electron temperature
determination. Secondly it permits abundance determinations
for elements which are observed in only one, or a limited num-
ber of ionic stages, which could not be accurately determined
without a model. A further advantage of modeling is that it pro-
vides physical information on the central star and other prop-
erties of the nebula. It thus allows one to take a comprehensive
view of the nebula-star complex.

A disadvantage of modeling is that there are possibly more
unknowns than observations and some assumptions must be
made, especially concerning the geometry. In our case this is
a special problem, since as can be seen in Fig. 1 the nebula
cannot be assumed to be spherical, even as a first approach.
This will be discussed in Sect. 4.
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This paper is structured as follows. First the spectroscopic
data are presented in Sect.2. Section 3 discusses a simple ap-
proach to determine the chemical composition of Mz3 and
presents the resultant abundances. In Sect. 4 the model is pre-
sented and the assumptions made are discussed; this is followed
by the abundance derivation. Sect. 5 compares the model spec-
trum with the observations. In Sect. 6 a comparison with earlier
abundance determinations is made. The evolutionary state of
the star-nebula system and the conclusions are given in Sects. 7
and 8.

2. The spectrum of Mz 3

In the following we present the available infrared and visual
spectroscopic data used in our analysis. A compilation of the
extinction corrected spectral line fluxes and identifications are
given in Table 6.

2.1. The ISO observations

The ISO SWS observations were made with the SWSO01
observing template. These measurements (TDT27300834)
were centered at RA(2000) 16"17™13.6° and Dec(2000) —
51°59’06.4”, which is very close to the center of the neb-
ula. Data reduction was carried out using ISAP (ISO Spectral
Analysis Package) version 2.1. The diaphragm used (shown
in Fig. 1) was 14” x20” below 12um, 14” x 27" between
12 ym and 29 ym and 20” x 33” above this wavelength. The
entire nebula fit within the diaphragm in this last wavelength
range, but it is possible that some nebular radiation was missed
below 29 um. This is a difficult problem because there may
be an error of 1” or 2” in the position of the diaphragm
and there may be a slight jitter during the observation which
could effectively increase the diaphragm size by as much as 1”.
We shall therefore try to compare the observed fluxes with
measurements taken with other diaphragms. The long wave-
length observations were made with an LWSO0I observation
(TDTO0842133) at essentially the same position, covering the
wavelength range from 45 ym to 200 um. The diaphragm used
had a diameter of 80" so the entire nebula was included. The
intensity of the lines found in the spectrum is shown in Col. 3 of
Table 1. The uncertainty of measurement of the stronger lines
is less than 10%, while that of the weaker lines could be as
large as 30%. The intensities of the LWS measurements agree
reasonably well with those reported by Liu et al. (2001) shown
in the last column. Also shown in the last column are the IRAS
measurements (Pottasch et al. 1986).

2.1.1. IR flux from the lobes

As can be seen from Fig. 1 it is not clear whether or not the
entire SWS emission of the lobes is included in the diaphragm.
This is somewhat complicated by the fact that the precise po-
sition of the center is uncertain by one or two arcsecs and
there may be a small jitter which effectively increases the di-
aphragm size by about the same amount. To study this fur-
ther we compare the ISO measurements with measurements of
Mz 3 which have been made with larger diaphragms. Two such
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Table 1. ISO spectrum of Mz 3.

Ident. A(um)  Intensity Comparison
H15-4 4.051 22.0

[Ar1i] 6.985 76.9

H16-5 7.458 72.6

[Ar] 8.992 18.0

7 10.350 9.8

[Com] 11.854 9.8:

[Ne1r] 12.811 166.0 216.0
[Ne] 15.560 11.4

[S 1] 18.709 124.0 80.:
[Fe ] 22915 26.7

[Fe] 25.974 5.5

[St] 33.475 72.2

[Sim] 34.806 26.9

[O 1] 51.794 22.9 18.
[N 1] 57.305 34.7 35.
[O1] 63.172 19.9 21.7
[Omm] 88.391 6.79 7.0
[N1] 121.939 12.9 11.1
[O1] 145.561 1.61 0.75
[Cu] 157.715 16.7

Column 3 gives our measured values. The last column gives the IRAS
measurements (Pottasch et al. 1986, and new unpublished data) below
20 um, and the values of Liu et al. (2001) above 50 um. All intensities
are in units of 1072 erg cm™ s™!. The “:” on some line intensities
indicates uncertain values.

measurements are available: the IRAS measurements and the
radio frequency measurements.

The IRAS measurements consist of the survey results
which made measurements with a large bandwidth and the low
resolution spectrograph (LRS) measurements. The survey re-
sults are 88.8 Jy in the 12 um band (between 8 and 15 ym) and
343 Jy in the 25 um band (between 18 and 30 um). These mea-
surements are plotted on a “quick look” ISO SWS spectrum
in Fig. 2 where it can be seen that the IRAS measurements
are higher. A more detailed analysis gives the same result: the
IRAS results are about 25% to 35% higher than the ISO results.
This also agrees with the jump in the spectrum above 30 um by
about this amount which was measured with the larger aperture
including the entire nebula.

The LRS spectrum included the 12.8 um line of [NelII].
A recent unpublished reduction yields an intensity of 2.16 X
10719 erg cm=2 s~! for this line, which is somewhat higher than
an earlier reduction (Pottasch et al. 1986). It is also about 30%
higher than the ISO SWS measurement shown in Table 1. The
error on the IRAS measurement is probably also about 30%, so
that the only conclusion which can be made is that it is consis-
tent with 30% of the flux being missed in the ISO diaphragm.

The radio continuum flux density, which can be measured
separately for the central source and the lobes, can be used to
derive the intrinsic HB flux from each of these entities (Bains
et al. 2004). These are related as follows. From the measured
6 cm flux density an intrinsic HB flux is derived. By using the
theoretical hydrogen line intensity ratios (Hummer & Storey
1987) for an electron temperature of 7500 K (see below) the
intrinsic values of Bracketta@ and Pfund @ can be found and
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Fig. 2. The ISO spectrum with 12 and 25 micron IRAS fluxes over-
plotted as crosses.

compared to the ISO measurements of these lines in Table 1.
There is one difficulty however: the radio emission from the
central source is optically deep at 6 cm, and possibly at 2cm
as well. To correct for this we assume that the intrinsic radio
emission from the central source is the same percentage of the
total radio emission as the measured HB from the central source
is of the total measured HB emission (22%, see below). This
leads to a total intrinsic radio flux density of 770 mJy at 6 cm
(600 mJy from the lobes and 170 mJy from the central source).
This would predict a total HB flux of 2.86x 10" erg cm™2 57!,
a Bro flux of 2.48 x 107! erg cm™ s7! and a Pfa flux of
7.94 x 1072 erg cm™2 s~!. Comparing these expectations to
the measured values in Table 1 it appears that we are missing
only 12 to 13% of the expected emission.

Because of the uncertainties involved in these estimates we
use an average of the two methods and assume that we are miss-
ing between 10% and 30% of the total emission below 30 um.
Above this wavelength no emission is being missed.

2.1.2. IR flux from the central source

There are several infrared measurements of the central source.
Aitken & Roche (1982) have measured the spectrum between
8um and 13 um with a 5.3” diameter diaphragm which al-
lows only negligible lobe emission. Smith & Gehrz (2005) have
made narrow band filter measurements using a 4” diaphragm.
They obtain practically identical results. For the 12.8 um line of
[Ne11] they find an intensity of 2.88 x 107! erg cm™2 s~!. This
is about 17% of the emission found by ISO for the sum of emis-
sion from the lobes and the central source. This agrees with the
result of the previous section that between 10% and 30% of
the hydrogen emission comes from the central source. While
the spectrum of the central source and the lobes will not be ex-
actly the same, it is likely that an assumption that 20% of all
measured line intensity comes from the central source will not
be substantially in error.

2.1.3. Resultant IR lobe emission

To obtain the abundances from a given ion, the intensity of
a line of that ionwith respect to a hydrogen line is required.
For the ISO lines measured with the SWS, the intensity from
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the lobes and the central source are measured together and it
is necessary to correct for the intensity of the central source.
As discussed in Sect.2.3, about 22% of the hydrogen emission
comes from the central source. In Sect.2.1.2 it was found that
about 17% of the [Nell] 12.8 yum emission comes from the cen-
tral source. Thus to a first approximation the ratio of the [Nell]
emission line to a hydrogen line is the same is the same in the
lobe as in the total emission as given in Table 1. Whether or
not this is true for the other SWS lines is not certain because
the spectrum of the central source and the lobes is not necessar-
ily the same. However the level of ionization of the other SWS
lines is similar and it would be surprising if large differences
occur. Zhang & Liu (2002) have measured the optical spectra
in both regions and do not find a strongly differing ionization
state in the two regions. Even if, for example, the [ArlIII] line
were only half as strong in the central source, the assumption
that the spectra are the same would introduce only a 10% error.

Above 30 um the diaphragm was large enough to measure
the total emission and here also the radiation coming from the
central source should be subtracted. Thus lobe intensities above
30 um are 20% lower than given in Table 1. The intensity ra-
tio is obtained by dividing this by the value of the HB emis-
sion coming from the lobe, which is 2.86 x 10-10 erg cm~2g7
this value is corrected for extinction since it is derived from
the radio flux density. This affects only the N*, N** and O**
abundances. But because of the low state of ionization, the
nitrogen and oxygen abundances depend primarily on the N*
and O* abundances. The N* abundance obtained from the ISO
far infrared line can be checked using the 1 6584 Ain the visual;
these two lines yield the same result, as shown in Table 4. The
oxygen abundance is dependent on the visual line at 13727 A.

Very early in the analysis we tried to make a model of the
core in order to predict more precisely the spectrum of the cen-
tral source. This was unsucessful, probably because the nature
of the core is not well enough known.

2.2. The visual spectrum

The optical spectrum of Mz 3 has been measured on two occa-
sions in the past five years. Both Zhang & Liu (2002) and Smith
(2003) have measured the spectrum in similar ways. Both use
a long slit about 2” wide. The slit is oriented north-south in
both cases and goes through the central nebula. Both are able
to obtain a spectrum of the central nebula and the lobes on the
north and the south side. They find that the spectra are the same
in the north as in the south, The spectral resolutions used are
quite similar and vary somewhat with the spectral region. The
spectrum of Smith extends further to the red so that some of the
Paschen lines are measured. Both spectra appear to come from
the same regions of the lobes but they differ somewhat from
each other. The measured intensities of both authors are simi-
lar on the red side of HB. They differ by approximately a fac-
tor of 2 on the blue side. They therefore give different redden-
ing corrections, using the same method of trying to reproduce
the expected theoretical hydrogen line intensities using the the-
ory of Hummer & Storey (1987). After reddening correction
the intensities relative to HB agree better with one another.
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The He intensity of Smith is rather high but his Paschen line
intensities agree well with theoretical predictions (except for
Pa8 which is near the edge of his spectrum). The critical OII
lines at 13727 A now agree to within 25%. We shall use the
average value of the two authors after they have corrected for
reddening. The [SIII] line at 19531 A was taken only from
Smith. The averaged fluxes are listed in Table 6.

2.3. Extinction

There are several methods for estimating the extinction towards
planetary nebulae. We have already mentioned the comparison
of observed and theoretical Balmer decrement and the uncer-
tainties which can result. Perhaps the most reliable method is
a comparison of radio emission with HB flux. As discussed in
Sect. 2.1.1 the log HB flux found from the radio measurement
of the lobes is —9.55. The measured log HB flux from the entire
nebula is —11.09 (Webster 1969) while the log HB flux from
the central source is —11.75. Thus log HB = —11.20 originates
from the lobes. Comparing this with the predicted HS we ob-
tain ¢ = 1.65 or Ep_y = 1.13. This is in rough agreement with
the much more uncertain values obtained from the Balmer (and
Paschen) decrement: Smith (2003) finds ¢ = 1.5 and Zhang &
Liu (2002) give ¢ = 2.0 for the lobes and a somewhat higher
value for the central region. This value, ¢ = 1.65 has been
adopted in the remainder of this paper, together with the ex-
tinction curves of Seaton (1979) and Fluks et al. (1994). It is
actually not needed for the visual spectrum as discussed above,
nor is it needed for the determination of the HB flux which is
found from the radio measurements. It is an unusually high ex-
tinction so that even the far infrared fluxes are slightly affected.
We have corrected these values (the corrected values are given
in Table 6) but the correction is small, usually less than 10%.

3. Chemical composition of Mz 3
from the simplified analysis

The method of analysis is the same as used in the papers cited
in the introduction. First the electron density and the temper-
ature as function of the ionization potential are determined.
Then the ionic abundances are determined, using the density
and the temperature appropriate for the ion under considera-
tion, together with Eq. (1). Then the element abundances are
found for those elements for which a sufficient number of ionic
abundances have been derived.

3.1. Electron density

The ions used to determine N, are listed in the first column
of Table 2. The ionization potential required to reach that ion-
ization stage, and the wavelengths of the lines used, are given
in Cols. 2 and 3 of the table. Note that the wavelength units
are A when 4 ciphers are given and microns when 3 ciphers
are shown. The observed ratio of the lines is given in the fourth
column; the corresponding N, is given in the fifth column. The
temperature used is discussed in the following section, but is
unimportant since these line ratios are essentially determined
by the density. The atomic parameters used are the same as in
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Table 2. Electron density indicators in Mz 3.

Ton Ioniz. Lines Observed N,
Pot. (eV) used ratio (cm™)
[St] 10.4 6731/6716 1.83 5000
[On] 13.6 3626/3729 1.90 3500
[St] 23.3 33.5/18.7 0.437 3300
[Clm] 23.8 5538/5518 1.80 10000
[O] 35.1 51.8/88.4 3.37 2000

Table 3. Electron temperature indicators in Mz 3.

Ton IToniz. Lines Observed T,
Pot. (eV) used ratio (K)
[N11] 14.5 5755/6584 0.0055 6700
[N11] 14.5 6584/122 128. 6900
[St] 23.3 6312/18.7 0.0175 7900
[Ar1] 27.8 7136/8.99 0.83 8700
[Om] 35.1 4363/5007 0.0175 13700
[O 1] 35.1 5007/51.8 33 7700
[Ne] 41.0 3868/15.5 0.84 10800

the earlier papers cited above. The only exception to this is the
case of [O11] for which the values recently recommended by
Wang et al. (2004) have been used.

The electron density appears to be about 4000 cm~3. There
is no indication that the electron density varies with ionization
potential in a systematic way, although a limited number of
values are determined.

3.2. Electron temperature

A number of ions have lines originating from energy levels far
enough apart that their ratio is sensitive to the electron tem-
perature. These are listed in Table 3, which is arranged simi-
larly to the previous table. The electron temperature is found
to increase as a function of ionization potential. There is some
scatter. A value of N, = 4000 cm™> has been used in the com-
putations, but the temperature is in general not sensitive to the
electron density.

3.3. lonic and element abundances

The ionic abundances have been determined using the follow-
ing equation:

Ivion _ Iion

Ny Iy, Ay, Au

At @y (L) (1)

N ion

where Iion/Iy, is the measured intensity of the ionic line com-
pared to HB, N, is the density of ionized hydrogen, Ay is the
wavelength of this line, Ay, is the wavelength of Hg, ay, is the
effective recombination coefficient for HB, A, is the Einstein
spontaneous transition rate for the line, and N,/Nj, is the ratio
of the population of the level from which the line originates to
the total population of the ion. This ratio has been determined
using a five level atom.
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The results are given in Table 4, where the first column lists
the ion concerned, and the second column the line used for the
abundance determination. The third column gives the intensity
of the line used relative to H3 = 100. The fourth column gives
the electron temperature used, which is a function of the ion-
ization potential and is found or interpolated from Table 3. The
ionic abundances, are in the fifth column, while the sixth col-
umn gives the Ionization Correction Factor (ICF).This has been
determined empirically. Notice that the ICF is unity for carbon,
nitrogen, oxygen, neon and argon because all important stages
of ionization have been observed. The ICFs for the other el-
ements have been determined by comparing the observed ion-
ization stages as a function of ionization potential with those el-
ements where all important ionization stages are present. Only
one stage of ionization has been observed in silicon and chlo-
rine for which only a model approach can give a trustworthy re-
sult. No helium abundance has been given because no reliable
correction for neutral helium can be made without a model.
The carbon abundance is an upper limit because it is probable
that the C* line at A157.6 um originates in the surrounding in-
terstellar medium, at least partially. No background spectrum is
available because of the presence of HII emission regions in the
neighborhood (see the discussion of Liu et al. 2001). The C**
abundance is derived from the recombination line 14267 A.;
while this give a reasonable ratio for the two carbon ions, it
sometimes overestimates the C** abundance.

The ionized helium abundance has been derived using the
theoretical work of Benjamin et al. (1999). For recombina-
tion of singly ionized helium, most weight is given to the
15875 A line, because the theoretical determination of this line
is the most reliable.

The final abundances are shown in the second column of
Table 7. Of the eight elements for which an abundance is given,
six can be determined using only ISO measurements. These
are nitrogen, neon, sulfur, argon, iron and silicon. These abun-
dances are essentially independent of electron temperature and
not very dependent on electron density for the density range
expected. The abundances in Mz 3 differ in general from solar
abundances. The oxygen abundance is about half solar, while
nitrogen is about a factor of five higher. Neon, argon, silicon,
sulfur and chlorine are within a factor of two of solar. Iron is
about a factor of four lower than solar but it is an order of mag-
nitude higher than in other planetary nebulae.We shall discuss
these abundances in more detail presently.

4. Model

In order to obtain as nearly a correct model as possible, the star
as well as the nebula must be considered. Let us first consider
the star. There are several ways to obtain a reasonable estimate
of the stellar temperature.

Modeling the nebula-star complex will allow characteriz-
ing not only the central star’s temperature but other stellar pa-
rameters as well (i.e., log g and luminosity). It can determine
distance and other nebular properties, especially the composi-
tion, including the composition of elements which are repre-
sented by a single stage of ionization, which cannot be deter-
mined by the simplified analysis above. This method can take
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Table 4. Ionic concentrations and chemical abundances in Mz 3.
Wavelength in Angstrom for all values of A above 1000, otherwise
in um.

Ton A I T New/N, ICE  Ng/N,
He* 5875 120 9000  0.080

C*  157.6 <4.67. 7000 <1.19(-3)

C* 4267 0377 10000 4.2(4) 1 <1.6(-3)
N* 6584  465. 7000 2.46(-4)

N* 122, 361 7000 2.67(-4)

N* 573 97 12000 4.97(-5) 1  3.0(-4)
O 3726  42. 7000 2.06(-4)

O 5007 215 12000 6. (-6)

O™ 518 64 12000 225(-5) 1 23(4)
Net 128  64. 8000 1.15(-4)

Net* 155 42. 12000 4.18(=6)

Ne** 3869 14 12000 1.7(-6) 1 1.2(-4)
St 6731 135 7000 2.04(-6)

S* 6312 0.84 8000  5.3(-6)

S* 187 481 8000 5.82(-6)

S* 335 210 8000 7.09(-6) 12 1.0(=5)
Art 699 285 7500 4.02(-6)

Art 7136 7.1 11000  7.0(=7)

Art 899 824 11000 1.03(=6) 1  5.0(-6)
CI** 5538 045 8000 13(-7) 14 187
Fet 259 23 7000 6.27(-7)

Fet? 229 108 8000 4.52(-6) 1.5 7.8(-6)
Si* 348 833 7000 58-6) 3 1.8(5)

Intensities (/) given with respect to HS = 100. The colon “:” indicates
an uncertain correction for the missing ionization stages.

into account the presence of dust and molecules in the nebu-
lar material and thus is very comprehensive in approach. While
the line ratio method is simple and fast, the ICFs rest on uncer-
tain physics. To this end, modeling serves as an effective means
and the whole set of parameters are determined in an unified
way, assuring self consistency. Finally, this way one gets a good
physical insight about the PN, the method and the observations.

It is with this in mind that we have constructed a photoion-
ization model for Mz 3 with the code Cloudy, using the latest
version C96.01 (Ferland et al. 1998).

4.1. Open geometry

Mz 3 presents a complex geometry; to a good approximation
it is a bipolar nebula with the two lobes presenting a dome-
like shape surrounded by plumes of gas. An additional com-
plication is that the density does not seem to be uniform within
these lobes. Here we only model one lobe (northern part) of the
nebula by way of invoking “an open geometric model”. This
introduces a “covering factor” Q/4x. “Covering factor” is the
fraction of 4x steradians covered by the gas, as viewed from
the central source of ionizing radiation. For example a spher-
ical shell will have a covering factor of a full 4z steradians.
In a spherical shell, the inward bound diffuse radiation can go
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over to the far side of the central source and can ionize/heat the
material present there. In the case of an “open geometry”, the
“covering factor” being smaller than 47 steradians, the radia-
tion emitted from the illuminated face of the lobe towards the
central source, escapes from the system. A good analogy can
be the broad-line region of an AGN or the filaments within the
Crab Nebula. The reader is referred to Cloudy’s user manual for
more details. To model one lobe of Mz 3, since we can not mea-
sure the “covering factor” from the available images (which
give only 2-D information), we need to try various reasonable
estimates till we get the best match with observed spectra. To
handle the variation in density we invoke the conventional “fill-
ing factor”.

4.2. Other assumptions in the model

From the available literature on Mz 3, we find that this PN
is quite complex in many respects. Apart from the aforemen-
tioned factors like geometry and density fluctuations, the neb-
ula is also known to emit X-rays (Kastner et al. 2003). The
X-ray luminosity is very small and so we neglect it in the over-
all energetics. The central star is thought to be a binary. Also
high resolution spectroscopy (Redman et al. 2000; Guerrero
et al. 2004; and Santander- Garcia et al. 2004), reveal that
the gas is flowing along the polar axis at high velocities of
300-500 kms~'. We have to look at the finer aspects of this:
the line photons from one lobe emitted towards the other lobe
would get doppler shifted and would not be absorbed by the
other lobe, whereas the continuum photons could be absorbed.
Here we are modeling a single static lobe in steady state and
neglect the interaction with any radiation from the other lobe.
In early simulations, we tried to incorporate dual central source
(two stars, one hot and one cool), but later on tried only a sin-
gle star represented by model atmospheres (Atlas) from Kurucz
(1991). It was found that the addition of a cool star did not make
any significant difference. We have considered only the gas
phase abundances of the various elements seen in the spectra
(Table 6), though it is known that dust grains are present (Smith
& Gehrz 2005). For a bipolar nebula, Mz 3 does not show any
significant molecular emission. The angular extent of the lobe
to be modelled was calculated as 16 arcsec from the distribu-
tion of emission along the slit as shown in Fig. 6 of Smith
(2003). Almost all the lobe emission (in lines) is within this ex-
tent. When comparing the model spectra with observed spec-
tra, we had practical difficulties. The two recently published
CCD spectra by Zhang & Liu (2002) and by Smith (2003), dif-
fer in observed fluxes of various lines as mentioned earlier in
Sect. 2.2. We have used an average value, although we could
have given both values to indicate the range observed. The ISO
spectrum was observed over the entire nebula (see Fig. 1), and
we assumed that the ratio of line intensity to HS intensity is the
same in both lobes. The HB flux (see earlier) appropriate for the
entire nebula was derived as 2.86x 10710 ergs cm™2 s~!. We note
that the northern lobe emits slightly more radiaton and assumed
that this is around 60% of the total(1.72 x 1070 ergs cm=2s7").
This 60:40 ratio is approximately the ratio of the radio emission
of these lobes.
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Table 5. Parameters representing the best-fit model.

Parameter Value

lonizing source

Model atmosphere  Atlas

Ter 39300 K

Logg 5.0

Luminosity 9100 L,

Nebular lobe

Const. density Ny = 4.45x 10° cm™

Abundance H He C N
12.000 11.301 8.420 8.574
o Ne Si S
8.340 8.041 7.300 7.000
Cl Ar K Cr
5376  6.431 5079 8.0
Mn Fe Co Ni
-8.0  7.000 -8.0 4255

Size 16” (extent)

Distance 1.30 kpc

0.28

2.512e15 cm (~0.00081 pc)
3.112e17 cm (~0.10 pc)
0.28

Covering factor
inner radius
outer radius
Filling factor

4.3. Results

The general method of application of the code Cloudy to model
Mz 3 is the same as in Surendiranath et al. (2004) and Pottasch
& Surendiranath (2005); we ran a number of models and each
time the output was carefully scrutinized before running the
next model with changed input parameters. We tried to match
the observed spectral fluxes of about 50 lines and we relied
on physical intuition rather than any of the optimization tech-
niques provided in Cloudy. In spite of the many uncertainties
and complexities involved, our final model is considered to be
moderately successful.

Table 5 gives the input parameters of the best matched
model, and the corresponding output spectral fluxes are com-
pared to the observed ones in Table 6.

5. Discussion

The best-fit model input parameters are our final values for
the characteristics of the polar lobe of the PN and its ionizing
source.

5.1. Nebular density and temperature

The electron density and temperature as computed by our
model is plotted in Fig. 3 against nebular depth, i.e., the ra-
dial distance calculated from the inner surface of the lobe. The
mean density of ~5000 cm ™~ is reasonable compared to the val-
ues in Table 2 which were derived from individual line ratios.
We have used a filling factor to take care of the density fluctua-
tions and the available HST image (www.spacetelescope.
org/images/html/heic®10la.html) indicates quite com-
plex variations. The agreement with the determinations of
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Table 6. The emission line fluxes (HB = 100).
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Label line Model flux Obsd. flux Label line Model flux Obsd. flux

(dereddened) (dereddened)
TOTL 4861 A 100.00 100.00 N2 6584 A 458.66 466.00
oIl 3726 A 40.30 41.80 He 1 6678 A 3.28 3.65
ol 3729 A 14.89 22.30 S1I 6716 A 6.31 7.25
Ne 3 3869 A 1.40 1.25 S1I 6731 A 11.39 12.90
S2 4074 A 3.20 4.02 He 1 7065 A 6.41 4.14
Cc2 4267 A 0.08 0.35 Ar3 7135 A 6.84 6.88
H1 4340 A 46.70 47.50 Fe 2 7155 A 0.13 0.43
TOTL(O3) 4363 A 0.17 0.36 (ORI 7323 A 1.77 1.94
He 1 4471 A 4.10 3.98 (ORI 7332 A 1.35 1.56
Fe 3 4658 A 2.61 2.75 S3 9532 A 72.19 73.20
Fe 2 4815 A 0.05 0.78 H1 4.051 m 9.20 8.54
Fe 2 4890 A 0.03 0.40 Ar?2 6.980 m 16.53 28.50
Fe 2 4905 A 0.01 0.39 Ar3 9.000 m 8.35 8.24
03 4959 A 14.46 6.49 Ne 2 12.81 m 60.39 64.00
03 5007 A 43.52 21.20 Ne 3 15.55 m 2.88 4.19
Fe 2 5159 A 0.15 0.40 S3 18.67 m 55.93 48.10
N1 5200 A 0.37 0.98 Fe 2 25.99 m 1.13 2.29
Fe 3 5270 A 1.49 1.11 S3 3347 m 14.59 21.00
Cl3 5518 A 0.35 0.26 03 51.80 m 5.17 6.41
Cl3 5538 A 0.46 0.48 N3 5721 m 12.24 9.71
N2 5755 A 2.87 2.53 01 63.17 m 0.06 5.57
He 1 5876 A 12.16 11.50 03 88.33 m 0.82 1.90
o1 6300 A 0.15 0.87 N2 121.7 m 2.32 3.61
S3 6312 A 0.96 0.84 01 1455 m 0.003 0.45
Oo1 6363 A 0.05 0.38 CcC2 157.6 m 0.45 4.67
N2 6548 A 155.42 156.00

Absolute HB flux (n.lobe) Model: 1.68 x 107'° ergs cm™ s™!. Obsn: 1.72 x 107'° ergs cm™? 571,

[

Notes: “A” in col. “Line” signifies Angstrom; “m

signifies um. In Col. “Label”, we have followed the notation used by Cloudy for atoms and

ions; this will make identifying a line in Cloudy’s huge line list easy. Neutral state is indicated by “1” and singly ionized state by ‘“2” etc.,
“TOTL” typically means the sum of all the lines in the doublet/multiplet; or it could mean sum of all processes: recombination, collisional
excitation, and charge transfer. Some elements are represented by usual notation as per Cloudy.

Zhang & Liu (2002) and Smith (2003) is very good. The mean
electron temperature from our model of ~8000 K is higher by
about 1000 K as compared to the determinations of both these
authors. This has to do with the uncertainty in the energy dis-
tribution of the ionizing source (see Sects. 5.2 and 5.3 below).

5.2. Comparison of model spectrum with observation

As mentioned earlier we have attempted to obtain a good match
for about 50 observed lines and these are shown in Table 6.
Cloudy computes by default the fluxes of continuum at various
wavelengths and a very large of number emission lines (nearly
2000) in its output spectrum. The overall match seems to be all
right except for some peculiarities. The diagnostic lines of O 11,
N1, ST and ClIII came out clean in the matching game. The
helium lines also did well. If you consider S, you find that
it is represented by many lines over a range of wavelengths,
and the model produces correct flux in the optical and far-red

regions while IR lines are deviant. The reason could be either
the integration of the optical with ISO spectra is not seamless
or the fine structure lines are affected in a way we do not un-
derstand. The optical spectrum was observed with a long slit
while the ISO observations were through apertures of varying
sizes (see Fig. 1). As discussed earlier, this factor and the extent
of contribution of the central region (core) to the lobe spectrum
were taken care of, for the IR lines. O 1II lines also behave in
a peculiar way. Fe 1T lines did fine while Fe I lines failed. One
problem that we guess is that the density inhomogeneity is so
great that the mechanism of filling factor could not handle it.
There could also be a problem with the inputted model atmo-
sphere fluxes for the central source, since we have no way of
constraining them with observations (see next subsection). For
carbon, increasing the model abundance increases the flux in
C1I lines but upsets the good match achieved in many other
lines, more so in N1I and O1I. This is why the carbon abun-
dance determined by the line ratio method (Table 4) must be
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Fig. 3. T. and N, across the nebula.

too high. The model abundance of carbon given in Tables 5
and 7 should only be considered as an upper limit. Basically
we sought an underlying simplicity behind the apparent com-
plexity and we feel that our open geometric model for the polar
wing of Mz 3 is a moderate success, when viewed in the back-
drop of all the uncertainties and unknowns.

5.3. Central star

The central star of Mz 3 is not resolved. At the center of the PN
there is a sub-arcsecond high density (N, ~ 10® cm™3) nebular
core (see Zhang & Liu 2002) which is not modelled here. This
region also hosts a dust torus. The ionizing source whose char-
acteristics we have derived from our model of the lobe does
not describe the central star since the energetics involved in
ionizing the high density core is not known. What is given in
Table 5 for the ionizing source pertains to the energy coming
out at the exit point of this core. The difficulty we mentioned
in the previous subsection about the use of model atmosphere
flux refers to this aspect. A more realistic representation would
involve the modification of the model atmosphere flux distri-
bution over select wavelength regions as part of the modeling
methodology or including core modeling too, but we have not
done either. Figure 4 shows the incident and the transmitted en-
ergy in the model. The absorption below 912 A is more or less
complete except between 500 A and 650 A. Therefore, we pre-
dict that the central star ought to be hotter than the T.g¢ listed
in Table 5 or more luminous than what we computed or both,
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Table 7. Abundances in Mz 3.

Element Present Present Zhang Smith NGC Solar
ICF  model Liu 6537

He >0.080 020 0.086 0.20 0.149 0.085
C(+4) <16. <2.63 1.75 25
N(-4) 3.0 3.75 2.4 4.7 45 0.6l
O(—4) 2.3 2.18 32 44 185 46
Ne(—4) 1.2 1.10 0.44 060 1.7 1.2
Si(=5) 2.0 2.0 0.46 33

S(-5) 1.0 1.0 1.4 1.2 1.1 1.4

CI(-7) 1.8 2.38 1.9 2.4 35
Ar(-6) 5.0 2.70 14. 4.8 4.1 2.5
Fe(-6) 7.8 10.0 12.6 28.

The abundances listed “Zhang & Liu” are from Zhang & Liu (2002),
those listed “Smith” from Smith (2003), NGC 6537 from Pottasch
et al. (2000) and Solar abundances are from Apslund et al. (2005)
except for Ne and Ar.

since the core region would consume some energy in getting
ionized, apart from energy consumption by dust grains as well.

6. Nebular abundances

The abundances derived by the two methods are compared in
Table 7.

Two earlier abundance determinations are also listed in
Table 7. Those of Zhang & Liu (2002) are based only on the vi-
sual spectrum so that no carbon abundance can be determined.
Only one nitrogen line was observed (NII). Smith (2003)
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include part of the near infrared spectrum but the emphasis is
on the visual lines in deriving the abundances.

We are capable of obtaining more accurate electron tem-
peratures thanks to the inclusion of the far infrared observa-
tions. Eight temperature determinations are given in Table 4
over a wide range of ionization potentials, while earlier abun-
dance analyzes had only two temperature determinations. Our
carbon abundance may only be an upper limit however.

7. Evolutionary state

The helium abundance can only be found by correcting for the
presence of neutral helium in the nebula. We have done this
by making use of a model and we obtain the same result as
Smith (2003). This is a very high helium abundance, compa-
rable to that seen in the bipolar planetary nebulaec NGC 6302
(Pottasch et al. 1999) and NGC 6537, and the rather amorphous
PN He2-111 (Pottasch et al. 2000). Just as Mz 3 all these neb-
ulae are located close to the galactic plane and have high ex-
tinction. Furthermore they all have abundances very similar to
Mz 3. As example, the abundances in NGC 6537 are shown in
the sixth column of Table 7. In all these nebula the helium must
have been produced in the course of the evolution of the central
stars of these objects. The large amount of nitrogen found in
Mz 3 is the same as found in these other nebulae. All have nitro-
gen to oxygen ratios of about unity and an oxygen abundance
of about one half solar. A consequence of this is that the rather
high nitrogen and helium abundance was probably produced
by hot bottom burning. For this to occur the initial stellar mass
should be at least 4 solar masses. Since the three nebulae cited
all have carbon to oxygen ratios between 0.5 and 1 strengthens
our feeling that the carbon abundance given in Table 7 for Mz 3
is only an upper limit.

8. Conclusion

We have presented the ISO far infrared spectrum of Mz 3. From
the ISO spectrum alone we have been able to find the abun-
dance of six elements in the inner lobes of this nebula. These
are nitrogen, neon and argon for which all important stages of
ionization have been measured by ISO, and sulfur, iron and
silicon whose abundances improved with the use of a model.
Including the visual spectrum this has enabled us to derive neb-
ular abundances of 9 elements and a lower limit to the helium
abundance. In addition, a simplified nebular model (electron
temperature and density) has been found. These abundances
have been improved by using a more elaborate photoionization
modeling in an open geometric configuration. The model in-
dicates that a rather large amount of neutral helium exists and
that the helium abundance is probably twice as large as in the
sun. This last result confirms the helium abundance previously
found (Smith 2003).

The results are given in Tables 4 and 5 and summarized in
Table 7. A comparison with earlier work is also given in the
last table. The abundances found are also very similar to those
found in other bilobal planetary nebulae showing high helium
and nitrogen abundances.

S. R. Pottasch and R. Surendiranath: Planetary nebula Mz 3

The difficulty in deriving the details of the central star’s
ionizing energy distribution has been discussed. Lower lim-
its to the T and luminosity are obtained. Taken together, the
nebular abundances and the probable stellar parameters suggest
that Mz 3 is probably descended from a star of at least 4 solar
masses.
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