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ABSTRACT

The current status of observations of planetary nebulae and their
central stars is presented. Particular attention is given to ultraviolet
observations secured with the IUE satellite. The physical processes

occurring in these objects are discussed, with emphasis on the atomic data.

The planetary nebulae SwSt 1, IC 2501, and NGC 4361 have been
observed with the IUE satellite. These observations have been combined
with observations made by other workers at optical, infrared, and radio

wavelengths in order to determine physical conditions in these objects.

The electron density in the compact nebula SwSt 1, determined from
the C III AX1907/1909 line ratio, is high (~105 cm'3), consistent with the
high emission measure determined from radio observations. The C/0 abundance
ratio in this nebula is found to be < 1 , i.e. the envelope is oxygen rich,
as suggested by the identification of the silicate feature in the 8-13 um
infrared spectrum. The ultraviolet spectrum of the central star of SwSt 1

1

shows a few P Cygni Profiles due to a 2000 kin s™* stellar wind.

’The analysis of observations of IC 2501 suggests that there are two
main regions in the nebula: one emitting the [0 III] lines, with T, = 9400 K,

the other emitting the [0 II] and [N II] lines, with Ty = 9000 K. IC 2501

has a marked SiC feature in its 8-13 um infrared spectrum and has C/0 > 1.
The ultraviolet observations are therefore consistent with the interpretation

of the infrared observations, namely, that Objects with SiC are catbOngrich.

An ionization model of NGC 436l is presented which fits the observed
ultraviolet and optical line fluxes well. It is found that the inclusion in
the model nebula of charge exchange and dielectronic recombinat;on processes

greatly improves the computed ionizatiOn and thermal structure of the nebula.
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PREFACE

Planetary nebulae are ionized, extended, low-density envelopes of
White Dwarf-like stars. The faint green disks of some of these intriguing
objects often resemble the plants Uranus and Neptune, hence the name
planetary nebulae. They are found at high galactic latitudes and in great

numbers towards the centre bulge of our own Galaxy.

A typical planetary nebula has a radius of about 0.1 to 0.5 pc,
a gas kinetic temperature in the range 8,000 - 15,000 K, and an electron

density in the neighborhood of 103 to 10° cm™3.  The nebular shell is
expanding with a velocity of the order of few tens km s™1.  The mass of
the ionized porticn of the nebular shell ranges from less than 10'4 to
almost 1 My, although values of 0.1 to 0.2 My have often been adopted.
The spectra of planetary nebulae show recombination lines of H and He,
and collisionally excited ionic lines of abundant elements such as C, N,
O, Ne, Mg, Si, S, and Ar. Neutral atoms as well as molecules, particularly
Hy and CO, may exist in the outer regions of the nebula. The material in
these regions is sometimes inhomogeneous and sufficiently cool for solid
particles (dust grains) of silicate or SiC to form. Dust is heated by‘the
radiation field of the nebula and its central star to temperatures of the

order of 100 K. The dust optical depth is about 0.l.

Many investigators have estimated the total number of planetary
nebulae in some Galaxies. There are about 300 and 1000 objects in the
Small and Large Magellanic Clouds, respectively, about 750 in M 33, and
about 20,000 in M 31. The most likely number in our own Galaxy probably
lies between 10,000 and 20,000; the actual number of detected objects is
now about 1400. In the solar néighborhood, the spatial density is about

45 to 52 objects kpc‘3._



Planetary nebulae are short-lived phenomena on the scale of a stellar
life time which may extends over many billions of years. The time interval
over which a planetary nebula can be detected seems to be about 20,000 to

30,000 years. EStimates of the local birth rate fall approximately in the

range 1.3 x 10712 to 1.4 x 1071 pc=3 yrL,

Structures of planetary nebulae can be beautifully symmetric as in
the "Red Rectangle" and "Butterfly®™ M 2-9 bipolar nebulae. IC 418 or the
Ring Nebula (NGC 6720) could be represented by a sphericélly symmetric shell
expanding radially from a central star. ~Examples of double shell planetary
nebuiée are NGC 2392( 1535, 2022, 3242, 6804, and 7354. There are at least
thféé examples of planetary nebulae with triple shells: NGC 6826, 7009,
and 7662. The irregular filamentary, inhomogeneous nebula NGC 40 resembles
a truncated ring with a number of fainter wisps. NGC 6543 has been
represented by a pair of coiled filaments moving symmetrically away from
a central star. Compact, dense objects sugh as IC 4997, Swst 1, Hubble 12,
and M 1*6 are éasily recognized as young planetaries. Planetary nebulae

are beautiful art creations.

In a planetary nebula, energy is supplied through photoionization
qf atoms and ions by ultraviolet radiation from a high-temperature central
star, mostly in the range 30,000 - 150,000 K. Only about 1% of known
planetary nebulae are excited by ionizing radiation emitted by binary stars.
Stars with low temperatures have luminosities between 300 L, and 5000 L.
For stellar temperatures greater than 80,000 K much lower luminosities
are observed (extending to almost 20 Lg). The mass distribution of the
central stars shows a strong peak around 0.58 My, but extends slightly
over 1 M,. The progenitor stars have large masses, ranging from about
0.8 to 6 or even 8 My- The mass loss rate from the central stars ranges

from about 1076 to 10710 (Moyr’_l)°
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The importance of planetary nebulae in astronomy is well known. At
an advanced stage of its life, a star evolves into a Red Giant. The core
of the Red Giant becomes very hot and compressed while its outer envelope
becomes unstable. At some point the bulk of the outer envelope is torn off
to create the luminous shell of a planetary nebula. The core then settles
down to form a White Dwarf. Specific details of the physical processes
which take place during this relatively rapid (only a few thousand years)
phase of stellar evolution are still poorly understood. The understanding
of most properties of planetary nebulae and their nuclei is necessary for
the study of the previous evolutionary histroy of these objects. Planetary
nebulae are also valuable tracers of.galactic structure because they are
recognizable to great distances froﬁ the Sun and because théy have much of

their visual emission concentrated in a few narrow emission lines.

Planetaries offer outstanding opportunities to atomic physicists for
the analySis of forbidden line radiations. At high densities encountered
in laboratory piasmas, collisional de-excitations occur sufficiently often
that an atom will not remain in a metastable state long enough to make the
forbidden transition. Studies of planetary nebulae, particqla;ly in the
optiCalnand ultraviolet spectral regions, have led to important advances

in ¢certain branches of atomic physics.

It should be mentioned that the material presented above is based
mainly on articles given in the IAU Symposium No. 103 "Planetary Nebulae",
(1983), edited by D.R. Flower and on Volume 112 of "Physics of Thermal

Gaseous Nebulae" [Aller (1984)].

In this thesis, I have tried to interpret the observations of the
planetary nebulae SwSt 1, IC 2501, and NGC 436l. Some of the results
obtained for the first two objects have been previously reported by'FlOWer,

Goharji, and Cohen (1984) and by Goharji and Adams (1984).
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Afterva quick review of the observations of planetary nebulae in

" general, Chépter 1 summarizes the currently available and our own |
observations of the planetary nebulae SwSt 1, IC 2501, and NGC 4361.
Chapter 2 deals with those aspects of the physics of planetary nebulae
which are believed to be responsible for the production of their emission
line spectra, with emphasis on the atomic data. Physical conditions and
abundances in SwSt 1 and IC 2501 are determined in Chapter 3; the central
sEarsrof‘these two objects’ére discussed in Chapter 4. A new detailed

_ coﬁputer model of NGC 4361 is. presented in Chapter 5. 1In Chapter 6, we

summarize the results of this work and draw some conclusions.
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CHAPTER (1)
OBSERVATIONS AND SPECTRA OF PLANETARY NEBULAE:
Swst 1, IC 2501, AND NGC 4361
1.1 INTRODUCTION

The technological advances which have permitted us to observe
planetary nebulae in the optical, infrared, radio, and ultraviolet
spectral regions have led Eo important advances in;OUf knowledge of
these objects. The obéerved.features in.each spectral region have
their own unique properties which make themwusefdl topls for studying
the physical-conditions in planetary nebulae. It is,nOW‘stsible, by
combining these observations, to make a more complete analysis of the
excitation and ionization states, and in particular to derive more
realistic chemical abundances. An extensive study of the pianetary
nebula NGC 7662 by Harrington EE_EL' (1982; hereafter abbreviated as
HSAL) shows how accurate information can be obtainedlfrom’these

observatiens.

'Wésshéli review briefly the observations, commenting oh their
- importance in the studies of planetary nebulae and the way they haVé
been interpreted. We shall also p;esent the currently available and
our own observaéions of the planetary nebulae SwSt 1, IC 2501, and

NGC 4361. These three objects are the main subject of this thesis.

Table (1-1) gives the designations and coordinates of Swst 1,

IC 2501, and NGC 4361.

Swst 1 is a compapt, young, and very low excitationﬂplanétafy
nebula {{0 III]/HR = 0.3; Aitken et al. (1979)}. It has a nucleus of
a spectral type WC.10 (Cohen (1975) ; Carlson and Henize (1979)]1. The

ahgular‘diaméter_of the nébdlaAis ,dzg arc sec [Kwok etfal;r(;981)].




Observations of SwSt 1 have been discussed by Flower, Goharji, and
Cohen (1984 ; to be referred to as Paper I). We shall give more detail

of these observations.

IC 2501 is an intermediate excitation planetary nebula {[O II11}/
HB = 10, He II/HR = 0; Barlow (1983)} and has an.ahgular diameter of <2
arc sec [Perek and Kohoutek (1967)]. Observations of IC 2501-have been
discussed by Gohar3ji and Adams (1984 ; to be fefégféd to as Paper II).

These observations will also be discussed here in more detail.

NGC 4361 is angextremeLymhigh ekcitétionvplaneta;y~nebula of
relatively low surface brightness.. The nebula has an angular diameter
of 8l arc sec [Perek and Kohoutek (1967)]Vand its-central star is

classified 06 [Cohen and Barlow (1974)].

1.2 THE -  OPTICAL SPECTRAL REGION

The spectrophotometric measurements of.emiSSidn—line intensities
of planetary nebqlaé can be made either phOtographically or photo-
»elgqt;iqéllyh ;Dﬁe to‘themnonlinear resp@nséxand-li@iﬁed'iﬁtéﬁSity range
Of“gﬁe'phdtqgraphic~p1até, the photoeleétfié:séanhegsiarefpréferable.
A basic 1imitatidhfof_pHthelectric scanniﬁé is that although strong
emission lines céﬁ bé‘measured.withraccuracy, poof results are often
obtained for weak lines, partly because of blending and partly because
of the difficulty in estimating the position of the continuum on the
tracings. Photographic measurements may still be necessary in order

to resolve blends.

In his review, Flower (1983) has illustrated the caution that -
must be exercised when employing photographic measurements, by discussing
‘the discfgpancy-betweenfthe observed and theoretical intensities of the

Balmer lines ir NGEC 7027. He has showed that th§ discrépancy could be



resolved if the photoelectric observations of Miller (1971) are used
instead of the photographic measurements made by Aller et al. (1955),
which systematically overestimated the intensities of the higher members

of the Balmer series.

Referenceé to early photoelectric spectrophotometric observations
of planetary nebulae are given by Aller and Liller (1968). The more
recent observations have been made by Peimbert and Torres-Peimbert (1971),
Torres-Peimbert and Peimbert (1977; hereafter abbreviated as TPP), Barker

(1978), and Kohoutek and Martin (1981; heréafter abbreviated as KM).

Photoelectric deteétors are also used to obtain monochromatic
images of planetary nebulae. The calibrated monochromatic images are
important in establishing the density distribution and overall structure
of nebular envelopes. For a review of the currently available data see

Reay (1983).

1.2.1 Permitted Lines in The Optical Region

In additiéﬁ £o0 the strong peimitted recombination lines of hydrogen
and helium;uwéék‘permitted lines of heavy elements (e.g. nitrogen, oxygen
carbon, néoh) are observed in the optical region of planetary nebulae.
Some of these lines are excited by radiative recombination and cascade or
by resonance absorption of the stellar ultraviolet continuum and cascade;
others are produced.by fluorescence (excitation of an atom by absorption
of a spectral line). The most spectacular example of fluorescenge is
provided by the strong O III and N III lines involved in the Bdwen
fluorescent mechanism. This cycle is induced by the strong He II Ly-o

line produced in high-excitation nebulae.

Individual possible excitation mechanisms have to be examined on a

case~to-case basis for virtually all permitted lines of heavy elements in




planetary nebulae. As an example, consider the C II A4267 (4f:2F°— 3d 2D)
line, which has been the subject of several observational and theoretical
studies.

TPP considered The C II A4267 line to be excited by radiative

recompbination and used it to deduce the abundance of C+2

ions in planetary
nebulae. Their results are significantly larger than that which they

adopted for the Sun.

Harrington et al.(1980; hereafter abbreviated as HLSS) and
Torres-Peimbert et,al.(l980;,hereafter abbreviated as TPPD) have analyzed
the ultraviolet observatioris of IC 418 and derived ionic and total

2 abundance derived from the strong

abundances. They found that the ct
collisionally excited line C III] A1908 is much less than deduced by TPP
from C II A4267, but TPPD showed that the discrepancy was reduced,using
improved phoééelecpric measurement of 14267 ( previous photographic
meaéurement ha$.OVeres£imated the A4267 intensity by a factor of 1.5).
TPPD suggested that the remaining discrepancy could-be due te temperature
fluctuations. HLSS, on the other hand, suggested that the dielectronic
recombination'mightfcoﬁgribute to the excitation of'l4267, but this is
not supported by the recent work of Storey (1981).

Barker (1982) made ultraviolet observations of the Ring nebula
(NGC 6720) at four positions, and also obtained optical (photoelectric)
observations of the weak C II A4267 line. He found that the abundance
of C+2 derived from the intensity of C II A4267, assuming recombination
theory, is up to 10 times higher than deduced from the intensity of
C III} Al9os. FUrthermgre;lhe noticed that this discrepancy was greatest
near the central star bqt decreased to agreement. with increasing radial

distance. This behavior leads him to suggest that resonant absorption




of the étellar uitraviQiet.poptinQuﬁ~iédiétion‘may conﬁribute;to the
excitation of M267. This process has been recognised as the principle

- mechanism of excita;ion,gﬁjwéak'o ITII lines in the visual spectrum of

NGC 7027 [Seaton,(1968)],~butxseems to be an order of magnitudé less
important than recombihétion for A4267 in the ®ri6n nebula [Grandi (1976)]}.
However, Grandi's calculations considered only a few important levels,
while one might expect that excitation of the higher levels, would
dominate the resonant absorption process [Seaton (1968)]. At the

present time, no satisfactory solution for this interesting problem

can be proposed.

1.2.2 Forbidden Lines In The Optical Regiﬁn

Collisionally exéited forbidden lines observed in the visible
region of planetary neébulae are due to transitions within the ground
configuration of atoms or ions with outer 2p9 or 3p9 electrons,

where q = 1, 2, or 3. Configurations with q even give rise to the

4o 2 2

3p, 1p, and s terms, and g odd to the %S, “D, and “P terms.

For historical reasons, transitions between lS and lD .or

2 1

P and 2D are called auroral transitions and those between -~D and
30 or %D and 4s are called nebular transitions. The strongest
lines in most planetaries are the AX4959, 5007 (lD - 3P1,2) lines of
[0 ITI]. The transition probabilites for forbidden lines are often
very low, e.g., 0.007 s and 0.020 s~ for A4959 and A5007 lines,
respectively. Hence, the radiative lifetime of the lDz level of

[0 III] is 36 s, as compared with 108 s for levels which may decay
by optically allowed transitions: if the density of the nebular gas
were not extremely low, the intensities of the forbidden lines would

be negligible relative to the permitted lines.
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Thevﬁépbiéqén liﬁés,aﬁé’very'iﬁpdfﬁéat in'studies‘of;éiangpary
7 nebulae beéﬁﬁéé'cgrtainioﬁfﬁﬁéif iﬁtéﬁéity ratios enable thé eIéé£t5ﬁ
density and=€§mperéture,of'thé:neﬁuiar gas to be determined, We mqsf
have this iﬁformation in order to determine the chémiéal composition

of the nebula.

1.2.3 The Continuum

The most striking evident feature of the continuous spectra of
planetary nebulae is the intensity jump at the head of the Balmer series,
p;éGQCed by recombinationsnof electrons and ions on Ehé second level of
hydrogen. The uadérlyiné:cohtinuum arises mostly.from‘reédmbiﬁaéions
on the third and higher leVElé of hydrogen, excited levels of helium,

with seme contribution from free-free and two-photon e_mi‘sSions°

The ratio of the Balmer continuum to HR emission depends on the
electron temperature and weakly on the electron densify [see eq. 64 of
Aller (1984)] sb:it could give at least a consistenéy.check on electron
teﬁgerature_dete;mipégiqns by other methods. The shape of the continuum
is also important when considéring the determinations of the céntral

star temperatures.

1.2.4 oOptical Spectra of SwSt 1, IC 2501, and NGC 4361.

SwSt 1 was observéd on 1976 July 5 with the Lick Observatory 3-m
telescope, using the Cassegrain image-tube scanner [Miller, Robinson,
and Wampler (1976)]. The observational techniques are discussed in
Paper I. Table (1-2) gives the identifications of the nebular emission
lines and tﬁeir measured intensities; the measured continuum fluxes

are also listed in the Table.




IC;2SQl»has been observed by“TPP with the 0.91-m telescope at
Cerro6 Tololo IntétﬁAmafigaﬁ Obéérvatory (CTIO). It has dlso beeﬁ
observed byikhfﬁith*the 1- teléscope at the European Southern
OBServatory (ESO). The measured line and céntinuumvfluxes are given

in Table (1-3). The adopted line intensities are discussed in Paper II.

NGC 4361 has been observed with different entrance slots by
Aller (1951), O'Dell (1962), Heap et al. (1969), Kaler (1976a), TPP,
Barker (1978), and Aller EE_§£° (1979). The selected line intensities
as measured by sbme of these authors are giVén_;nmfable (1-4). Martin
(1984) has measured the HB A4861, He II 24686, and‘[Oz;II] X5007"lines
in NGC 4361 photoelectrically with circular entrance apertures at the

ESO - 0.5-m telescope. His data are given in Table (1-5).

Data on the photoelectric U(A~3446), B(A=~4329), and V(A=~5464)
magnitudes of the central stars of the three nebulae are collected in

Table (1-6).

1.3 THE INFRARED SPECTRAL REGION
1.3.1 Thermal Infrared Emission

Early observations by Gillett, Low, and Stein (1967) have shown
that ﬁhe infrared continuous emission from the planetary nebula NGC 7027
is much greater than expected from recombination and free-free emission.
The infrared excess, which is the most prominent feature of the infrared
and rédiogspectrum of NGC 7027 [Te;zian (1978)], has been the subject. of
several observational and theoretical studies. A variety of observational
.daﬁa afggﬁow'aVailablé for a number of other nebulae. Table 1 of Barlow

(1983?1$Qmﬁ£r12eéjthe-publiShedVgtound#baséd infrared photometry of

ese

- th Ebjgété,




Krishna Swamy and O'Dell (1968) suggested that the infrared
excess may be due to the thermal emission of small graphite particles
(dust grains) which are heated by Ly-0 photons produced by recombinétion
of HY ions and électrons in the nebula. It is thus interesting to

compare the total thermal infrared (TIR) luminosity with the Ly-o

luminosity; the ratio L{(TIR)/L(Ly-®) should be £ 1 if the dust in the

nebula is primary heated by trapped Ly-0.

Moseley (1980) has observed 13 planetaries.using photomete;s
with efféctive wavelengths of 37um and 70um (Béam 27 arc sec FWHM),.
and 52um and 108um (beam 55 arc sec FWHM). These observations, when
éOmbinquwith‘middle—infrared (10um - 19um) obse:vations [ Cohen and
Barlow (1974)], completely define the infrared emission from planetary
nebulae. The spectral energy distributions were in general simiiar to
that of NGC 7027. 1IC 418 was found to have a more sharply peaked energy
distribution than the;othen nébulae, and this is @ﬁe to the préesence
of a strong emission feature'ihxthe 28—§2pm'éaSSband [Forrest, Houck,
and McCarthy (1981)].‘ Moseley'haé;fiftédrhis ébse;vatiéns to theoretical
speétr; §f isothermal dust with emissivity € < VI, If n=l, the dust
tempeféture Tq = 105 K, while for n=2, Ty = 90 K. Integration of the
theoretical spectrum gives an estimate of L(TIR). The conversion from
L(radio) to L(Ly-a) depends only on presumably well-understood
recombination theory. He thus obtained the ratio L(TIR)/L(Ly-c) for
11 nebulae.‘ Some of the values of L(Ly-¢) used by Moseley were
incorrect. The corrected L(TIR)/L(Ly-a) ratios are listed by Barlow
(1983), who used the relation of’Rub;n (l968)>tp calculate L(Ly-o) values.
It is found that the ratios rénge from _ 0.4 fbfiﬁGC'3242 to 7.9 for

BD +3093639. The predominantly large valués of L(TIR)/L(Ly-a) irdicate
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that the trapped Ly=o radiation alone is insufficient to account for

thé total infrared contihuum emission of most nebulae.

Becklin, Neugebauer, and Wynn-Williams (1973) and Telesco and
Harper (1977) argued that the dust in NGC 7027 was heated by direct

absorption of stellar ultraviolet continuum and Ly-¢ radiation.

Bohlin, Marionni, and Stecher (1975) obtained the first rocket
ultraviolet spectrum of NCCV7O27-and found that the C IV A1549 resonance
doublet, relative to the collisionally excited C III] Al908, was
significantly weaker than predicted by model nebula calculations. They
concluded ;hat absorption by internal dust of the resonantly scattered
C IV photons is responsible for this discrepancy. Analagous conclusions
-have‘been reached regarding the depletion of other resonance lines by

internal dust in planetary nebulae (see section 1.5.3).

To decide what is the primary heating source for the dust in a
given nebula requires us to examine the total stellar luminosity and
spectral energy distribution . With the availability of ultraviolet
Observations, it is now possible to investigate this problem more fully.
Fo§<egamp1e, Moseley finds NGC 7027, NéC 7662, and IC 418 to have total
infrared fluxes of '2;4x16‘7} 1.2x10°8, and B.dXIO‘B erg em ? 571,
respectively. Calculations by Barlow (1983) yield total respective
fluxes of 2.6x107/ (Ly-a 27%, C IV 32%, other lines 333, nebular
continuum 8%), 1.17x1078 (Ly~c 34%, C IV 5%, other lines 22%, nebular
continuum 39%), and 5.0x10'8 (Ly-a 42%, stellar continuum 58%). All
fluxes are in the same units. It is seen that the calculated fluxes
can comfortably supply the observed thermal infrared fluxes in these

three nebulae.
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1.3:2 Infrared Emission Features

Advances in the infrared SpéCtrOSCOPY have led to the detection
of many forbidden lines of heavy elements and recombination lines of
hydrogen and helium in planetary nebulae. The collisionally excited
forbidden lines are produced in radiative transitions between the fine-

structure levels of the ground terms of atoms and positive ions. Ions

2 4

with ground np* and np* configurations emit infrared radiation in

3 5
Po

- 3Pl and 3Pl - 3P2 transitions; np and np° ions emit the
2Pl/2 - 2P3/2_ transition.

The thtée major fine-structure lines [Ar III] 9.0um, [S-IV] 10.5um,
and [Ne II] 12.8um lie within the 8~13um atmospheric window. Early
observations of these lines have been reviewed by Rank (1978). In:the
last few yearé, they haveibgeh measured in a large number of planétary

nebulae by Bregman (1978), Grasdalen (1979), Aitken et al. (1979),

Dinerstein (1980), Beck et al. (1981), and Aitken et al. (1982).

The'flying Kuiper Infrared Observatory has opened up the spectral
regions  5-8um andf 16-100um.  This has enabled the déteétion of a
number of étﬁér l'i-nes° In Table (1-7), we list the iines which have
been measured in planetary nebulae by various observers [sée Flower

(1983) and Dinerstein (1983)].

The infrared forbidden lines offer the opportunity to sample ions
that are difficult or impossible to measure in other spectral regions,
and can therefore greatly improve abundance determinations for certain

elements. Two of the best examples are Né IT1 and S 1V , which have

only been measured in the infrared.




In additdion ;o_theftfénSitiﬁthmeﬁtidhed abé?é,;égﬁérzeﬁisgibn
features are observed at 3.27ﬁm,ﬁéﬁd 3.4im [Méfr;;l;“ééifer, and, -
Russell (1975); Grasdaleén ahd'dece (1976)}, 6.2um and 7.7um Wfﬁaééeii,
Soifer, and Willner (1977)], 8q6ﬁm and 11.3um [Gillett, Fprrest,3éﬁd
Méirill (1973)1, and at A > 24um  (Forrest, Houck, andrMCCarthy (l?Sl)l.
The spectrum of NGC 7027 in the near—tg-middle infrared is shown in Figure
(1-1) in order to compére the’stréﬁgths of these featurés with those of
the permitted and~fdﬁb£dden ling;: Several suggestions have been made
1fbr'thé§éfspec;pal features [see for examp1e Bérl0w (1983)1, but- no
identiﬁiCatipns.Cah;béfgiven at ‘the present. time.

‘The observaﬁfens of hydrégéh, Hé;’ and carbon monoxide, CO ,
molecules in a:very fe@knébulae'bave been briefiy reviewed by Black
(L9é3). Molecular S£uaiéé»of plénetafy nebulae‘will,zield important new
informétion-about thei; origihs} structures, and evolution.

SomeAplanetaty'nébu;ae (IC 418, NGC 6572, NGC 6790, IC 2501, M 1-11)
show a broad,emissionffeaﬁure peékingat 11.2um [Willher et al. (1979);
Aitken et al. ‘A(‘19.79,,»),;»A{i‘;,tf;flj<_en and Roche (1982)], attributed to silicon
carbide (Sic) grains and éeen»inrcarbbn stars. Other nebulae (SwSt 1,

M 1-26, Hb 12, IC 4997, Vy'2-2, He 2-131, He 2-47) display a broad emission
feature centred at 9.7un [Aitken gg_gl, (1979); Aitken and Roche
(1982)], attributed to silicate emission and seen in late-type oxygen-

rich and H II regions.

Aitken and Roche (1982) fitted the observed 8-13um continqum
spectra of planetary nebulae by linear combinations of four emiééiVity
curves taken to be tepneséﬁtaﬁiVelof.grainaémissidn. The components’
were: (1) the silicate or Trépezium féaﬁhre; (2) the SiC or carbon star

fgatﬁfe: (3) a smooth centinuum eriergy distribution appropriate for
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graphite grains; and (4) the 8.7um and 11.3um features. 1In this
way, they associated SiC emission with a carbon-rich envelope and
silicate emission with an oxygen-rich envelope. This relationship
has been confirmed by ultraviolet observations of some pianetary

nebulae [see Chapter 3 ; Table (3-14)].

1.3.3 Infrared Spectra of SwSt 1, IC 2501, and NGC 4361

The multifilter narrow-band photometry between 2.2um and 22um
of SwSt 1 has been obtained by Cohen and Barlow (1974), who measured
the ratio of thermal infrared luminosity to Ly-a luminosity [L(TIR)/
L(Ly-a) = 12] for this object. This large excess of flux was

interpreted as being due to thermal emission by cool dust grains (190K).

The 3.3um emission feature has been observed in IC 2501 by

Allen et al. (1982), who reported the possible detection of this

feature in SwSt 1. However, Aitken et al. (1979) have mentioned the

detection of the 3.3um emission feature in SwSt 1.

Broad band measurements (lum - 10um) of Khromov and Moroz (1972)
and of Cohen and Barlow (1974) reveal that NGC 4361 contains possibly

very littel dust.

Iﬁe 8-13um spectrum of SwSt 1 has been obtained by Aitken et al.
(1979). More recently, Aitken and Roche (1982) have obtained the 8-13um
spectra of both SwSt 1 and IC 2501. These spectra are shown in Figure
(1-2); the solid lines are the best fits to the continua (see section
1.3.1). The spectra of SwSt 1, which show the energy distribution in
the continuum to be similar to that observed from the Trapezium region
of the Orion nebula and associated with silicate emission, suggest that
the nebula is oxygen rich (C/0 < 1), although the central star is

qlassified WC 10 (i.e., carbon rich). The presence of the SiC feature



-13-

in the spectra of IC 2501 is taken as evidence that the. nebula is

carbon rich (C/0 > 1).

The measured infrared line intensities in SwSt 1 and IC 2501 are
given in Table (1-8). Data on infrared emission lines are not available

for NGC 4361 at the present time.

1.4 THE RADIO SPECTRAL REGION

1.4.1 Radio Emission

Radio observations of planetary nebulae have been reviewed by
Terzian (1968,1980) and Scott (1983). Reliable data on a total of 397
sources at 14.7 GHz, 332 sources at 5 GHz, 144 sources at 2.7 GHz, and
43 sources at 408 MHZ are now available. Observations at many other
radio frequencies have also been made for a large number of planetary

nebulae [see, e.g., Purton et al. (1982); Kwok et al. (1981)].

These observations have shown that most planetary nebulae are
thermal radio sources. Even, most of those originally -suspected of
beinginon—thermal‘have since been found to bé'thermal.sources confused
with non-thermal galactic sources of emission. As an example, the
planetary nebula NGC 3242 was a candidate of non-thermal sources. However
detailed spectroscopic studieé in the blue spectral region [Czyzak et al.
(1966)] failed to reveal any features which could be attributed to a
unique non-thermal cause. Subsequent work [Kaftan-Kassim (1966)] showed
that the excess radiation at the longer wavelengths is due to a faint

arc of nebulosity about 10' SW of NGC 3242.

The thermal continuum emission arises from free-free transitions
(bremsstrahlung) of the electrons in the field of the positive ions

(principally of hydrogen and helium). The absorption coefficient for
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these free-free t;ansitions varies essentially inversely as the frequency
squared [see the expression of Oster (1961)]. Thus, the nebula is
optically thin at high frequencies and one may observe emission from

all points along the line of sight; at the lower frequencies, the nebula
is optically thick and the brightness temperature is equal to that of

the blackbody.

If the radio brightness distribution at an optically thin
frequency is known, then the emission measﬁre and opticdal depth may
be calculated for an assumed value of the electron temperature [cf.
Flower (1983)]. The radio frequency flux may then be calculated and
comﬁared with the-obsérved flux distribution; the best fit determines
the electron temperature. If any significant structure has not been
observed, the derived value of the electrdﬁ temperature will be-

underestimated [Scott (1975)].

A The ratio of the emission coefficients at a radio frequency v
and at HB can be calculated, by assuming the electron temperature and
Helium abundance in the nebula. Since the nebula is Optically thin at
HR and at a high frequency, this ratio may be compared with the observed
fluxes at the corresponding wavelengths and the reddening constant may
be derived [Milne and Aller (1975)]. Note that the radio and HR fluxes

should be refer to the same region, usually the whole nebula.

Radio frequency observations of planetary nebulae can also provide
information on the distribution of ionized gas [cf. Salem (1974); HSAL]

aﬁd radii and disténces [cf. Daub (1982)].

In addition to the thermal continuum emission, radio recombination
'lines have been observed in planetary nebulae [cf. Walmsley et al. (1981)].
From the ratio of line to continuum brightness temperature, the electron

temperature may be derived’[shaﬁer et al. (1983)]. A non-LTE analysis



produces electron temperatures substantially in agreement with those

derived optically.

1l.4.2 Radio Mapping

A large fraction of the known planetary nebulae remain
unresolved Eo the resoclution limit of several arc seconds of early
radio telescopes. The most recent Very Large Array (VLA) at the National
Radio Astronomy Observatory (NRAO) operates at four main frequencies,
23, 15, 5, and 1.5 GHz with achievable resolutions of 0.05, 0.08, 0.25,
and 0.8 arc seconds respectively [Bignell (1983)]. This opens the

possibility of investigating very compact planetary nebulae.

Eight moderately compact planetary nebulae have been successfully
detected with the VLA at 4.9 GHz by Johnson et al. (1979). The VLA
maps of a number of "classical" and young planetary nebulae have been

obtained by Bignell (1983).

Kwok et al. (198l) have observed 40 stellar planetary nebulae

at the Algonquin Radio Observatory (ARO) at a frequency of 10.6 GHz.

By comparing their ARO measurements with the 5 GHz measurements
previously published, they found that most nebulae were optically thin
above 5 GHz. Six of the objects appeared to have a higher turn-over
frequency and were subsequently observed with the VLA. The observations
were made at 4.885 and 15.036 GHz. SwSt 1 was one of the four nebulae
which were detected by the VLA. Figure (1-3) shows the VLA map of SwSt 1

at 4.885 GHz.

The high resolution and high sensitivity of the VLA is currently
being utilized to probe the central stars of planetary nebulae. This
kind of radio observations will help us to learn more about the mechanisms

responsible for the mass loss and early formation of the planetary nebulae.
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1.4.3 Radio Spectra of Swst 1, IC 2501, and NGC 4361

Radio frequency observations of the three nebulae are summarized

in Table (1-9). The spectra are shown in Figure (1-4).

Kwok et al. (1981) find that SwSt 1 is optically thick up to

6 pc, in exact

v = 8 GHz indicating an emission measure of 2 x 108 em™
agreement with the value which they estimated from the angular diameter
(0.8 arc sec) of the nebula. The small angular size and high emission
measure indicate that SwSt 1 is a compact planetary nebula which may,
consequently be young. This cénclusion is consistent with the suggestion
by Kwok (1980) that the 9.7um ‘Silicate'feature (which is observed in
the infrared spectrum of SwSt 1; see section 1.3.3), arising from the

remnant circumstellar envelope of the red giant progenitor, should only

be observable in young planetary nebulae.

The spectral index in the optically thick part of the radio

spectrum of SwSt 1 (v < 7 HGz) is a = 1.22 * 0.12 according to Kwok et al.

(1981), who concluded that the spectrum can not be fitted satisfactorily

by a uniform-density model which requires o = +2.

A comparison between the 5 and 14.7 GHz flux densities was
made for IC 2501 and NGC 4361 by Milne and Aller (1982). They found that
both nebulae have an optically thin free-free spectral index of a ~ -0.1

between these two frequencies.

The spectrum of NGC 4361 [Figure (1-4)] seems to be optically thin
even at low frequencies, indicating that self-absorption is not important.
This is consistent with infrared observations which suggest that NGC 4361

may has only very littel dust.
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1.5 THE ULTRAVIOLET SPECTRAL REGION

Ultraviolet photOmetriq observations of planetary nebulae were
made with the voéz satellite [Holm (1972)]. The TD-1 satellite has
also been used to observe the central stars of planetary nebulae
[ Boksenberg Sﬁxgia (1975): Lutz and Carnochan (1979)]. Intermediate
band measurements of planetary nebulae between 1500 and 3300 & have

been made with ANS [Pottasch et al. (1978a,b)].

The best quality ultraviolet observations of planetary nebulae
and of théir central stars are obtained by the International Ultraviolet
Explorer (IUE) satellite. Observations made with this satellite have
béen reviewed by Nussbaumer (1980), Peimbert (1981), and Flower (1983).
These'obsefvations have since been largely superseded by more recent

measurements with IUE.

1.5.1 The IUE Satellite

A description of the IUE satellite and-its modes of operation is
given by“éoggess et al. (1978). The satellite was launched from the
. John F,-Kennedy Space Center on 26 January 1978 into an eccentrie
gebsYnchrondus orbitjover the Atlantic Ocean. It is operéted for 16 h
each day from the NASA ground station at Coddard Space Flight Center near
Washington, D.C. and for the remaining 8 h from the ESA Villafranca

Satellite Tracking Station located near Madrid.

To achieve adequate resolution, two cameras are required to record
the full spectral range: the short wave prime (SWP) camera covers the
wavelength range 1150 - 1950 & and the long wave redundant (LWR)
camera the wavelength range 1900 - 3200 R. The beam is detected photo-

electrically, with digitalised read-out of the image (768 x 768 pixels)
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in terms of Data Number (DN). Due to the somewhat limited DN range of
the cameras, several spectra in each wavelength rangé, with different
exposure times, are required to obtain unsaturated observations of
strong lines and good observations of weak lines and of the continuum.
Jonger exposures are generally necessary for good observations in
regions of lower detector sensitivity and in the region, around 2200 2,

of heavy interstellar absorption.

1.5.1.1 Apertures

Two apertures are available for use with each of the cameras:
the large aperture is oval with length a and width b; the small
aperture is circular with diameter d. According to Bohlin et al. (1980)
the values of these parameters, in arc sec (or pixels) projected on to
the sky, are :

10.3 (6.8) , b 3.21 (2.1) for SwWp;

]
]

23.0 (15.1) , d

It

a

23.8 (15.6) , d

1}

3.98 (2.6) for IWR.

]

a=10.2 (6.7) , b

1.5.1.2 Resolution

The gbservations can be made in low or high dispersion modes,
the latter being obtained by interposition of an echelle grating in
the light path. The resolving power of the echelle spectrograph is

12000 for SWP and 13000 for LWR. Bohlin et al. (1980) give the

dispersion at the camera detector to be 1.67 & per pixel for SWP,

2.65 & per pixel for IWR. The have-width of the large aperture is
therefore corresponds to A5 R for swp, 9 R for LWR. For a point
source, the resolution is 6 & for SWP images and 8 & for LWR images.
For an extended source filling the large aperture, the resolution at
low dispersion is‘dégradéd to 11 R for swpP and 17 R for LWR. The

degradation is less serious for the small aperture.
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1.5.1.3 Data Extraction and Reduction

The transformation that removes both the camera photometric
non-linearities and the spatial sensitivity variations is called the
Intensity Transfer Function (ITF). The ITF converts the 8 bit camera
response in DN to a linearized 16 bit Flux Number (FN) for each
pixel. The net spectrum can then be obtained'as the difference between
the gross spectrum and the background. It should be noted that the
extraction slit must be chosen in such a way that the»full width of the
speétrum»is included; The spectrum is then calibrated to give the
obServéd.flux in‘units‘of erg cm“z s~1 &1 | standard stars can be
used tO'détermine~the calibration factors. The fluxes of émission

-2

lines in units of erg cm -1

S are derived by numerical integration
over the width'of'thé observed line profile. The degree of uncertainty
in fixing the continuum level provides a measure of the error in the

line flux.

Software.for the interactive extracgion, reduction, and analysis
of the IUE spectra has been written by 8. Adéms, J. Giddings, and

M.A.J. Snijders of University College London.

1.5.2 1IUE Spectral Lines

Most of the lines, listed in Table (1-10), observed in the IUE
spectra Qf‘planetary nebulae are excited by electron collisions; the
intercombination lines such as C III] A1908 are more prominent than
the permitted lines such as C IV Al549 or the forbidden lines such
as [Ne IV] XA2423. The only three dielectronic recombination lines
observed in the spectra df planetary nebulae are the C II A1335,

C IIT A2297, and C III A1176 lines. Recombination lines of ‘He II and
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Bowen fluorescence lines of O III are also cbserved in some high-

excitation nebulae (e.g., NGC 7009, NGC 7662).

To show how interesting the IUE observations are, consider the
spectra of the low-excitation nebula IC 418. In this nebula, much of
the carben is in the form of CT and 2. Reliable measurements of
the strong intercombination lines C II] A2326 and C III] A1908 will
thus lead to the best estimate of the C abundance. The c% / c*2 ratio
in IC 418 obtained from C II] A2326 and C III] A1908 (HLSS; TPPD) was
found to be significantly greater than had been predicted'from model
calculations. HLSS suggested that this is might be due to neglect of
c*2 — ¢t dielectronic recombination via low-lying autoionization states.
Subsequent calculations by Storey (1981) have shown that dielectronic

ct2

recombination : (1) is important for the calculation of ct / and

ct2 / ¢*3 ionization equilibria ( the inclusion of this process in the
ionization models of IC 418 will tend to bring the calculated C.+ / C+-2
ratio in to better agreement with observations); (2) does not give
enhanced A4267 emission (as discussed in section 1.2.1); and (3) leads

to the production of a numbeg of spectral lines, including C II Al335,

C III A2297, and C IIT Al176.

Clavel et al. (1981) have observed the C II A1335 multiplet in
high-dispersion spectra of IC 418. By comparing various flux ratios,
they confirmed that the C II A1335 1lines are excited by dielectronic
recombination. The C II Al1335 1is also observed in other nebulae but

is usually weak due to absorption by interstellar C II.

The C III A2297 has been observed in the spectra of many nebulae

but is weak and, in low-dispersion spectra, is blended with He II A2307.
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The C IIT A1176 is alse observed in the spectra of NGC 7662_[BénVenuti
and Perinotto (1981); Pena and Torres-Peimbert (1981)].

In low-excitation nebuléé, ot and O+2

are the predominant
ionization stages of ©. Good IUE and optical measurements of [0 II]
A2470 and (O III] A5007 line intenhsities give accurate determination

of the 0 abundance in this class of objects; the [O'III] A1663 is generally

weak in the spectra of most planetary nebulae.

The N IIT A1751, N IV] Al485, and N V Al240 lines are clearly
very important for the determination of the N abundance in high-
excitation neébulae; the only strong nitrogéen lines in the visual part

of the spectrum are [N II] AX6548, 6584.

The advent of IUE has also assisted in the abundance determinations
of Ne, Ar, Si,Aand Mg [see Table (1-10) for the relevant lines]. From
an analysis of the optical and IUE spectrum of NGC 7662, HSAL found that
the abundance of .Mg and Si are much less than the solar values. They
Suggestedfﬁhat both Mg and Si are removed from the gas phase by
grain fdrmatibn. Depletion of gas-phase magnesium has also been found

in NGC 6572 [Flower and Penn (1981)].

IUE high-resolution spectra can provide informationvbn the electron
densities in planetaty nebulae; the C III] A1907 / A1909 ratio has

proved useful for this purpose.

1.5.3 Depletion of UV Resonance Lines by Internal Dust

The scattering of photons in the C II A1335 and C IV A1549
resonance lines enhances the probability of their being absorbed by
dust internal to the nebula. A useful review on this subject is given

by Seaton (1983a).
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From an analysis of the relative intensities of the C II M1335
and 4267, Clavel et al. (1981) conclude that the C II A1335 resonance

multiplet is dépleteduby a“factor of about 2 by internal dust in IC 418.

We have already mentioned, in section 1.3.1, the evidence for
depletion of C IV A1549 resonance doublet by internal dust in NGC 7027.
For NGC 7662, HSAL compared their model predictions with the relative
strengths of C III A2297 and C IV A1549 and found that the C IV A1549

resonance doubléet was depleted by a factor of 3 by internal dust.

Ionization models for NGC 6210, NGC 7009, NGC 3242, and IC 2003
have been constructed form optical and IUE spectroscopic data by Koppen
and Wehrse (1983). They found that the C .IV Al549 line was depleted by

a factor of 10 by dust internal to these objects.

1.5.4 P Cygni Line Profiles

The ultraviolet spectra of the central stars of some planetary
nebulae exhibit line profiles consisting of a shortward displaced
absorption éQmponent;énd a longwérd displaced emission component. These
profiles are_ggnepally1Called P Cygni profiles. In Table (1-11), we
list the traﬁsi&ibnéLWhicﬁ have béenlObsérﬁéd with P Cygni profiles in

the spectra of planetary nebulae.

The study of the unsaturated P Cygni line profiles is the best
source of information on the mass-loss rates of the central stars of
planetary nebulae. On the other hand, the terminal velocity in the
stellar wind of the central star is best found from the extreme width

of a saturated P Cygni type line profile (HLSS).

As pointed out by Flower (1983), it is important to couple studies

of the ultraviolet spectra of the central stars with the detailed analysis
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of the nebular spectra in order to understand the origin and'éVolution

of planetary nebulae.

1.5.5 IUE Spectra of SwSt 1

IUE observations of SwSt 1 have been discussed in Paper I. The
images which were obtained using the small (S) and large (L) apertures
are listed in Table (1-12). In the column headed resolution, L refers

to low; H refers to high.

The low-resolution spectra obtained in the short and long
wavelength regions, using the large apertures, are shown in Figures
(1-5) and (1-6). Breaks in the plotted curves correspond to fiducial
marks and known blemiéhes in the IUE cameras. The [O II] A2470 line
was saturated on LWR 8734 but well exposed on LWR 10077. The emission
feature observed at A2325 is a blend of C II] A2326 and [0 III] A2321.
A number of P Cygni line profiles (e.g., C IV Al549, Si IV Ai397) are

exhibited in the spectra and are undoubtedly stellar in origin.

Table (1-13) gives the identifications of the nebular emission
lines and their measured intensities. Error estimates are based on

uncertainties in setting the continuum levels. -

1.5.6 IUE Spectra of IC 2501

IUE observations of IC 2501 are discussed in Paper II. In Tdable
(1-12), we list the four images which were obtained using the large
apertures. In Figures (1-7) and (1-8), we present the low—dispersion
spectra’obtained in the short and 10ng.wav§1ength regions. The Mg II
A2800 transition was saturated on LWR 12566 but well exposed on LWR
12567. fhevc v A1549 feature is of stellar origin. The emission at

22325 is again a blend of C II] A2326 and [0 IIL] A2321.
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In Table (1-14), we report the measured intensities of the nebular
emission lines. The C II Al335 is weak and may be attributable entirely

to noise.

1.5.7 TIUE Spectra of NGC 4361

The size of NGC 4361 (whose diameter is 81 arc sec) is larger
than the size of the large aperture (approximately 10 x 23 arc sec oval)
of the IUE telescope. Ultraviolet spectra may therefore be obtained at
a position centred on a guide star or at offset positions. This procedure
is generally satisfactory for guide stars brighter than B = 13 (HSAL).
‘The blue magnitﬁde of the central star of NGC 4361 is in the range
12.60 £ B £ 13.00 [seé Table (1-6)]. It is thus satisfactory to guide

on the central star.

We have used the IUE satellite to make observations for two regions:
Regibn A, large aperture centred on star;

Region B, large aperture offset 28 arc sec (SE) from star.

The central star should not been observed in Region B, since the
offset distance was much larger than the dimensions of thé aperture.
The direction of the long axis of the large aperture was 15 degtees

E of N. Region B should therefore be well inside the nebula.

In Table (1-12), we summarize the low dispersion observations which
were made; the regions observed are indicatéd. An IUE high dispersioh
short wavelength spectrum of NGC 4361 was taken by Adam and Koppen (1985).
In their observations, the direction of the ldng axis of the large
aperture was 48 degrees E of N. We have included their image (SWP 13521)

in Table (1-12) and we shall make some use of it.



In Ei;ﬁres (1-9) and (I1-10), we present the low-dispersion
spectra of ‘NGC 4361. The spectra are those of one of the highest
eXcitation planetary nebulae. They do notvshow low-excitation features
such as [0 II] and C II] that are exhibited in low-excitation and

intermediate-excitation nebulae.

The measured intensities in C IV 1549, He II Al640, C III) A1908,

. and [Ne IV] A2423 nebular emission lines are given in Table (1-15).
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Tables and Figures



Table (1-1)

Dosignations and coordinates of the planetary nebulae.

Nebula BK Alternate  R.A. Dec.
name ~ names, (1950) (1950)
(a) H M S o " "

Ref.

swst 1 1 -6% HD 167362 18 12 58.7 -30 53 12
He 24377
vV 164
w378
MAWC 288
‘Sa 2-319
Wra 16-397

- IC 2501 281 -59] He 2-33 09 37 19.4 =59 51 34
| YV-53
W' 92
AR 510
Sa 247
Wra 16°54

NGC 4361 294 +43°L Vv 62 12 21 55.0  -18 30 32
wW'o110. |
ARD 26

(b)

(b)

(c)

Referénces : (a) Acker ét.al. (1982);A(b) Purton et al. (1982);

fc) Milne (1973).



Table (1-2)

visual line (ergcm™2 s™l). and continuum (erg cm™2 s™1 A-1)
intensities in SwSt 1. B and V refer to blue and visual magnitude

estimates. Numbers in brackets are powers of 10.

Identification A(R) Transition Observed flux
Hy 4340 2-5 7.30-% 0:31 (-12)
[0 IIT] 4363 202 Ip - 2p% s 6.0 +1.7 (-10)
HE 4861 -4 2.13 + 0.06 (-11)
[0 IIT} | 5967 2p% 3p - Zpé Iy 1.12 *0.01 (-11)
'1[N I1) | 5755. 2p2 1p - 2p2 1s 3.34 + 0,02 (-12)
He I ,15856 2p p - 3 3 2.76 % 0.04 (-12)
qént. ” ﬁ436b v'1;433 (-13)
 3, | 4329 - 9.550;(*14)‘
cont. o 4800 o : 1;271.(—13)
cont. | Asioo” | 'i.134 (—133
% 5464 7.280 (-14)
cont. 5600 9.780 (—14)
cont. 6000 - 8.830 (-14)

cont. 6400 8.030 (-14)




"ﬁéble (1-3)

Visual line (10712 erg cm™2 s71) and continuum (10714 erg cm2 s=1 3-1)

intensities in IC 2501, as measured by TPP arid KM.

Identifiéétion A(ﬁ)  ' ‘ Observed flux
| e N
[0 II] 3726, 3729 10.06
[Ne III) 3869 10.59
N III, HS 4098, 4102 4.68
Hy ' 4340 8.96 8.71 (* 0.20)
(o 1I1] 4363 1.01 0.65 ( 0.31)
He II 4686 0.91:
HR 4861 22.91 21.38 (* 0.49)
[0 I11] 5007 188.36 181.97 ( 4.14)
[N 1] 5755 ~0.36:
He I 5876 4.42 © 4.37 (£ 0.20)
[o 1} 6300 1.49 |
[S III] 6311 0.32;
Ho 6563 92.79 91.20 (* 2.08)
[N II) 6584 . 21.88 - 1820 (% 2.35)
JHe I 6678 1.51
[5 11] 6717,6731 2.02
He T 7065 3.16
[Ar III] 7136 6.10
[0 II] 7320,7330 4.05:
cont. 3246 8.32 (% 0.37)
cont. 3546 9.33 (* 0.42)
cont. 4225 2.51 (£ 0.11)
cont. 5306 2.24 (£ 0.05)
cont. 6865 2.04 (* 0.14)
- cont. 7901 2.24 (+ 0.29)




Table (1=4)

Selected visual line intensities, relative to HB, in NGC 4361 as measured

by different observers.

Ion AR) Observed flux
TPP | Barker Aller et. al.
(1977) (1978) (1979)
(a) (b) (c) (d) (e)
HS 4102 <27.5 <26.9 <26.3 28.4 24.6
Hy = 4340 ' 48.6 46.4 48.6 46.6 43.8
HB 4861 100 100 100 100 100
“Hol 6563 318.8 - 279 <336
He II 4686 130.5  108.5  116.3 109 103
[0 II] 3727,29 7.56 2.94 4.65
[0'111] 4363 8.85 7.03 10.4 9.80 8.20
[0 III] 5007 290.4 196.3 325.8 314 288
[Ne III] 3869 24.2  22.0 23.6 27.7 21.8
(Ne IV] 4725 | 3.0 3.0
Ne V] 3425 204 67 85
[Ar V] 4740 | 6.27  10.64 7.55
[arvl 7006 6.2 5.6
log F(HR) -11.65  -12.54  -13.12
(a) Slit (5.2" x 77.6") 3" S of central star;
(b) 8lit (3.5" x 12.2") 4" S of central star;
(c) Slit (3.5" x 12.2") 25" S of central star;
(d) sS1it (200" x 8") 10" N of central star;
(e) The intensities are essentially an average over

the brighter region of the nebula.



Table (1-=5)

Visual line intensities in NGC 4361 , measured through circular

entrance apertures [Martin (1984)].

Diémgter of
aperture

Observed flux (10712 erg-em™

2 S?‘l)

HR . A4861

He II X4686

[0 III] A5007

10"
" .

80"

0.6 (* 0.3):

3.2 (£ 0.4)

11.0 ¢+ 1.0)

25.7 (£ 2.3):

1.0 (+ 0.5):

4.4 (£ 0.2)

14.1 (% 0.6)

28.8 (+ 1.3):

1.9° (* 0.3)¢
8.1 (t 0.5)
30.9 (+ 1.4)

77.6 (% 3.5):




Table (1-=6)

Photoelectric U, B, and V magnitudes of the central stars.

Nebula U B v Reference

swst "1 — - 11.00  Aller (1976)
- - 11.80 Carlson & Henize (1979)
- 12.1 11.90 Acker et al. (1982)
Ic 2501 -- - 10.00 Campbell & Moore (1918)
NGC 4361 1130 12.60 12.90 Liller & Shao (1968)
-~ . 12.93:0.07 13.60:3  Kaler (1976b)
11.66 ©  13.00 13.40 Drummond (1980)

11.43 12.74 13.04 Shao & Liller (1982)
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Recombination and forbidden lines observed in the infrared spectra

of planetary nebulae [See‘FloWefw¢1983)¢'Dinersteinb(}gséf],

Identification A(um) Transition

H 2.17 7 - 4

H 3.74 8 - 5

H 4.05 5 - 4
[Mg IV] 4.49 P3/2 - P12
(Mg V] 5.61 , - 3
[Ni II] 6.62 %0y /5 - %P3y
[Ar II] 6.98 2P1/2 - 2P3/2
[Ar III] 8.99 3P1 - 3P2
(S IV] 10.52 P32 = ‘P12
[Cl 1V] 11.76 3, - 3p,

' {I\ié'II] l.2.81 P1/2 - P3/2
[s II1] 18.71 3, - 3
[Ne V] 24.28 3, - 3p,
[0 1V] 25.87 P30 = P12
(0 II1I] 51.81 3P2 - 3P1

88. 36 3, - 3p,
(N IIT] 57.33 P30 - 3P1/2
[0 1] 63.17 - 3p,




Table (1-8)

Infrared line intensities (1071l erg em™® s71) in swst 1 and IC 2501.

Nebula Beam [Ar III] [Ne II] [S 1V] Referance
(arcsec) 8.99um 12.81um 10.52um
Swst 1 3.5 1.58 * 0.42 5.50 + 0.27 Aitken & Roche (1982,
3.4 0.44 * 0.12 7.00 * 0.30 0.23 * 0.15 - Aitken et al. (1979)
IC 2501 5.3 1.15 £ 0.12 Aitken & Roche (1982)

6.0 1.30 £ 0.20 1.80 = 0.30 3.60 + 0.60 Beak et al. (1981)




Table {1-9)

Radio fluxes from the planetary nebulae SwStl, IC 2501, and NGC 4361.

.f.

Frequency Flux density (mJy) Telescope Ref.
Swst 1 IC 2501 NGC 4361

408 MHz <70 <100 190 Molonglo (1)
2.7 GHz - 310£25 17060 Parkes (2,3)
2.7 63£1 -—= - NARO-3 element (4)
4,885 1303 —_— —— NARO-VLA (5)
5.0 148 261 207 Parkes (6,7)
8.1 20213 -— -— NARO-3 element (4)
8.9 e 180420 — Parkes (2)
10.6 ' 171+20 —— - ARO (2)
14.7 240 236 206 Parkes (8)
15.035 20711 —-— . — NARO-VLA (5)
22 128493 - ——- ARO (2)

t Jy = 10720 wm2 gz~L = 10723 erg em? g1zl

References: (1) Calabretta (1982); (2) Purton et al. (1982);
(3) Aller & Milne (1972); (4) Marsh, Purton, & Feldman (1976);
(5) Kwok, Purton, & Keenan (1981); (6) Milne (1979);

(7) Milne & Aller (1975); (8) Milne & Aller (1982).



Table (1-10)

Emission lines obgserved in IUE spectra of planetary nebulae.

Ion A(R) Transition

C II] 2326 252 2p 2p° 2s 2p% ‘“p
CII 1335 252 2p 2p° 2s 0% %
C III] 1908 282 g 2s 2p 3p°
C III 2297 2s 2p 1p° 2p2 1p

C III 1176 2s 2p °p° 2p2 3
C1v 1549 2s % - 2p %°

[0 II] 2470 2p3 40 2p3 2p°
[0 IIT] 1663 252 2p2 3p - 26 2p3 5S¢0
0 1V] 1402 252 2p 2p° 2s 2p2 ‘p
N III] 1751 252 2p 2p° 2s 2p% 4p
N IV] 1485 252 1s 2s 2p SB°
NV 1240 2s s 2p 2p°
[Ne IV] 2423 2p3 4s° 2p3  2pO
Mg II 2800 33 2s 3p 2p°

Si I1I] 1883 252 1g 2s 2p Sp°
si IV 1397 33 %s 3p 2p°
[Ar IV] 2855 3p3 450 - 3p3 2p°




Table (1-11)
P Cygni line profiles observed in the IUE spectra of the central
stars of some planetary nebulae [see Castor et al. (1981); Clavel

et al. (1981)].

[}

Ion SL S'L! J J? A{A)
NV 2s 23 2p 2p° 1/2 1/2 1242.80
1/2 3/2 1238.82
C II 2s22p 4p° 2s2p? %p 1/2 3/2 1334.53
3/2 3/2 1335.66
3/2 5/2 1335.71
oIV 252p? 2p 2p3 2p° 1/2 3/2 1338.60
3/2 3/2 1342.98
3/2 5/2 1343.51
oV 252p 1p° 2p? 1p 1 2 1371.29
. 2 20
Si IV 3s % 3p 2p 1/2 1/2 1402.73
1/2 3/2 1393.73
cIv 25 %s 2p 2p° 1/2 1/2 1550.77
1/2 3/2 1548.20
He II n=2 n=3 1640.50

N IV 2s2p 1p° 2p% 1p 1 2 1718.55




Table (1-12)

IUE observations of SwSt 1 , IC 2501, and NGC 4361.

Nebula Date Image Aperture Exposure Resolution

name time
(min)

SWST 1 1980 September 6  SWP 10035 L 20 L

SWP 10034 L 10 L

SWP 10034 S 10 L

LWR 8734 L 20 L

LWR 8734 S 20 L

1981 March 6 LWR 10077 L 7 L

1982 May 30 SWP 17068 L 130 H

IC 2501 1982 February 12 SW? 16320 L 15 L

| SWP 16319 L 25 L

LWR 12567 L 27 L

LWR 12566 L 55 L

NGC 4361 1980 January 26 SWP 7779 (A) L 5 L

SWP 7780 (B) L 25 L

LWR 6779 (A) L 11 L

LWR 6780 (B) L 55 L

1981 March 17 SWP 13521(A) L 180 H




Table (1-13)

Ultraviolet line identifications and observed absolute intensities in SwSt 1. Error
estimates are based on uncertainties in setting the continuum levels.
Ion x(R) Observed flux (10713 erg em™2 s~1)
SWP 10035 SWP 10034 LWR 8734 LWR 10077 Adopted
{20 min) (10 min) (20 min) (7 min)
0 IIT] 1663 2.2%1.4 2.6%1.8 2.4%1.8
C III] 1908 34.0%4.0 30.0+4.0 32.0%4.0
[0 1III] 2321
41.0+3.0 39.0+£3.0 40.0£3.0
C II] 2326
[0 II] 2470 saturated 46.024.0 46.0%4.0




Table (1-14)

Ultraviolet line identifications and observed absolute intensities in IC 2501. Error
estimates are based on uncertainties in setting the continuum levels.
Ion X(R) Observed flux (1013 erg em=2 s-1)
SWP 16319 - SWP 16320 LWR 12566 LWR 12567 Adopted
(25 min) (15 min) (55 ‘min) (27 min)
CII 1335 2.6%2.0 2.2£1.6 2.4%1.8
N III) 1751 3.7%1.6 3.3%1.6 3.5%1.6
C IIT] 1908 71.0%2.0 68.0%2.0 64.0%6.0 62.0%6.0 69.5+2.0
[0 17I] 2321 |
21.0+#1.0 19.0#1.0 20.0£1.0
C II] 2326
[0 II] 2470 7.7t1.0 7.3%¥1.0 7.5%1.0
Mg II 2800 saturated 12.0£1.0 12.0£1.0




Table (1-15)
Ultraviolet line identifiéatipns and observed absolute intensities in NGC 4361. Error

estimates are based on uncertainties in setting the continuum levels.

Ion A(R) Observed flux (10712 erg em=2 s~1)
Region (A) Region (B)
SWP 7779 SWP 13521  LWR 6779 SWP 7780 LWR 6780
(5 min) (180 min) (11 min) - (25 min) (55 min)
He II 1640 6.0%1.0 7.7x1.8 3.4%0.2
C III] 1908 >1.1 2.2%0.4 2.0:0.6 - >l.4 1.8+0.4
CIv 1549 20.0£2.0 15.6+3.0 8.5%0.4

[Ne 1V] 2423 3.1%0.3 1.320.2
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Figure (1-1):  The near-to-middle infrared spectrum of NGC 7027, showing : the unidentified
features at 3.27, 3.4, 6.2, 7.7, 8.6, and 11.3.um; the strong continuous
infrared spectrum; and both forbidden and permitted nebular lines. The figure

has been taken from Russel, Soifer, and Willner (1977).
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Figure (1-2): The 8 - 13 um spectra of SwSt 1 and 1IC 2501. The solid lines are best fits
to the continua (see text). Arrows- indicate the positions of [Ar III] 9.0 um,
(s 1V] 10;52‘ym; and [Ne II] 12.81 pm. Note the silicate feature (centred at
9.7 um) in the spectrum of SwSt l,~énd-SiC feature (peakihg at 11.2 pgm) in the
spectrum of IC 2501. ‘All figures7have been taken from Aitken and Roche (1982).
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Figure (1-3): The 4.885 GHz map of SwSt 1 obtained
with the VLA. The figure has been taken

from Xwok, Purton, and Keenan (1981).
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Figure (1-4): Radio spectra of SwSt 1, 1IC 2501, and NGC 43e6l.
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telescopes. See Table (1-¢).
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Fiqgure (1-5): IUE low-dispersion (SWP) spectra of SwSt 1. The observed flux is in units

of 10713 erg em 2 571 §-1 (a value of 5 1is added to the upper curve).
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of 10713 er:g-_cm"z's'l i1 (a value of 10 is added to the upper curve).
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Figure (1-8):  1yE low-dispersion (LWR) spectra of IC 2501. The observed flux is in units

of 10713 erg em™? 571 R71 (a value of 5 is added to the upper curve).
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Figure (1-10): IUE low-dispersion (LWR) spectra of NGC 4361. The observed flux is in units

of 10713 erqg em 2 571 21 (the lower curve is multiplied by 3).
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CHAPTER (2)
PHYSICAL PROCESSES AND RELATED ATOMIC DATA
2.1 PHOTOIONIZATION

Photoionization of atoms or ions by absorption of the stellar

ultraviolet radiation is the primary physical process in planetary nebulae.

let N(x'™) be the number of ions per unit volume of element X in the meh

stage of ionization. The number of photoionization from an initial level i,
XM+ — xHm+l) o) (2.1)

per unit volume per unit time is

(s0]
473,

oy = N(xIm) [ a(v, XIm) av ., (2.2)

Vi

hv

where a is the photoionization cross-section, Vv; the threshold frequency,
and the mean photon intensity of the local radiation field J,, is less

than Planck function,

2 h v3

By(T,) [ exp (hvkry) -1 ] 7L, (2.3)

o2

by a factor of order'lO"l3 (this being the geometrical dilution fac;or).

In equation (2.3); h is the Planck constant, K:the Boltzmann constant,

¢ the velocity of light, and T the electron temperature.
The major difficulty in the determination of the photoionization
cross—section lies in the calculation of the matrix element lMiflz ’

resulting in the expression [Burgess and Seaton (1960a)]

2
4moay, (Ij+ k%)

a(v,xf™) = |my ¢ 12, (2.4)

3 wy
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where o 1is the fine structure constant, a 1

o the Bohr radius, and w
statistical weight of level i. Both the energy of the photon in excess of
the ionization threshold k2 and the ionization threshold enerqgy I; are

expressed in Rydberg unit (13.60 ev or 109737 cm"l), and lMiflz is in

atomic units.

2.1.1 Hydrogen Like

Exact analytic expressions for the matrix elements necessary for
the calculation of the photoidnization cross-section for atomic hydrogen
and for hydrogen-like ions have been given by Gordon (1929). These
expressions are complicated and difficult to evaluate directly for some

ranges of parameters due to cancellation.

The quantum-mechanical treatment for hydrogen-like systems has
been carried out by Gaunt {1930) and more completely by Menzel and Pekeris
(1935). For many practical purposes, it is sufficiently accurate to
calculate the photoionization cross-sections using the asymptotic expansion
of the Kramers-Gaunt g—-factor, as derived by Menzel and Pekeris (1935)

and corrected by Burgess (1958) [see for example Seaton (1959)].

Burgess (1964a) introduced a method involving simple recurrence
relations satisfied by the exact matrix elements which enable them to be
calculated rapidly and to high accuracy. With this method, he calculated
the photoionization cross-sections for all levels nf, where n and £ are
the principal and orbital angular momentum quantum numbers, with n £ 20
and for a wide range of energies of the ejected electron. Thus, photo-
ionization cross—-sections for hydrogenic ions are, in principle, known

exactly.
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2.1.2 Complex Ions

Application of equation (2.4) to non-hydrogenic atomic systems
requires the use of approximate wave functions for the initial and final
states. The most frequently used approximations are the Central Potential
approximation [Reilman and Manson (1979)] and Quantum Defect theory
[Burgess and Seaton (1960a); Peach (1967); Seaton (1983b)], the latter
has been extensively applied in astrophysics [Flower (1968); Hidalgo
(1968)]. Calculations based on methods like these give a very good
pic;ure about the general behavior of the cross-section over a broad
energy range. To obtain the complicated resonance structure and features
of the cross=section, methods such as the Close-Coupling approximation
[Eissner and Seaton (1972); Mendoza (1983)] and Many Body Perturbation

theoty [Kelly (1964)] should be used. Figure (2-1) shows the theoretical

3 ion [Mendoza

photoionization cross-section of the ground state of the Nt
(1983)]. It can be seen that the resonance structure is well determined
by the Close-Coupling approximation. The background of the cross-section

is also obtained satisfactorily by the Quantum Defect theory.

References to the calculated photoionization cross-sections for ions
of interest in planetary nebulae studies and to the type of approximation
used in each case are given in Table 10 of Mendoza (1983). Aller (1984)
gives two interpolétion formulae based on the calculations by Henry (1970)
and Chapman and Henry (1971, 1972). He also gives the parameters which
are necessary for calculating the the photoionization cross-sections for
the ground terms of iens of C, N, O, Ne, Si, S, and Ar. Fits for the
photoionization cross~sections of N+2, N+3, O+4, Al+, Si+2, and S+4 ions

are given by Butler, Mendoza, and Zeippen (1985).
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For most ions of astrophysical interest, photoionization cross-
section calculations which incorporate resonance effects have been made
only for the ground and some low-lying metastable states. There remains

a lot of work to be done in order to extend this type of calculation.

2.2 RECOMBINATION PROCESSES

In a nebular gas of electron density Ne (cm'3), and temperature

Te (K), the total number of captures,

Hm+l) L o s oyt (2

per unit volume per unit time is

dppe = No N[xTML)] o(r,, xM). (2.

where the total recombination coefficient ot(cm3 s—l) is given by

Ty, XM = aR(Te, ™+ oP(r,, xtM. (2.

R

o D

and o being respectively the total radiative and dielectronic

recombination coefficients.

When an electron is captured in a highly excited level 3j, it may

cascade to a lower level i,

J J1

with the emission of a recombination line. The prominent H and He
lines are produced in this manner, as are the permitted_lines of C, N,

0, and Ne, which are much weaker because of the lower abundances of these

elements in planetary nebulae. The number of photons emitted in the

j = 1 transition is

XM — ™ o+ ohvy; (2.

.5)

6)

7)

8)

Nii = N n[x*(m+l) ] a§§§i(Te, xtm), (2.9)

where a§§§i is called the effective recombination coefficient.
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2.2.1 Radiative Recombination Coefficients

Consider the radiative recombination on level i of an ion X+m,

X+(m+l)

<4
T

™+ hv. (2.10)

+ e > X

The cross-section for radiative capture, o(v, xfm)

i )s can be found from

the standard relation of Milne, involving the equilibrium condition for

processes (2.1) and (2.10). The relation can be written as

wi hv hv
o(v, xI™ = - atv, xiM. (2.11)
We W, M c2 1/2mvw

where v and m are respectively the free electron velocity and mass,
w, the statistical weight of the recombining ion, and the statistical

weight of the free electron w., is 2. The rate coefficient for radiative

e

)

i over the Maxwellian

recombination is obtained by integrating o(v, X
distribution of v :

Rirg, xI™ = (1/c%) (/M2 [mk 1,172 (w;/w,) exp[1;/(kTy)] x

« 7 @2 ae, XM expl-hv/(kTe)] ) . (2.12)

I

where I, 1is the threshold ionization energy of level i of the x*™ jon.

Because of the low density of the nebular gas and diluteness of the
radiation field, it may be assumed that photoionization océurs only from
the ground state, whereas recombinations may occur on all states [see for
example Zanstra (1926)]. The total radiative recombination coefficient:

is therefore given by

oR(Tg, XM = 1 (1, ™). (2.13)
o

where n_. is the principal quantum number of the ground state of the x™ jon.

(¢}



Hydrogenic radiative recombination coefficients can, in practice,
be calculated to any required precision [Seaton (1959); Burgess (1964a)].
A FORTRAN programme which computes them is also available through Computer
Physics Communications [Flower and Seaton (1969%a)]. For recombination

to excited states with i > n. of complex ions, the coefficients can be

o
calculated assuming the hydrogenic approximation, since these states with
increasing i approach hydrogenic ones and give the principal contribution
to the sum in equation (2.13). For recombination to the ground state

(i = no), the coefficient must be calculated from the corresponding

photoionization cross-section.

Burdess and Seaton (1960b) have evaluated the recombination

coefficients for

He' + e —> He(n 25*lL) + hv, (2.14)
using hydrogenic data for L 2 2 and allowing for the non-hydrogenic

character of the He nS and nP states.

Tarter (1971, 1973), Aldrovandi and Pequignot (1973, 1974}, and
Gould (1978) have given expressions for calculating radiative recombination
coefficients of complex ions. In all cases, a hydrogenic formulation is
used, but the results of Gould are corrécted for non-hydrogenic effeéts.

In Table (2-1), we summarize these results.

The effect of resonances in the photoionization cross-sections,
which have been used to evaluate the recombination coefficients, have not
been considered in all of the above'compilations. In He and Li-like
ions, the formation of resonance states involves the excitation of an
electron from the 1S shell and free electron energies which are not
available at nebular temperatures. Resonance effects can therefore be
néglected for these ions [Storey (1983)]. For other ions of astrophysical

interest, a great deal of work remains to be done.
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2.2.2 Dielectronic recombination coefficients

+(m+1)

Consider an ion X which collides with an electron whose

energy is E. Suppose that this total energy E corresponds to the ion
x™  in which two electrons in the outer shell are excited simultaneously

(the electron excited to the higher level is held in a state above the

first ionization potential). Then we may have the reaction
xHml) e s xim (2.15)

where a stands for an autoionizing state. We refer to this process as
dielectronic capture, and to its inverse as autoionization. In thermo-
dynamic equilibrium (TE), the principle of detailed balance applies and the

number of dielectronic captures will equal the number of autoionizations:
N Npglx ™D oz, k™ = Npp(xi™  r{A) (2.16)

where FéA) is the autoionization transition probability (s"l), of is
the capture coefficient, and Npp are the thermodynamic populations given

by Saha equation:

w h2 3/2 -E
NTE(X;m) = exp[

a a +(m+1 |
2 } Ne Npelxt (™D ] (2.17)

2 w+(m+l) 2 1mTmkK Te K Te

where Ey is the energy of the autoionizing state relative to the ground

state of X+(m+l) . Under nebular conditions, ions escape from x;m not

only by autoionization transitions but also by radiative decays,

M —— x™M 4+ hv., (2.18)

In the non TE conditions which prevail in nebulée, the radiative decay of

XM with total probability FéR) (s'l) must also be included, so that

= A R
N N[xt™D T oz, ™) = nxi™ [rd) + r{R)] . (2.19)
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By combining equations (2.16) and (2.19), we obtain

NG Npg (X5™) o
+(m+1) ) Ty Cal) (2.20)
N, N[x ] Ng NpplX ]

The factor b(xgm) is a measure of the departure of the population of Xgm

from its TE value, given by

A
r{a)

b(x("y = -~ (2.21)
a réA) + 1{R)

The recombination rate will equal the rate of recombined ions strickling

down to a common bound state b in stabilizing transitions, i.e.,

o XM = nt™ riR) (2.22)

From (2.17), (2.20), and (2.22), we obtain

a a

— J b(xi™ r{R) . (2.23)

D +my _

w h2 3/2 -
exp[ :

2 Wi (m+1) 2T mkK Te K Tg

for the dielectronic recombination coefficient. The total coefficient

can be obtained from

oP(r,, XM = l oP(r,, xiM . (2.24)
a

where n, 1is the effective quantum number of the autoionizing state.

2.2.2.1 High Temperatures

A general formula which enables dielectronic recombination
coefficients to be calculated is given by Burgess (1964b). The main
assumptions of Burgess are :

(1) the mean thermal energies 3/2 (K T,) of the free electrons are
comparable with Ep , where Ep is the excitation energy of the first

resonance transition of the recombining ion;
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(2) dielectronic recombination proceeds via large numbers of doubly excited
autoionizing states with a high principal quantum number of the captured
electron; and

(3) core relaxation is the principal mechanism of radiative stabilization.

In a following paper, Burgess (1965) introduced a fit to the dielectronic

recombination coefficient, intended for use at high temperatures (KTg> ER)°

The general formula shows that the coefficient of dielectronic recombination

greatly exceeds that of direct radiative recombination.

At the lower temperatures (le4K) more typical of planetary nebulae,

the Burgess general formula, employed for example by Aldrovandi and
Pequignot (1973), gives the dielectronic contribution to the recombination

coefficient to be negligible [see Figure (2-2)].

2.2.2.2 Low Temperatures

Recent calculations by Beigman and Chichkov (1980) and Storey (1981)
have shown that dielectronic recombination is also important at nebular
temperatures. The use of the general formula is incorrect at thesé
temperatures because of the following. In most ions, terms of the same
~parity as the ground term lie between the grodnd”and the first excited
state of opposite parity. Series of autoidnizing states con§erge on these
terms and become accessible at nebular temperatures. These terms were not
included in the general formula. In addition, some ions have low-lying
metastable states. The corresponding autoionizing states. have not been
considered in the dielectronic process deséribed by Burgess. Furthermore,
for low-lying autoionizing states, radiative stabilization through

transitions of the captured electron must be taken into account.
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It is shown by Seaton and Storey (1976) that, in atomic units,
FéA) =C/ ng where C is of order unity. As a function of increasing
orbital angular momentum quantum numper £, C generally at first increases,
then decreases rapidly. Thus FéA) tends to zero for f,n, large. Since

FéA) is independent of a, the sum in equation (2.24) converges since

b(X;m) —> 0 as PéA) —> 0 for %,n; large. In practice at high
temperatures, states with ng = 100 and 2 £ 10 are important. For

the outer electron decay we have, in atomic units, FéR) = R o3 Z4 / ng

where o 1is the fine structure constant, R is of order unity, and Z is
the recombining ion charge. Hence, if z,IL,na are small, FéA) >> FéR)
so that b(x!M) = 1. It follows from equation (2.23) that to obtain o
at low temperatures where only low-lying resonances are accessible, only
knowledge of Fég) is necessary.

Low temperature -dielectronic recombination coefficients which take
account of the above effects have been given by Nussbaumer and Storey
(1983a) for ions of C, N, and O. In Table (2-2), we summarize these
results. From Tables (Zfl) and (2-2), we see that the coefficients for
dieieétronic récombinatibn of most ions exceed the corresponding radiative

recombination coefficients over a wide range of nebular temperatures.

It is recommehded by Nussbaumer and Storey (1983a) that the total

recombination coéfficient be calculated from
AT, XM = of(1,, x™ + oP(r,, x™ + oB(1,, x™ (2.25)

rather than from equation (2.7); oB is the high temperature dielectronic

recombination coefficient as derived from the general formula of Burgess.
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2,2.2.3 Recent Work

The most recent and more rigorous theory of the dielectronic
recombination process has been developed by Bell and Seaton (1985). Their
derived formulae differ from those which have been derived earlier using
intuitive arguments, but the differences are not such as to give important
differences in the calculated values of the dielectronic recombination

rates for astronomical plasma conditions (cf. their figure 2).

The theory of Bell and Seaton has resolved one of the most
interesting problems which have been encountered in earlier work. We refer
to the work by Seaton and Storey (1976), who found difficulties in attempts
to use the theory of Davies and Seaton (1969) for the case of Rydberg
éeries of'resgnances° Seaton (1983b) thought that the method used by
Davies and Seaton to solve the time-dependent equations for interactions
with the radiation field was in error. It is shown by Bell and Seaton that:
(a) the method used by Davies and Seaton is correct}and it gives results
in agreement with those obtained using the method described by Bell
(1979);

(b) the point concerning the validity of an interchange of limiting

~ processes in sblving the time—dependént equations, which was questioned

bj Seaton, can be jdétified rigorously using methods described by
Titchmarsh (1948): and

(c) the treatment of Seaton and Storey was unsatisfactory in that they
attempted to consider separately the resonances belonging to definite
values of the principal quantum number while, in order to obtain
correct results for any one energy in the case of Rydberg series of
resonances, it is necessary to evaluate summations for the complete

series of autoionization resonances.



2.2.3 Effective Recombination Coefficients

Extensive calculations of the effective recombination coefficients
for Cases A and B (nebulae optically thin in all spectrum lines or
optically thick for transitions to the ground state) of Baker and Menzel
(1938) have been made by Pengelly (1963, 1964) for an infipite number of
levels, assuming no collisional redistribution of angular momentum or of

energy. These calculations are valid in the limit of zero density.

The most complete calculations, which allow fully for such
‘collisional processes, of recombination coefficients for hydrogen and
helium are those of Brocklehurst (1970, 1971, 1972). The first of these
three papers deals with highly excited states (n 2 40) of hydrogen, making

the assumption that collisional processes of the type

H(n, £) + HY —— H(n, 2¢1) + H' (2.26)

are much faster than radiative processes. Pengelly and Seaton (1964)
have discussed the validity of this assumption, which results in the
individual n,{ states being populated according to their statistical

weights w o = 2(28+1),

Ny g = Ny (2041) / n? . (2.27)

n,
In the second paper, the low states (n £ 40) of hydrogen and singly
ionized helium are treated, and the populations of £ states are
calculated explicitly. The recombination coefficients for neutral

helium are calculated in the last paper.

Table (2-3) gives the effective radiative recombination
coefficients for the most important lines of H and He, which have been
observed in the spectra of planetary nebulae. Data are from Brock lehurst

(1971, 1972) and for the case Ng = 10% cm™3. The dependence of the
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coefficients on Ny is shown explicitly by Brocklehurst®s calculations.

The values given in Table (2-3) for He I are for Case A. All other

values are for Case B.

Effective diclectronic recombination coefficients for ions of
C, N, and O have been calculated by Storey (1981), assuming that
r{®) 5> r{R) | His results for C III A1176 and C II A1335 lines
are given in Table (2-4). Nussbaumer and Storey (1983b) have calculated
the coefficients for C III A2297 transifion, using improved bound-bound
radiative data. Their results, given in Table (2-4), are approximately

25% lower than the results of Storey (1981).

2.3 CHARGE TRANSFER

Ionization of a planetary nebula depends not only on the
photoionization, but also on the phenomenon of charge exchange. The

most important -charge exchange reactions are

xHmHL) g0 > M 4 gt 4 pg, (2.28)

and

xtm+l) o O == x4 et 4+ AR, (2.29)

where AE 1is the energy defect. In most cases, the ion M s
produced in an excited state. As a result, the inverse reaction of
charge transfer is not u;ually of importance since the excited state
decéys rapidly by spontaneous radiative emission. However, if charge
transfer can proceed via the ground state of the xim ion, then the
inverse process can also take place. The effect of this process on
the ionization equilibrium of Si is discussed by Baliunas and Butler

(1980).
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In general, charge transfer reaction may proceed more rapidly than
radiative and dielectronic recombination as a mechanism for reducing the
state of ionization and more rapidlyAthan electron impact ionization and

photoionization as a mechanism for increasing the state of ionization.

if B denotes the coefficient of the charge transfer process
xHmHL) 4 yO 5 x4 vt yhile B' the coefficient of the inverse process

xHml) |yt 5 x4 yO then the corresponding rates (cmS s1)  are

0

or = N(°) n[xt(WL] g, (2.30)

and

‘N(‘Y+) N(xt™) g, (2.31)

®Cr
where Y stands for H or He.

In the analysis of Pequignot et al. (1978) of the the planetary
nebula NGC 7027, the rate coefficients for charge transfer reactions were
regarded as empirical parameters to be determined by the observations of
the emission spectrum. This analysis led them to conclude that charge
transfer reactions with neutral hydrogen and helium are important for
certain doubly and more highly-charged ions. Pequignot (1980a) assumed
reasonable empiriCal ésﬁimatés of the charge e#cﬁénge reaction rates and
obtained excellent agréement between the calculated and observed fluxes
produced by ions of C, N, O, Ne , and S. On thé basis of models of
of NGC 7662 [Pequignot (1980b)] and NGC 6720 [Ulrich and Pequignot (1980)1],

these conclusions were confirmed.

Recent developments in the calculations of the adiabatic potential
energy surfaces and the coupling matrix elements [Butler (1979)] and
in the solution of the coupled equations describing the scattering

[Heil and Dalgrano (1979)] have allowed quantal calculations of charge
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transfer rate coefficients at nebUlar temperatures. In Table (2-5), we
compile the most recent results of calculations of chargé‘transfer rate
coefficients. For strong reactions, the calculated rate coefficients

are in substantial agreement with the predicted ones. For weaker reactions,

the problem is more confused. For example, Pequignot et al. (1978) have

predicted a rate coefficient of 8 x 10710 om3 571 for the reaction

ot?2 + H° — ot + H'. (2.32)
Quantum mechanical calculations by Butler et al. (1980) yield a rate
coefficient of about the same as the predicted value. On the other hand,
the reaction

Net?2 + HO —> Net + mt (2.33)

0-10 op3 s71

was predicted to be fast, with a rate coefficient of 3 x 1
(Pequignot et al.). Quantal calculations (Butler et al.) show that this

reaction must be slow. Butler et al. concluded that radiative charge

transfer,

+

Net2 + H© — Net + HY + nv, (2.34)

_wiil_proceedzmore rapidly, with a rate coefficient between 10715 ang
10714 3 7L, .
The best known of charge transfer reactions is that between ground
level of o' and HO , |
ot (1s3,5) + B (%s5) = ° (p) + i (2.35)

The importance of this process in the planetary nebula IC 418 was first
demonstrated by Williams (1973). The interaction here is almost resonant
(AE <K< KTe) and is sufficiently,rapid for detailed balance to be

established. Under these conditions, the reaction rate coefficients
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[8=1,04x10"2 em3 s71, 8'=0.91x1072 cm3 s7! ; Field and Steigman (1971)]
are in the ratios of statistical weights, i.e.,

[w(0®) w(r")] / (w(oh) w(E®)] = w3p) / [w(is) w(?s)] = 9/8. So that

N(0°) 9 N

v (2.36)

N(o) 8 N

and the ionization of 0° is bound to that of H®. Chambaud et al. (1980)
have performed quantum mechanical calculations of the rate coefficients
for 10 £ T, ¢ 1000 K. Their results differ from those calculated by
Field and Steigman (1971), using the orbiting approximation, by less
than 40% at Te = 1000 K. 1In planetary nebulae, where T, = 10000 K, the

exact value of the rate coefficient is unimportant.

In planetary nebulae of moderate-to-high excitation, ions may be
found in zones where there is an appreciable concentration of H®, so the
production of ot ions by charge exchange can become significant. It is
thus important to consider charge exchange when calculating the ionization
equilibria and structural models of planetary nebulae. Perinotto (1977)
concluded that inclusion in the model nebulae of charge transfer reactions

will help to recontilé the computed line inténsities with the observed ones.

2.4 ELECTRON COLLISIONAL EXCITATION

Electron collisional excitation is responsible for the production
of the strong forbidden and intercombination lines observed in the spectra
of planetary nebulae. This process is also responsible for the excitation

of some of the permitted lines in the ultraviolet (e.g., C IV AA1548, 1551).

Consider the electron collisional excitation of an ion X" from

a lower level 1 to an upper level 7j. The direct process is
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x‘{"‘ + e > x’jfm + e . (2.37)

It is also important to consider processes of the type

KM o+ e — g Xgm + e. (2.38)

in which an autoionizing state, a , is excited during the collision.

Hebb and Menzel (1940) noted that the cross-section, Q,(i->J),

for collisional excitation varied almost as v{z

¢, Where v, is the
velocity of the incident electron. Hence, they introduced the parameter
(i,3), which Seaton (1955a,b) subsequently suggested should be termed

the collision strength. It is defined by the expression

T (i, ) .
o (img) = 27 (2.39)

2

where Kj =m v; / h . Since K% has the dimensions of a reciprocal

length, Q(i,j) is dimensionless. From the principle of detailed balance

it follows that 2 is symmetrical in lower and upper states, Q(i,3)=R(3j,1).

In the calculation of the collision rate, the collision strength
must be determined. For the low temperatures found in planetary nebulae,
the collisioﬁ“strength,must‘be“calgulated at low energies where it is
dominated by threshold effects such as resonances. To reproduce these
effects, full quantum mechanincal calculations are necessary. Calculations
of collision strengths haQe been carried out by a variety of theorétical
techniques. Czyzak (1968) gives a discussioh of the "Exact Resonance
ﬁethod" [Seaton (1953)] and the. "Distorted Wave mgthodf.[Séaton (1955a,b)].
The most recent "Close Coupling approximation"” mentioned in section (2.1.2)
has also been employed. In this approximation, the coupled integro-
diffrential equations are solved numéricélly‘by methods such as the linear

algebraic [Seaton (1974)], the R-matrix [Burke et al. (1971)], and the
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non-iterative integral equation [Smith and Henry (1973)] methods. For
a review of most of these methods and éescription of the major computer
programme packages that are available and widely used in this field,

see Burke and Eissner (1983).

In Figure (2-3), we present the results of the calculations of

480 2

the collision strength for the P° transition of S [Mendoza

(1983)]. Given the complexity of the calculations, the results obtained

by different methods are in good agreement.

In the more rigorous theory of Bell and Seaton (1985), expressions
have been derived for detailed resonance profiles allowing for radiative
decays (dielectronic recombination) as well as for collision strengths
averaged over resonances. Pradhan and Seaton (1985) have used these

expressions to . calculate collision strengths for the 1 lS - 2 lS

+6 1

transitions in 0" ion at energies below the 2 P threshold. They
found that there are no large differences between their results and the
results obtained by Pradhan (198l1) using an intuitive argument. This
conclusion is analogous to that encountered in our discussion of the

dielectronic recombination rates (section 2.2.2.3).

Pradhan and Seaton have also shown that allowance for radiative
decays leads to modifications of autoionizing resonance profiles and
substantial reduction in collision strengths averaged over resonances.

The effects of radiative decays on collision strengths for collisional
excitation of positive ions, particularly the mdre highly ionized systems,

were first discussed by Presnyakov and Urnov (1974) and by Pradhan (1981).

In astrophysical applications, one generally requires the number

of collisional excitation (Cﬂ_l_3 s-l)
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\y.- = N

i3 o NXI™  q(i->]) , (2.40)

3 l)‘

where q(i->j) 1is the collisional excitation rate coefficient (cm” s~

Put E; =m v% / 2 and Ej =m v% / 2 , where vj is the veiocity of

the scattered electron. The rate coefficient for de-excitation is

o 8.63 x 107° T(5,i)
q(j—=>i) = Y (2.41)
U)j Te

where

(se]

T(3,1) = | 93,i) exp(-Ey/KTy) A(-E/KT,) (2.42)
0

is called the effective collision strength. If & is independent of
energy, T = Q. In thermodynamic equilibrium, N(Xi™) and N(Xgm) are

related by the Boltzmann equation

N(xgm) W

- = — exp(—hv/KTe) . (2.43)
N(XEM) ws

3 1

From the principle of detailed balance, it follows that

o 8.63 x 107° T(i,q)
q(i—>j) = 1/2- exp(-AEij/KTe) (2.44)
U)i Te‘ A R

where AEij = (Ej —'Ei)

is the excitation energy of the i—>Jj transition.
A compilation of effective collision strengths for ions of interest
in planetary nebulae studies is presented by Mendoza (1983). Table (2-6)

gives the values of T(SL, S'L') for some important ultraviolet transitions.

A very useful relation holds for collision strengths between a term

consisting of a single level and one consisting of several levels:

(27'+1)
T(SLJ, S'L'J') = T(sL, S'L') (2.45)

(25'+1) (2L'+1)
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where {28'+1) (2L'+1) is the statistical weight of the term while (2J'+1)

is the statistical weight of the level under consideration. For example,

1isi 3 1

if we denote by T(SL, S'L') the total collision strength for the “P - °D

transition in a p2 or p4 configuration, then T(1D2,3PJ) = (2J+1) T(lD ,3P)/9,

2.5 RADIATIVE TRANSITION PROBABILITIES

Early theoretical transition probabilites, A(s-l), have been compiled
by Garstang (1968), Czyzak and Krueger (1963), and McKimMalville and
Berger (1965) for forbidden lines and by Laughlin and Victor (1974, 1979)
for intercombination lines. More elaborate calculations have since been
performed for a number of important ions. The most recent and reliable
transition probabilities have been compiled by Mendoza (1983). Some values

of A are given in Tablev(2—7).

The most significant recent theoretical development made in
connection with transition probabilities relevant to planetary nebulae is
the resolution of a long standing discrepancy between the observed and

theoretical values of the electron density sensitive line intensity ratio
R(Ng) = I(%D5,; - s3,5) / I(*D3n - %s3,,). (2.46)

In the low-density limit (Ng —> 0), the intensity ratio is given by the
ratio of statistical weights; R{(0) = 3/2. At high density (Ne - ),
the radiative de-excitation can be neglected and the level populations
are determined by the Boltzmann distribution. In these conditions, the

intensity ratio is given by [Flower and Seaton (1969b); see also Chapter 3]

Seaton and Osterbrock (1957) reported a best-calculated value of

R(~) = 0.43 for [0 II]), obtained with partly empirical methods, as compared
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with the valuev R(«) = 0,35 obserVed in‘highadehsity planetary nebUléé
[Kaler et al. (1976)]. A similar discrepancy is found for [N I]: Dopita
et al. (1976) calculated a value of R(®) = 0.65, while the observed
value, according to them , is R{*) £ 0.51., The transition probabilities
compiled by Garstang (1968) for [S II] give R(®) = 0.24 compared Qith

an observed value of R(®) = 0.45 [Kaler et al. (1976)].

Seaton and Osterbrock (1957) suggested that such discrepancies could
be reduced by taking configuration interaction wave functions explicitly
into account, but later calculations [Zeippen (1977)] showed that :.-~ this
was not the case. Zeippen (1977) suggested that ohe'way to improye the
theoretical method was to allow for relativistic'magﬁetic dipole tranéitions.
This point of view was later confirmed by Zeippen (1980) and Eissner and
Zeippen (1981). Recent calculations have been made by Zeippen (1982) and
Mendoza and Zeippen (1982). The values obtained by these authors, listed

in Table (2-8), are in excellent agreement with observations.

2.6 EXCITATION BY ABSORPTION OF STELLAR RADIATION

IN SPECTRUM LINES

The weak permitted lines of oxygen and carbon ions have excitation
energies which are much too large for collisional excitation to be of
importance. It has generally been assumed that these lines are excited

by the mechanism of radiative recombination.

The abundance of O can be determined from the analysis of the

t+2 and of the weak recombination

strong forbidden lines of 0°, o', and ©
lines of O+3, O+4, and O+5, observed in the spectra of planetary nebulae.
Burgess'and Seaton (1960c) obtained a chemical abundance ratio N(OQ)/N(H)=

12 x 107% for NGC 7027. Gebbie (1969) has used the forbidden lines and
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an ionization equilibrium equation to obtain N(O)/N(H) abundance ratios
tor a number of planetary nebulae. She derived values of 2 to 3 x 10"4
both for high excitation nebulae, such as NGC 7027, and for low excitation
objects, and this fiqure was confirmed by Flower (1969) from a detaiied

study of the planetary nebula NGC 7662.

It was shown by Seaton (1968) that the discrepancy between the
values of the oxygen abundance derived by Burgess and Seaton and by Gebbie
is due to the assumption that the permitted lines are excited by radiative
recombination. The alternative excitation mechanism which was proposed
by Seaton is resonant absorption of the stellar ultraviolet continuum

radiation.

Let /ngs(x+m) be the total number of ions X'™ populating excited

states per unit time due to absorption of stellar radiation in spectrum -

lines :

Ly
MNapsX™ = 1 [ Av (2.48)
i hv i
where the sum is over all lines from the ground state, L,, is the stellar

luminosity (erg s71 Hz"l), and Av(Hz) is the equivalent width of the

absorption line. Let,A/;apt(X+m) be the total number of ions X'

populating excited states per unit time due to radiative capture:
Neapt (K™ = [ Ne N[xTMT o (T, X' av (2.49)

where 0p is the radiative recombination coefficient summed over all

excited states and the integration is over the nebular volume. The
relative importance of resonant absorption and recombination in populating

the excited states is then defined by the ratio

RX™) = MapsX™ / Moape (X (2.50)



48

Seaton calculated the ratio R(O+2) for NGC 7027, assuming the
central star to be radiated as a blackbody at a temperature Tg . The
calculated values of R(O+2), as a function of the adopted values of
the tempergture parameter ¢t = 10'5 TS(K), are :

16.1 (t = 1.0), 11.6 (t =1.2), 7.9 (t =1.5), and 5.8 (t = 1.82).
These results show that resonant absorption of the stellar ultraviolet
continuum radiation is about an order of magnitude more important than
radiative recombination in exciting the weak O III lines observed in
the séectrum of NGC 7027. Allowing for excitation by resonant absorption,
both permitted: and forbidden 0*2 line intensities are found to be

consistent with N(O) / N(H) values derived by Gebbie.

2.7 BOWEN FLUORESCENT MECHANISHM

In the spectra of high-excitation planetary nebulae with strong
He II A4686 line, certain permittéd lines of O III and N III apéear
to be much stronger than prédicted by recombination theory and subsequent
casééde; Other lines, eqﬁally strong (er even stronger) under conditions

of laboratory excitation, are missing or extremely weak in these objects.

Bowen (1935) noticed that all the O III lines could originate

3

from a single upper level, 2p 3d P®, either directly or by cascade; the

2

N III lines are originated from the 3d “D term by cascade. In order

for these levels to be excited, some remarkable coincidences must occur.

Figure .{2-4) shows a schematic partial energy level diagram of O III.

An O+2 ioﬁ in the 2p2 3P2 level of the ground term requires a photon of

2

wavelength A = 303.779 & to reach the 2p 3d P9 level. The He II Ly-a

photon has a wavelength of A = 303.780 K . Small kinematical and Doppler
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shifts could easily bring the two wavelengths into coincidence. Hence; in
a high-excitation nebulae where helium is doubly ionized and the He II Ly-a

*2 jon could easily be excited to the 2p 3d 3p°

attains great strength, the O
level from which it could cascade through the 2p 3p configuration with
the production of the observed Bowen fluorescence lines. The wavelengths

of these lines are included in Figure (2-4)

An equally surprising coincidence is that the final transition of

the O III fluorescent cycle, 2p 3s 3P$ - 2p2 3P2 , has a wavelength

A374.436 so nearly coincident with N III 2p 2P3/2 - 3d 2D5/2 line
at A374.434. The other, N III 2p 2P3/2 - 3 2D3/2 line, falls also
near at A374.442. Small Doppler shifts produce a somewhat similar

fluorescent cycle in this ion. The prominent N III 24634, A4641, A4642,

24097, and 24103 lines are produced by this mechanism.

2.7.1 The Efficiency of the Bowen Mechanism

He II Ly-a photons produced in a high-excitation planetary nebula
are resonantly scattered many times in the vicinity of their origin and
eventualy :

(1) are destroyed by photoionization of H° and He® during scattering;

(11) escape through Doppler shift ;

(iii) are absorbed in the nearly coincident O III 2p?2 3P2 - 2p 3d 3P3
A303.79 transition.

Process (iii) results in the emission of

(a) the resonant transition at 303.779 & , or

(b) the 0 III 2p? 3p; - 2p 3d 3P§ line at 303.621 & , or

(c)  the Bowen fluoreséence lines.

The fraction of He II Ly-o photons which leads to case (¢} is called

the eﬁficiency of the Bowen mechanism.
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The intensity of any He II recombination line, usually He II A4686,
provides a measure of the rate at which He II Ly-a photons are being
created. Neglecting other means of populating O III levels, we can
measure the efficiency factor , R , from the intensity ratio I(A)/I(A4686),
where A 1is the wavelength of any Bowen line: Thus [cf. Aller (1984)]

A(R) I(A) P(cascade) aeff(Te, He II p-a)

R = (2051)
4686  I(14686) P(A) o®tf(1,, He IT Ly-0)

where P(Cascade) = 0.0187; P(X) is the probability for the emission of
a particular line. The values of P(A), listed in Table (2-9), have been
calculated by Saraph and Seaton (1980). The ratio aeff(He II p-a) /
aeff(He II Ly-o) is 0.328 and 0.277 for Ty = 1.0x10% K and 2.0x104 K,

respectively. 1In NGC 7662, Saraph and Seaton have measured a value of

R~ 0.32 * 0.10 for A3133.

The theoretical value of R can be obtained by solving the complex
He II Ly-o line transfer problem. This problem has been solved by
Weymann and Williams (1969) and by Harrington (1972). Based on the
numerical results of Harrington, 50% of the He II Ly-o. photons undefgo
Bowen conversion, while 30% result in escaping XA303.621 photon.

Hence, the efficiency of the Bowen mechanism is R = 0.50. In these

2

computations, the effect of the two electron transition 2s“ 2p 3p 3S -

3 3po 2 2p 3p 35 level has not been

2s.2p on the population of the 2s

taken into account.

Dalgrano and Sternberg (1982) have showed that the 252 2p 3p 3Dl
level is populated almost entirely by charge exchange O+3 + HO —>
O+2(2p 3p 3Dl) + Y. The’86wen flhofescent mechanism makes a

negligible contribution since X2809, which feeds 2p 3p 3Dl , has a very
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low transition probability. Transitions from this level (A3774, A3757)
are indicated by dashed lines in Figure (2-4). This effect must also
be considered when evaluating the efficiency of the Bowen fluorescent
mechanism. By this means, the intensities of the Bowen lines can be

calculated with better accuracy.
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Table (2-1)

Total radiative recombination coefficients for

xTml) e 5 x4 opu

the process

Data are from Gould (1978).

The values given between brackets are from Aldrovandi and

Pequignot (1973, 1974).

e R (10712 am3 1)
T,(10% k) = 0.5 1.0 1.5 2.0

c® e e e e 0.74 0.466 (0.47) 0.35 0.29
e 3.78 2.45 (2.3) 1.90 1.58
¢t L. 7.84 5.05 (3.2) 3.89 3.22
ct3 L. 13.2 8.45 (7.5) 6.48 5.35
NC e e e e e e 0.64 0.392 (0.41) 0.29 0.24
Nt . 3.55 2.28 (2.2) 1.76 1.46
N2 L 8.41 5.44 (5.0) 4.20  3.49
N L. 14.8 9.55 (6.5) 7.37 6.11
o° ... 0.55 0.331 (0.31) 0.24 0.19
o 1 3.23 2.05 (2.0) 1.56 1.29
ot2 ... ... 8.41 5.43 (5.1) 4.19 3.48
ot ... 15.9 10.30 (9.6) 7.97 6.63
Ne® ... ... 0.49 0.282 (0.22) 0.20 0.16
Nt Lo L 2.76 1.71 (1.5) 1.28 1.04
Net2 ... L. 6.97 4.44 (4.4) 3.39 2.80
Net3 L. L. L. 15.2 9.81 (9.1) 7.57 6.28
1705 . 0.41 0.261 (0.14) 0.18 0.14
s L 2.33 1.35 (0.88) 0.97 0.75
Mgt? .. .. ... 6.86 4.19 (3.5) 3.11 2.51
mgt3 ... ... 13.5 8.44 (7.7) 6.36 5.18
si® L. ... 0.97 0.648 (0.59) 0.49 0.41
sit L. 2.39 1.44 (1.0) 1.06 0.85
sit? ... ... 5.91 3.65 (3.7) 2.73 2.22
sit3 ... ... 12.0 7.32 (5.5) 5.43 4.37
s L. 0.71 0.465 (0.41) 0.33 0.27
st L. 3.79 2.42 (1.8) 1.86 1.54
st2 L. 5.77 3.53 (2.7) 2.63 2.12
st 11.3 7.03 (5.7) 5.28 4.29
ar® L. 0.52 0.330 (0.377) 0.22 0.18
act oL 3.84 2.45 (1.95) 1.88 1.55
art? L. 6.92 4.31 (3.23) 3.25 2.65
art3 L 11.9 7 (4.01) 5.57 4.54

.40




Table (2-2)

Total dielectronic recombination coefficients for the process

gHml) o xim — M 4+ hv .

Nussbaumer and Storey (1983a).

Data are from

x+m

4 =
T,(10% K) =

o® (10712 3 s~1)

0.5 1.0 1.5 2.0
0.52 0.29 0.22 0.18
8.79 6.06 4.79 4.10

23.38 - 13.11 9.19 7.18
0.85 0.52 0.36 0.27
1.34 2.04 2.14 2.10

20.38 21.62 19.56 17.57

15.17 15.38 13.72 12.09
0.07 0.08 0.08 0.08
2.42 1.66 1.29 1.07
7.81 11.39 11.01 10.07

51.48 34.53 30.26 28.83
1.17 5.93 8.62 9.65




Table (2-3)
Effective radiative recombination coefficients. Data are from

Brocklehurst (1971, 1972) and for the case N = 104 cm'3°

Ion  AR) oSEE (10714 on? 571
T(101 k) = 0.5 1.0 2.0
Ho 6563 22.07 11.67 5.963
HE 4861 5.443 3.036 1.612
Hy 4340 2.234 1.271 0.685
HS 4102 1.160 0.665 0.360
He I 4471 2.638 1.367 0.6633
He I 5876 10.44 4.966 2.247

He IT 1640 143.8 80.68 44.08

He II 4686 65.15 34.92 16.90




Table (2-4)

Effective dielectronic recombination coefficients. Data are from Storey (1981) and Nussbamer and

Storey (1983b).

Ton  A(R) oSEE (10712 cnd 571

To(10*k) = 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5

ct 1335 s.eeeeeen 6.06 5.45 4.93 4.50 4.14 3.83 3.56 3.33 3.13
ct2 1176 ceeeeenns 4.25 3.75 3.35 3.03 2.76 2.53 2.34 2.18 2.04

c*3 2297  ciiieen.n 3.90 3.43 3.04 2,73 2.47 2.26 2.07 1.91 1.77




Table (2-5) - A

Rate coefficients for charge transfer reactions
xHmtl) . po 5 g gt Numbers in brackets
are powers of 10.
x+(m+l) B (1079 cmd sh) Reference
T (104 k) = 0.5 1.0 2.0
¢t oL 1.00(-3) 1.00(-3) 1.35(-3) (a)
ct oL 3.09 3.58 4.22 (a)
1.6 1.6 1.6 (b)
¢t oL, 2.16 2.13 2.28 (c)
0.29 0.76 2.17 (d)
P 1.23(-3) 1.00(=3) 0.84(-3) (e)
N2 L. 0.78 0.86 0.97 (a)
L 1.54 2.93 5.14 (a)
1.82 3.41 5.97 (c)
N L 0.06 0.16 0.49 (d)
o 1.04 (f)
ot2 ... .. ... 0.60 0.77 1.03 (a)
o3 .. .. .. 6.34 8.63 11.81 (a)
ot L. 0.21 0.26 0.38 (d)
Net3 ... 4.00 5,68 8.28 (a)
Net4 . L. 6.09 6.60 9.10 (@)
st oL 1.00(-5) 1.00(-5) 1.00(-5) (d)
st ..., 2.59 2.30 2.35 (d)
st L 7.60 6.50 6.96 (a)
sit2 ... .. ... 4.26 6.16 6.09 (g)
sit3 ... ..., 0.40 0.41 0.42 (d)
sitd ... L. 2.23 2.30 2.48 (d)
Mgtz oL oo L. 8.60(-5)  8.60(-5) 8.60(-5) (d)
L 4,96 6.50 9.04 (d)
mgtd L. 6.06 6.50 9.04 (d)
art3 oL 3.38 4.40 5.23 (d)
actd L. 6.00 6.50 11.36 (d)




Table (2-5) - B
Rate coefficients for <charge transfer reactions

xHml) o 0 s x4 pet.  Numbers in brackets

are powers of 10.

x+(m+l) R (1072 cm3 s71) Reference
T(104 K) = 0.5 1.0 2.0
ct3 oL, 0.02 0.05 0.19 (d)
N2 L 0.32 0.33 0.39 (d)
N 0.17 0.11 0.15 (d)
N L 2.58 2.00 1.86 (d)
ot2 ... ... 0.10 0.20 0.39 (a)
ot L. 1.15 1.00 1.00 (d)
ot ... .. 0.81 0.65 0.65 ()
et oL L. 1.70 1.70 2.35 (d)
st .. 0.68 1.10 1.65 (d)
st oL L. 8.40(-4) 7.60(~4) 9.17(-4) (d)
sit3. ... ..., 0.54 0.96 1.44 (d)
sitd ... ... .. 1.13 1.20 1.25 (d)
mgt3 .o L 0.83 0.74 0.75 (d)
mgtd Lo 1.91 2.20 2.66 (d)
At Lo L. 0.13 0.13 0.13 (d)
artd L 1.29 0.98 0.91 (d)

References :
(a) Butler, Heil, & Dalgarno (1980);
(b) Watson & Christensen (1979);
(c) Gargaud, Hanssen, McCarroll, & Valiron (1981);
(d) Butler & Dalgarno (1980);
(e) Butler & Dalgarno (1979);
(f) Field & Steigman (1971);
(g) McCarroll & valiron (1976).



Table (2-6)
Effective collision strengths for some important ultraviolet transitions.

Data are from the compilation of Mendoza (1983).

Ton SL s'L' AAR) To(10% K) T(SL,S'L')
ct 4p 2p0 2326 0.4 3.25
1.0 3.17
1.5 3.09
2.0 2.97
ct? 3p0 lg 1908 0.5 1.12
1.0 1.01
1.5 0.996
2.0 0.990
ct3 2p0 25 1549 1.0 8.88
2.0 8.95
Nt2 4p 2p0 1751 0.4 2.00
1.0 2.03
1.4 2.07
2.0 2.11
ot 2p0 4g0 2470 0.5 0.398
1.0 0.405
1.4 0.411
2.0 0.420
o*? 550 3p 1663 0.5 1.05
1.0 1.18
1.5 1.22
2.0 1.24
sit? 3p0 1g 1892 0.5 6.90
1.0 5.43
1.5 4.80
2.0 4.41
sit3 2p0 2s 1397 0.5 16.9
: 1.0 17.0
1.5 17.0
2.0 17.1
Mgt 2p0 2g 2800 0.5 15.6
1.0 16.5
1.5 17.2
2.0 7

17.




Table (2-7)

Transition probabilities for some selected forbidden lines. Data are

form the compilation of Mendoza (1983).

Ton - SL S'L J J' X(R) as 1
o* 2p0 450 172 32 A
2470 7.96 (-2)
3/2 3/2
ot2 1g p - 0 2 4363 1.78
1p 3p 2 2 5007 - 1.96 (=2)
2 1 4959 6.74 (-3)
n*t s p 0 2 5755 1.12
Ip 3p 2 2 6584 2.99 (-3)
: 2 1 6548 1.01 (-3)
Net 2p0 2p0 1/2 3/2 12.82um  8.55 (-3)
Net? Ip 3p 2 2. 3869 1.7L (-1)
st 2po 450 5/2  3/2 6717 2.60 (~4)
, 3/2 3/2 6731 8.82 (-4)
st2 lg 1p 0 2 6311 2.22
1p 3p 2 2 9534 5.76 (~2)
2 1 9069 2.21 (-2)
s*3 2p0 2p0 /2 3/2 10.52um  7.73 (-3)
art? 3p 3p 1 2 8.99um 3.08 (-2)

1p 3p 2 2 7136 3.14 (-1)




Table (2-8)
Observed and theoretical values of intensity ratio high-density limit
= 1(2 _ 4 . 2 - 4 Y
R(®) = I( D5/2 83/2 2 )\l) / I{ D3/2 53/2 g 2). See the

text for references.

Ion A (R) Ay (R) R(*)
Observed Theoretical
[N I] 5201 5199 £0.51 0.54
[0 I1] 3729 3727 0.35%0.04 0.35
[S IT] 6717 6731 £0.45 0.44

[(Ne 1V] 2425 2422 0.13




Probabilities, P(A) ,

excitation O III 2p 3d 3P8 .

From Saraph and Seaton (1980).

Table (2-9)

for emission of photons in lines,

following

Numbers in brackets are powers of 10.

Transition

J J AMR) P(\)
30 _ 3 -
2p 3d 3§ 2p 3p b 3444.10 3.74 (-3)
3428.67 1.25 (-3)
- 2p 3p 55 2 1 3132.86  1.23 (-2)
- 2p 3 by 2837.17  1.16 (-3)
2819.57 2.08 (-4)
2808.77 1.38 (-5)
2p 3p 3p; - 2p3s 33, 2 2 3047.13 2.14 (-3)
2 1 3023.45 7.12 (-4)
1 2 3059. 30 3.95 (-4)
1 1 3035.43 2.37 (-4)
1 0 3024.57 3.17 (=4)
2p 3p 3s; - 1 3340.74 1.79 (-3)
1 3312.30 1.07 (-3)
1 3299. 36 3.57 (-4)
2p 3p Jp; - 3 2 3759.87  5.39 (-4)
2 2 3791.26 2.41 (-5)
2 1 3754.67 7.22 (-5)
1 2 3810.96 1.80 (-7)
1 1 3774.00 2.67 (-6)
1 0 3757.21 3.57 (-6)
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Figure (2-1): photoionization cross-section of the ground
state of N3 [Mendoza (1983)]. The figure
shows the Close-Coupling (solid curve), Quantum

Defect (filled circles), and averaged over

resonances (dashed curve) results.



log

Figure (2-2): Total recombination rate coéfficients for
c*3 4 e as a function of electron temperature
[Storey (1983)]. The curves (a), (b), and (c)

represent aR, aD, and oB (see text), respectively.



Fiqure (2-3):

2155°-2p°)

1 1 —1

*P )bs 3P

|‘
YlePyp0°

0 0.1

Total collision

transition of s

T T T

0.2 03 0.6 05
[kiZp°))?

strength for the 450 - 2p0

[Mendoza (1983)]. The curves shown

are: the results by Pradhan (1976) in 3CC+CI (filled

circles) and DW (filled squares) approximations; the

DW (dot-dashed curve) results by Krueger and Czyzak

(1970); and the results by Mendoza (1982) in a 6CC+CI

using the R-matrix method (solid curve) and Linear

Algebraic method (dashed curve).
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Fiqure (2-4): Partial energy-level diagram of O III. The positions
and separations of the levels are not drawn to scale.
The wavelengths of the lines are given in angstroms.

See the text for explanation.
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CHAPTER (3)

PHYSICAL CONDITIONS IN PLANETARY NEBULAE:
SwSt 1 AND IC 2501

3.1 THE INTERSTELLAR EXTINCTION

The importance of the interstellar extinction has long been
recognized by Trumpler (1930), who compared the distances of clusters
determined from spectral types and photographic photometry with those
estimated from apparent diameters Of clusters. He found a systematic
increase of apparent angular diameters with distances, unless a
correction of 0.67 mag./kpc was made to photometric spectroscopic data.
Trumpler concluded that only the existence of interstellar extinction
(absorption by dust) could explain this behavior. He also showed that
this extinction is accompained by reddening because interstellar dust
does not dim the starlight identically at all wavelenghts; more light

is absorbed in the blue than in the red.

The extinction at any wavelength may be obtained by comparing
the radiation of a reddened star with that of an unreddened star of the
same spectral and luminosity class. However, investigations of the
nature and amount of reddening ihdicated that most of the réddening,
which is observed with increasing luminosity, in many sSpectral classes
( such as G and K ) is intrinsic and can not be accounted for by
interstellar causes. But in the case of O and B stars, a considerable
part of the reddening is due to interstellar material [see, however,
Morgan (1938)]. Furthermore, O and B stars posses the characteristics
of high luminosity and nearly featureless spectra. Indeed, the more
luminous stars are also the ﬁOre distant and will be more likely to

be affected by interstellar reddening. Because all of that, O-and B
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stars have been the major objects for studies of the interstellar

extinction.

Investigations [Hall (1937); Stebbins et al.(1939)] into wavelength
dependence of the interstellar extinction showed that the extinction is
proportional to 1/XA over a wide spectral range. However, this is only
a rough approximation of the real law of reddening and is not valid in
some spectral regions. Furthermore, direct evaluation of the absolute

value of the extinction requires data at extremely long wavelengths.

An alternative indirect method of investigating the nature of the
interstellar extinction is the ratio of total to selective extinction
method. The principle behind the method is illustrated by the assumption
that the form of the wavelength dependence of the interstellar extinction
is the same for all stars or nebulae, and only the amount of extinction
varies from one object to another.

If A, is the extinction in magnitudes at wavelength A, the

color excess is then defined by
Ey. - =A, - A Ay <A . (3.1)
A= Ay M Ay 1 2

In the UBV system, we have

Eg.y = Ag - Ay - (3.2)
where Ag and Ay are the extinctions at the wavelenghts of the B and V
filters; l/AB = 2.31 and l/>\V = 1.83, with X in um. At wavelength
A< AV , the extinction is

A}\ = E)\_V +AV¢ (3.3)

We can express interstellar extinction as Ej,_y / Ep_y versus 1/X. Thus:

A)\ / EB_V = E)\_V / EB_V + R ° ' (3.4)



54

where R is the ratio of total to selective extinction on the UBV system

given by
R = Ay/ Egy - (3.5)

We must find the exact value of R to determine the absolute extinction
scale. In fact, the determination of R depends on accurate extrapolation
of the reddening curve at all spectral regions. Many determinations of
this valﬁe by different authors, different methods, and in different
regions of the sky have been published [cf. Johnson (1968)]. Seaton (1979)

adopted R = 3.2 and wrote

X(x) = By /Egy where x=1/Xum) . (3.6)

The extinction at any wavelength is 10 CIITEMT  here
£(A) = [X(x)/X(HR)] -1 ; X(HR) = X(1/0.4861) = 3.68. (3.7)
Thus, £(HB) =0, and c = 0.4 X(HR) Epy = 1.47 Eg y - (3.8)

It can be seen from equation (3.7) that the function f(A) that
gives the form of the wavelength dependence of the interstellar extinction
is normalized to HR, the usual nebular standard reference line. The

reddening correction ¢ is thus defined as the logarithmic extinction at HB.

Seaton- (1979) hés given some empirical formulae for X(x), where
2,70 £ x £ 10, based on fitting the observational data obtained by the
OAO-2, Copernicus and TD-1 satellites. He aiso listed the phblished
values df X(x) for 1.0 £ x $ 2.70, re-normalized to R = 3.2. Figure
(3-1) illustrates the behavior of X(x). We have used the expression
X(x) = 1.36 x2 for 0 S x S 1.0. Note the broad interstellar absorption
feature centred at A =~ 2200 R (x ~ 4.6). This feature is generally

attributed to extinction by small graphite grains [cf. Mathis et al. (1977)].

" The values of f(A), listed in Table (3-1), are the same for all
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nebulae, but ¢ varies from one cobject to another. In order to correct
the observations of any given nebula for the effect of the interstellar

extinction, we must determine the reddening correction c.

3.2 DETERMINATION OF THE REDDENING CORRECTIOM
3.2.1 HMethods Involving Line Intensity Ratios

The principle is to use the observed ratio of fluxes of two nebular
lines, F(Aji)/F(AuQ), for which the relative intensity ratio, I(Aji)/I(AuR)'

as emitted in the nebuia, is known independently. Thus, in the expression
Log[T(A55)/T(0g) ] = LoglE(Ay3)/F )] = e [EQ-E0y) ] . (3.9)

only ¢ 1is unknown and can be solved for. It should be noticed that the
ratio I(Aji)/I(Auz) must be completely independent of physical conditions

and easy to measure in planetary nebulae.

Consider a line for which there is no scattering and no absorption

within the nebula. The intensity of the line, as emitted in the nebula, is

L(A) 1
I\ = - J e(A) av . (3.10)

2 2

4 1r 4 nmr

where L is the luminosity (erg s"l), r is the distance to the nebula,

€ is the emissivity (erg cm'3 s'l), and where the integral is over the
observed volume. For a line with scattering, but no absorption, equation
(3.10) is strictly valid only if the whole nebula is observed. If the
emission originates in an optically thin homogenous shell, then the

intensity ratio of any two lines is given by

IOu:)  e(hss)
I I (3.11)

I(Aul) E(Aul)
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Let N(xgm) be the number density of ions X™ in an upper level j. The

rate for spontaneous radiative transition to a lower level i and the

corresponding emissivity are

+ . .
Fyi = N(ij) A(3—>1), (3.12)

and

_ +m R
Eji = thi N(Xj ) A(]‘—>l)y (3.13)

respectively. It follows from equations (3.11) and (3.13) that

I(A43) Ao AG—1) N
= . (3.14)

I0g) Ay A—) N

If both lines are emitted by the same ion and from a single upper level,

the ratio of the two lines is then given by

I(Xl) AZ A(Al)
.2 L (3.15)
I(kz) Al A(Az)

This ratio depends only on the transition probabilities (i.e., constant),
and it is therefore the best to be used for the determination of the

reddening constant.

Table (3-2) gives the intensity I(};)/I(},) ratios for some
lines, calculated using equation (3.15) and transition probabilites
referenced in Chapter 2. 1In practice, all of these ratios are difficult

to use for one or more of the following reasons: (i) both lines are very

weak in most nebulae; (ii) the line at xz is usually weak and difficult
to observe; (iii) the line at kz is usually badly blended with other
lines; (iv) the wavelengths Al and AZ represent almost a single point

on the reddening curve and small errors in the measurements of the weak

line at AZ can lead to large errors in the evaluated values of c.
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Since the results of Table (3-2) are not effective in determining
the reddening correction (their importance in separating blends will be
discussed later), it is necessary to make some approximations for those
intensity ratios which depend, but slightly, on the physical conditions.
Various approximations do exist and can be used to determine the reddening
constant with high precision. Below, we discuss the methods most frequently

used in practice to detrmine c.

3.2.1.1 The [0 II] Intensity Ratio

The [0 II] 2p° —> 2p° A7325 and 2p° —> 4s° 12470 lines are
emitted from a double upper term rather than from a single level, and the

populations of the two levels depend slightly on the electron density Ng.

Following HLSS, for T, = 104 K and Ng < 7 x 107 cm_3, we can neglect

2 2 2,0

collisional de-excitation of “P° and pOpulation of “p° by cascade from “p-.
Under these conditions, the ratio of the number of 2p° —> 450 quanta to
the total number of quanta emitted in the 2p0 5 450 ang 2p° — 20

transitions is

a(%eg , — 4s0) 2 A(%°; ,,— 45°)
r = + : (3.16)
3 A% ) 3 A(%% )
where
ACCES) = AP — %) + a(%§ — 4°) . (3.17)

With the transition probabilites of Zeippen (1982), we obtain r = 0.2018

and hence

I(A7325) 2470 (r-1)
— = = 1.334. (3.18)

I(A2470) 7325 r

From Table (3-1) and equations (3.9) and (3.18), we finally obtain
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¢ = 0.696 log[F(A7325)/F(X2470)] - 0.087. (3.19)

from which the reddening ceonstant can be determined directly from the

observed fluxes of the two multiplets of [O II].

The [O II] ratio method is excellent for those nebulae with the
oxygen being mostly in the form of ot and where the electron density is

sufficiently high for the 2p° levels to approach a Boltzmann distribution,

2 2

so that excitation of “P° is enhanced due to transitions via “D° . 1In
High-excitation objects, the [0 II] lines are very weak or absent and
the {0 II] ratio method is not applicable. For these objects, the He II

ratio method discussed in the following subsection is interesting. -

3.2.1.2 The He II Intensity Ratio

The He ITI-Baa Al640 and He II-Po A4686 recombination lines are
strong in high-excitation planetary nebulae. The relative intensity of

these two lines is given by [see equation (2.9)]

1(A1640) 4686 o°tf(T,, He II-Ba)
= — : (3.20)

1(M686) 1640 otE(T,, He II-P0)

With the effective recombination coefficients of Table (2-3), this ratio is
6.307, 6.602, and 7.453 for T, = 5x103 , 10% , and 2x10% X, respectively.

Though the upper levels are not the same for the two lines, the relative
insensitivity of the line ratio to the electron temperature means that the
reddening constant can be determined with high precision. If an estimate

of T, is available, then the reddening constant can be derived from the

following interpolated formula :

¢ = 0.914 {log[t™/2(33.491 t1/3 - 15.835 log(t) - 26.889)]
- log[F()1640)/F()4686) ]}. (3.21)

where

£ =T(k) /204 . | (3.22)
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3.2.1.3 The H I Intensity Ratios

According to the discussion of section (3.2.1), it is important
to note that the [0 II] and He II ratio methods are valid only if the
IUE and optical observations are made for the same region in the nebula.
Hence, the method most frequently used to determine ¢ is the Balmer

decrements method.

The H I Balmer lines are strong in most nebulae and occur in
the part of the spectrum that is ordinarily observed. By measuring the
ratios of two or more H I Balmer lines, the reddening constant can be
determined with high accuracy. Since different upper levels are involved,
the relative strengths depend slightly on excitation conditions, but as
Brocklehurst's (1971) calculations show, the variation in H I Balmer line
ratios is very small over the range 0.5 £t £ 2.0. Within this range,

the predicted intensity ratios may be fitted almost exactly by

I(He)/I(HR) = t~1/2 [567.657 t1/3 - 148.662 log(t) - 282.957]; (3.23)
(my)/1(88) = t7/2 [112.706 £1/3 - 20.492 1og(t) - 65.806]; (3.24)
T(HS)/I(HR) = t+/2 [ s8.826 t1/3 - 13.138 log(t) - 32.826]; (3.25)
I(He)/I(HB) =t 12 [ 41.249 £1/3 - 11.859 log(t) - 25.349]. (3.26)

where I(HR) is scaled to 100. The reddening constant can thus be

derived from these equations and equation (3.9).

In addition to the Balmer decrements method, the reddening
constant can also be obtained from the comparison of an H I Paschen line
and a Balmer line from the same upper set of levels. This Paschen-to-
Balmer ratio method has the problems of contamination by infrared OH
atmospheric emission lines and the relative inSensitivity of the IR

detectors.
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3.2.2 Radio Continuum and HB Fluxes

The radio continuum flux is not attenuated by interstellar
extinction, and a comparison of the flux in the optically thin part of
the radio spectrum with the flux in the HR line yields the reddening

constant directly.

The free-free radio emission (erg em™3 571 pzly at frequency v

in the optically thin part of the radio spectrum is [Oster (1961)]

1/2 3/2

2 K Ty n
In — |- (3.27)

Y m TYZe“v

Ne Njop 3222 e€® r2mm
3 m2 02 [ K Tg ]

where Nion and 2z are the ionic density and charge, respectively;

Y = 1.78 is Euler's constant. K, m, ¢, and e have their usual meanings.

2+

Consider a plasma that consists of ions of H+, He+, and He Then :

2y = + + 2+
Njon(2“) = N(H") + N(He") + 4 N(He"™). (3.28)

Substituting numerical values in equation (3.27) yields
ey = 3.77 x 10738 n_ 71/2 {[n(e*) + Neset)] [17.72 + 1n(T/2/ v) ]

+ 4 N(me?t) [17.03 + n(td/?/ W]} . (3.29)

The rate of emission in the HR line (erg cm™3 s'l) is
eg = hvg N N(h) (T, HE). (3.30)

where the effective recombination coefficients for a nebula which is
optically thick to Lyman radiation (case B) are given in Table (2-3).
These values may be fitted to within 2 per cent over the range

5x103s T, £ 2x10%K by

o®tf(r,, ) = 9.692 x 10711 120-878 (3.31)
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The relative intensity of HR and radio radiation at an optically
thin frequency is given by
I(HB)/I(v) = 1.05 x 100 730-378 2l | pa,
where
Ky = {(14y")[17.7241n(13/2/v) ] + 4y*[17.03+1n(13/2/0)]} ,
with
y' = NEe)/NET) ;v = Nmedh) /NET).
The reddening constant may then be derived from

¢ = log [1.05 x 1016 720-378 gl 1 _ jog(r(g)/p(v)] .

Since Kyge is well determined in planetary nebulae, we would
expect that the value of ¢ found by comparing radio frequency and HR
fluxes to be consistent with the values obtainéed by the methods of

section (3-2-1). Actually, the former is larger in many nebulae. The

(3.32)

(3.33)

(3.34)

(3.35)

reason may be because the radio frequency flux is measured in an optically

thick part of the spectrum. It should also be recalled that the reddening

correction is based on a mean interstellar extinction curve and that

variations from objéect to object may be expected.

3.2.3 The 2200 A Absorption Feature

The interstellar reddening curve [Figure (3-1)] displays a broad
maximum at A ~ 2200 A. Anh estimate of the reddening constant may be
made by determining the value required to remove the corresponding dip

in the observed ultraviolet continuum.

To illustrate the method, we use the merged SWP and LWR spectra
of IC 2501 as an example. Figure (3-2) gives the logarithms of the

observed flux FO(A) and the flux F(A) corrected for reddening using
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the relation

log F(A) = log Fy(A) + c [1+£(A)] , (3.36)

with ¢ = 0.40, 0.45, and 0.50. It is clear that the 2200 R abscrption
feature is discernible for ¢ > 0.5 or ¢ < 0.4. The value c¢ = (.45

seems to be the best.

The 2200 & absorption feature method is to be recommended for

objects where we anticipate the continuous spectrum to be well-defined.

3.3 EXTINCTIONS FOR SwSt 1 AND IC 2501

Swst 1 and IC 2501 differ from NGC 4361 in that the angular sizes
of Swst 1 and IC 2501 are such that the entire objects are observed at all
wavelengths. This fact makes it possible to use most of the methods

discussed in section (3-2) to determine thé reddening constant.

The results of papers I and II which we obtained using some of
these methods and the observed fluxes of Chapter 1 are summarized in

Table (3-3).

For IC 2501, the values of c as determined by different independent
methods are consistent to within their combined error bars. Paper II
(see also Chapter 4) shows that the adopted value of ¢ = 0.5 (¢ 0.08) is
consistent with ultraviolet and visual continuum measurements. It also
gives consistent results for the colour and Zanstra temberatures of the

central star.

In the case of SwSt 1, the values of ¢ are not compatible to!ﬁithih
their error bars. The point concerning the use of a mean interstellar
extinction curve, discussed in section (3-2-2), may be important for this
nebula. Itiis clear from Figure (3-3) that the larger value of the

reddening constant, ¢ = 0.5, leads to a distinct over-correction of the
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A2200 dip in the ultraviolet continuum of SwSt 1. On the other hand, as
shown in paper'I {(see also Chapter 4), it gives better agreement between
the calculated nebular continuum and the optical continuum measurements.
Consistent results for the Zanstra temperature of the central star are

also obtained with ¢ = 0.5.

3.4 ADOPTED FLUXES IN SwSt 1 AND IC 2501

Given the extinctions to the nebulae, the ultraviolet and visual
fluxes may be corrected for reddening and put on a common scale. Table
{(3-4) gives adopted fluxes for SwSt 1 and IC 2501, corrected for extinction

using the relation

D o FY L leem] (3.37)

I(HR) F(HR)

where I(HR) = 100. The observed fluxes have been taken from Chapter 1.
The infrared line fluxes of Aitken et al.(1979) and of Beck et al. (198l)
are also included in Table (3-4). The intensity of A2321 was determined

from the theoretical I(A4363)/I(A2321) ratio of Table (3-2).

3.5 RELATIVE LEVEL POPULATIONS

The rate of change of the‘population density of level i of an
ion x™ with time , t, is given by the difference between the rates
of population and depopulation. For ions which emit fofbidden lines,
the most important processes that need to be considered are electron

collisions and spontaneous emission of radiation. Thus, we can write

for the ith level

a nxim

[ ¥i 4+ Py ] . (3.38)

at Jei j#i
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where Y and F are the rates for electron collision and spontaneous
radiative transition, respectively. These are defined by equations (2.40)

and (3.12). Note that Fij =0 for i < j. The condition of statistical

equilibrium expresses the fact that d N(Xim) /dt = 0 (all i), and egquation

(3.38) may be rewritten as

i-1 L ,
Ne I N&x{™ qi=i) + I nexd™ [aGG=1) + Ng q(3->1)]
j<i 3>1
L L
= nxi™ [ a3 +n, I qli=d)] . (3.39)
i>] j#i
where L = 5 for p2, p3, and p4 configurations, but if higher terms are

involved as in considerations of many ultraviolet lines, L is often of

the order of 15.
Equations (3.39), together with the condition

I nxi™ = nex'm | (3.40)
i

where N(X+m) is the ion number density, form a set of linear, inhomogenous
equations which may be solved for the relative level population,
+m
N(X{™)

n(xi™ = ' (3.41)
N(X+m)

by matrix inversion at any given values of the electron temperature and

density.

We have computed the values of n for 072 and Nt (L=6), o®, oF,
S+, S+? S+3, and Ar+2 (L=5), and Net (L=2) ions for conditions found in
SwSt 1 and IC 2501 [see section (3.6)]. The results are given in Table
(3-5). Some of these values are necessary for determining the abundances

of the above ions. Detail is given in section (3.7).
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NussbéUmer and Storey (1981) have computed the values of n for
588 , lSO , 1D2 , 3P2 , 3Pl , and 3PO levels of 0'2 for an extensive
set of Ne and T, . Their values should be more accurate, since they
have employed a niodel consisting of the 15 energetically lowest levels
(L=15) corresponding to the 9 lowest terms. Furthermore, proton-ion
collision rates among the 3P levels are included in their model. Among
the most important levels is the lDz level; it is the upper level of the
strong forbidden transitions at AA5007, 4959. For 0.75 £ t £ 2.0 and

3.0 £ Log N, § 5.5, the values of n(0%2 , b)) may be fitted by

n(o*? , 1y = 1ot0Te) + A (3.42)
where
§(Tg) = Log { 1076 ¢1/2 [al £1/3 - a, Log(t) - a3]} , (3.43)
and
ANg) = ay Log(Ng) - ag - (3.44)

The parameters aj, ap, az, a4, and ag are given in Table (3-6).

In Table (3-7), we list the values of n(0+2 ’ lD2) obtained with

L = 15 [Nussbaumer and Storey (198l1)], L = 6, and using equatibn (3.42).

These results call for the following comments:

(i) There are no large differences between the values of n computed with
L =15and L = 6. This indicates that the populations of the higher
level§ {above 583 ) are negligible at the electron densities and
temberature; considered in Table (3-7).

(ii) The values of n obtained using equation (3.42) are slightly larger
than those calculated:with L = 6, but similar or very close to those

computed with L = 15. This may means that if we can fit the relative



level populations of all ions of interest by simple equations, our
computing time will be reduced, especially when making models for

planetary nebulae,

3.6 DETERMINATION OF THE ELECTRON DENSITIES AND TEMPERATURES
FROM THE OBSERVED LINE INTENSITY RATIOS
Once the relative level populations have been computed for all ions
of interest by the method of section (3.5), the de-reddened observed
intensity ratio of any two forbidden lines originating from an ion xm,
. . +m
I(in) AU«Q A(j—>1) n(Xi )

= ' (3.45)

I(hyg) Ay Alw—>2)  n(xim

may be calculated as a function of N, and T, . The corresponding

observed ratio, corrected for interstellar reddening, may then be used
to determine the electron density and temperature. Below, we discuss

this method in detail.

3.6.1 Electron Density

The ratio R(Ng) = I(°08/, - 4s§,,) / 1(*D3,, - %83/, ina p’
configuration depends only weakly on T, and much more strongly on Ng .

This behavior is of practical importance for establishing electron

densities in planetary nebulae.

In order to understand how the electron density plays this very
important role, let us examine the following simplified situation in
which we consider the [0 II) ion as an example. As Figure (3-4) shows,

this ion has a ground 458/2 level and 2Dg/2'3/2 and ZPg/z,l/z excited

2

levels. Let us assume that processes involving the P° term have only

a second-order influence on the population of the 2p0 term. In effect,
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the five-level problem reduces to a three-level problem for which the
statistical equilibrium equations can easily be solved (see Appendix A).
Denote the %3/, , D8 ., and %03/, levels by 1, 2, and 3. Since the
excitation difference between levels 2 and 3 is extremely small (AE23<<KTe)
and the transition probability A(3—>2) = 1.20 x 1077 571 is very small,
the results of Appendix B are valid. Hence, in the limit of high density,
equations (3.45) and (B2) give

I(3-1) wy A(3—>1)

- = - ;o (N — =), (3.46)
I(2 - 1) wy A(2—>1)

since AZl = A32 for the close doublet considered. Note that the

collision strengths do not enter at all. The relative level populations
are sufficiently determined from the Boltzmann's law. Some numerical
~values of ratio (3.46) have already been given in Table (2-8). 1In the low

density limit, we find from equations (3.45) and (B3) that

- = == ; Ny — 0). (3.47)
(2 - 1) 2,

Here, collisional excitations alone determine the ratio; the transition

probabilities are not involved at all.

Between these two extreme cases, the ratio R(Ne) changes rapidly
with density. In actual practice, this ratio does depend slightly on Tg
because the values of n(ZDO) are influenced by interchanges with the n(2P°)
values. As we shall see now, the temperature effect is relatively minor.

In Figures (3-5) to (3-8), we plot the ratio R(N,) in [0 II], [S IIJ,
[Ar TV], and [Ne IV] as a function of Log(Ne) for some values of T,. These
curves enable the electron density to be accurately determined.

The [0 II] AX3729/3727 ratio [Figure (3-5)] has extensively been

used to determine the electron densities in planetary nebulae. The dreat
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advantage of line ratios of this type is that we do not have to worry
about the effect of the interstellar extinction. The [S II) AX6717/6731
ratio [Figure (3-6)] has the advantage of good observations, since the
lines are well separated in wavelength. Care must be taken when using
the [Ar IV] AA4711/4740 ratio [Figure (3-7)] because the A4711 line is
often blended with He I A4713 at moderate dispersions. On the scale
I(He I; 24471) = 1, the ratio I(He I; A4713)/I(He I; A4471) is 0.065,
0.092, and 0.139 for t = 0.5, 1.0, and 2.0, respectively {[Brocklehurst
(1970)]. This He I ratio may be used to obtain the contribution of

[Ar IV] A4711 to the blend. The [Ne IV] AA2425/2422 ratio [Figure (3-8)]
is important in high-excitation objects. The lines are strong and can
be measured accuratelyvby the IUE satellite. Flower, Penn, and Seaton
(1982) have shown that the relative intensity of close doublets can be
determined to an accuracy of about 10 per cent on well exposed IUE high-

dispersion spectra.

In addition to the above diagnostic line intensity ratios, the
ratio of the magnetic quadrupole transition, 252 lSO - 2s2p 3P8 21907,
and the electric dipole transition, 2s2 lSo - 2s2p 3P? A1909, in C III
is again insensitive to Te but dependent, over an important range, on Ng.
The theoretical computations for the line ratio C III] AA1907/1909 as
a function of electron density for various electron temperatures have been
made by Loulergue and Nussbaumer (1976). More-recent computations for
this ratio have been made by Nussbaumer and Schild (1979) and are shown in

Figure (3-9). 1In their computations, Nussbaumer and Schild have employed

+2

a model C"“ consisting of the 10 energetically lowest levels corresponding

2 2

to the three lowest configurations 2s“, 2s2p, and 2p“. The proton-ion

3

collision rates for the 2s2p BPS - PS. transitions are also included in
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the model. They found that the proton collisions have practically no

influence on the populations for T, £ 40,000 K.

The C III] A1907 and A1909 lines are common to both SWP and LWR
cameras of the IUE satellite, but the former is much more sensitive at

these wavelengths. Feibelman et al. (1981) claim agreement to within

5 per cent in measurements of the AA1907/1909 ratio from SWP and LWR
spectra of a number of planetary nebulae. We would expect this ratio,
as measured by the SWP camera, to provide the most accurate determination

of the electron density.

Other IUE line intensity ratios such as N III] I(A1752)/I(A1749)
and N IV] I(A1486)/I(A1483) are important for nebulae with high electron
densities. Computations of the N III] line intensity ratio are to be

found in Nussbaumer and Storey (1979).

3.6.2 Electron Temperature

In a nebula with a moderately low density, Ne <5 x lO4 cm'3,

the ratio R(Tg) = I(lSo - lD2) / ItlDz - 3P2,l) , in a p2 or 'p4

configuration, is sensitive to T, and enables this parameter to be
accurately determined. The behavior of R(T,) may be understood easily
by examining the following simplified situation.

2

Consider the [0 III] ion as an example of the p“ configuration.

1

As Figure (3-10) shows, in this ion there is a ground 3p term and "D,

1

and “S, metastable levels. Due to the magnetic spin-orbit interactions

in the ion (in pure LS coupling), the 3P term is split into 3P2, 3Pl'

3Po fine-structure levels. Since the separation of the metastable

and
levels is much larger than the fine-structure separations, equations

(2.44) and (2.45) allow us to assume that thejfineéstructure levels are
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degenerate. In other words, we can treat the 3P term as a single “level”
in equations of statistical equilibrium. Let us now denote the 3P, 1D2,

1

and So levels by 1, 2, and 3. At the low densities postulated, we can

usually make the following approximations :

(i) collisional excitations from level 1 to levels 2 and 3 are much
more important than collisional 2 to 3 excitations.

(ii) the number of ions entering level 3 by collisional excitations
equals the number escaping by spontaneous radiative transitions
(collisional de-excitations of level 3 are unimportant).

(iii) the number of ions entering level 2 by collisional excitations
eéuals the number escaping by collisional de-excitation and
radiative transitions (an error, but not significant, will be
introduced due to the neglect of the radiative 3 to 2 transition
which populates 1eVel 2).

Uﬁder these conditions, equation (C5) of Appendix C is valid. From

equations (3.45) and (C5), we obtain

I(A4363)
R(Ty) = = 0.129 [1 + 1.42107¢ n, £70-5] 1071432/t | (3.48)
’ I(AA5007,4959)

It is clear that ratio (3.48) depends only weakly on N, (due to the
factor 1.42 x 10'6) and much more stfongly-on T Which enters as a

power of 10.

At high densities, collisional de-excitations of level 3 are
important. If we replace Q's by T's, we find from equations (3.45)

and (C2) that

I(2'= l) I(lDz - 3P2 l) 1+ 32 X
: ! a [ - ] 10823 7t ,  (3.49)

I(3" 2) I(lSO - lDz) 1+ al X
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degenerate. In other words, we can treat the P term as a single "level”

in equations of -statistical equilibrium. Let us now denote the 3P, lDz,

and lSO levels by 1, 2, and 3. At the low densities postulated, we can

usually make the following approximations :

(i) collisional excitations from level 1 to levels 2 and 3 are much
more important than collisional 2 to 3 excitations.

(ii) the number of ions entering level 3 by collisional excitations
equals the number escaping by spontaneous radiative transitions
(collisional de-excitations of level 3 are unimportant).

(iii) the number of ions entering level 2 by collisional excitations
equals the number escaping by collisional de-excitation and
radiative transitions (an error, but not significant, will be
introduced due to the neglect of the radiative 3 to 2 transition
which populates level 2).

Under these conditions, equation (C5) of Appendix C is valid. From

equations -(3.45) and (C5), we obtain

T()\4363)

R(Ty) = —

— =0.129 [1 + 1.42x1076 Ny £70-5] 1071-432/t | (3.48)
I(AX5007,4959) -

It is clear that ratio (3.48) depends only weakly on N, (due to the

factor 1.42 x 10"6) and much more strongly on T, which enters as a

power of 10.

At high densities, collisional de-excitations of level 3 are
impbrtanﬁ. If we replace f§i's by T's, we find from equations (3.45)

and (C2) that

’ (3.49)
13-2)  1(ls, - by

12-1)  1(lp, - 3py 1) 1+a;x (3,3 /t)
a, — | 10

1+ aj X
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where x 1is defined by equation (A8). The constants ags @y, ay, and
57 for [0 III], [N II], and [S III} ions are given in Table (3-8).

1

If only the strong -D, - 3P2 transition is to be used, the values of a

must be multiplied by the factor [R/(R+1)]. The relevant values of the
ratio R = I(lD - 3p; Ay) / I(lD - 3py; A,) are listed i bl -
= 2 5 Ay 2 ALY isted in Table (3-2).

It is seen from Table (3-8) that the constants aps ays and a,

change only slowly with t. In practice, we use the values tabulated for
t =1 and find the electron temperature by iteration, providing that

the electron density is known.

‘For accuréte determination of the electron temperature, we need
to solve the full equations of statistical equilibrium. Using the method
of Section (3.5), we can compute the relative level populations and hencé
the intensity ratios for all ions of interest. In Figures (3-11), (3-12),
and (3-13), we plot the ratio I(lD2 - 3P2) / I(lSO - lD2) in [0 III],
[N IT], and {S III] as a function of Te for a number of values of Ng in
the range 103 < Ng < 106 cm"3 . The relative level populations of [0 III]
computed by Nuésbaumer and Storey (1981) are used. These curves enable
the electron temperature to be determined in objects with low electron

densities.

Electron temperatures, To(O III) and To(N II), are available for
a large number of planetary nebulae. TPP found that for objects of high
degree of ionization, To(O III) is about 1.25 times higher than To(N II);
while for those of low degree of ionization, To(O III) = Te(N II1). This
relationship may be used to find T.(N II) in objects where the weak [N II].

A5755 line is not observed.
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1

Due to the weakness of the lSO - "D, transition, line ratios of

other ions (such as [Ne III], [Ne V], [Ar III], [Ar V]) are difficult to

use for temperature determinations.

The electron temperature may also be determined from the intensity
ratio of the collisionally excited line C III] Al908 to the dielectronic

recombination line C II Al335 :

I(A1908) 1335 q(A1908; T,)
= y (3.50)

I(A1335) 1908 offf(21335; 1)

Using the relevant atomic data from Tables (2-4) and (2-6), this ratio
is plotted in Figure (3-14). 1If the weak C IT A1335 line is measured
accurately, the electron temperature can be derived directly from this
figure; the C III] A1908 is strong in low and intermediate~excitation

planetary nebulae, but weak in high-excitation objects.

3.6.3 Electron Density and Temperature

The theoretical ratio I(AX3727,3729) / I(A2470) of [0 II] is shown
in Figure (3-15). This ratio depends on both N, and T, . Several other
optical and ultraviolet region;line ratios are erendept on botﬁ of these 7
two parametérs. By combining two or more line ratios of this type, the

electron density and temperature can be estimated.

Suppose that the [0 III] A5007, A4363, and Al663 lines are all
observed in the nebula. The electron density and temperature at the
region wheré these lines are emitted can be estimated directly from
Figure (3-16). Similarly, Figure (3-17) allows the determination of
Ng and T, at the region where [0 II] A3727, A3729, and A2470 lines are
emitted. By combining optical (A5007 and A4363) and infrared (at 88um)

measurements, Dinerstein (1983) was able to find,Te(O IIT) and Ne(_OIII)



for four nebulae. She also found that the (O III) densities are similar

to those found from [O II] lines in these objects.

For any given nebula, we usually plot various diagnostic line
intensity ratios in a (Ne, Te) diagram to obtain estimates of Ne and Te-
Note that each observed ratio defines a curve in the (Ne, Te) plane. 1If
the nebular gas were of uniform density and temperature and all atomic
data were accurate, all curves would intersect at a'single point. An

example which illustrates this method is given below.

3.6.4 Applications to SwSt 1 and IC 2501.

In Table (3-9), we summarize the determinations of the electron
densities and temperatures in SwSt 1 and IC 2501. These results have been
discussed in Papers I and II. Below, we confirm our conclusions and
discuss these results again in connection with the various diagnostic

curves given in the previous sections.

3.6.4.1 Swst 1

The observed value of the [0 II] I(A3729)/I(A3727)=0.39 (Paper I)
is close to the high density limit of 0.35 [see Figure (3-5)]. Allowing
for observational uncertainties, this ratio implies only a lower limit to

the electron density.

The C IIIJ I(k1907)/I(Al9Q9) ratio has been measured accurately
from the high-dispersion IUE spectrum of SwSt 1 (see Figure 2 of PaperT). We
consider that the best guantitative estimate of Ng derives from this
ratio and Figure (3-9). the derived value (N, = 1.1 x 10° cmi3) is
consistent with the high emission measure determined from the radio

spectrum of this objeét [see section (1.4.3)].
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With this estimate of Ny , Ty 1is derived from (O ITI] I(A5007)/

e
I(X4363) and 1I(X5007)/1I(X1663) ratios [sce Figure (3-11) and Figure 4
of Paper I]. Clearly, the two estimates are not consisteﬁtu Even if we
use the upper limit of A4363 [see Table (1-2)] and lower limit of A1663
[see Table (1-13)], the intersection point in Figure (3-16) is still far
away from the plotted area. We conclude that the feature observed at
A1663 may be attributable entirely to noise. The feature at \4363 lies
in the wing of Hy A4340 and contributes only about 1 per cent of the
blend. However, consistent values of I(A4363) are obtained using
different extraction procedures (see Paper I). We consider that the
value of Ty derived from the AA5007/4363 ratio to be more féliable than
that deduced from I(A5007)/I(A1663); the former also has the advantage

of being less sensitive to the feddening than the latter. We thus adopt

To = To(A5007/X4363) .

3.6.4.2 IC 2501

Using the diagnostic forbidden line intensity ratios [0 III]
I(A5007)/I(A4363) [see Figure (3-11))] , I[N II] I(X6584)/I(A5755)
[see Figure (3—12)], and- {0 1I1] I(Ak3727,3729)/1(l24703 [aee Figure
(3-15)], we obtain Figure (3-18). From this figure we estimate the

electron density and temperatures in IC 2501.

As Table (3—9) shows, the value of T, derived from C III] A1908/
C II A1335 intensity ratio [see Figure (3-14)] is higher than that
obtained from the [0 III] forbidden lines. However, we note that the
feature observed at A1335 is weak and may be attributable entirely to

noise. We consider that Te(O I1I) to be more relaible than Te(C II11).
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3.7 CHEMICAL COMPOSITIONS

3.7.1 Ionic Abundances

Once the line intensities relative to HR and the electron
temperature and density are determined in the nebula, the abundance
ratio N(x™) / n(#') may be calculated for each observed ion. Below,
we discuss the determination of ionic abundances from recombination

and collisionally-excited permitted and forbidden lines.

3.7.1.1 Abundances From Recombination Lines

The number of quanta emitted in the j—>i recombination line,/Vsi,
is given by equation (2.9). The emission rate per unit volume is just

/Vg- times hvji . Assuming equation (3.11) to be satisfied, we find

I05) 1861 ogpe(Xyq)  N(X'M
- : (3.51)

I(HQ) i Gepp(HB)  N(HP)

Since the effective recombination coefficients are relatively insensitive

to the electron density, we can use the values computed with Ne=lO4 cm'3.

Ionic abundances may then be calculated from

N(xtM) T(A5;)
el O - (3.52)
N(u") I(HR) .
where
K(in, Te) T;l/z [ a Té/3 - b log(Ty) +c ] . (3.53)

The constants a, b, and c for the strongest He I and He II lines are

given in Table (3-10).

In3principle, recombination lines of other ions (such as O III,
N III, C II,?...) can be used, but the difficulty is that these lines

are very weak in the spectra of planetary nebulae.
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3.7.1.2 Abundances From Collisionally-Excited
Permitted Lines

To obtain the abundances of ions that are represented by
collisionally-excited permitted and intercombination lines, we simply
equate the number of collisional excitations to the number of quanta

emitted (collisional de-excitation is negligible). If i and Jj denote

ground and excited levels, respectively, then the rate of emission from

+m

ions X' in the j—i transition per unit volume is

e(hy3) = NXIM  A(3=>i) hvg; = NXI™ Mg q(i->3) hvy;.

Using equation (3.30), we find

I(A55) 4861 q(i~>3j) NI

1(HB) i Gepp(HB)  N(H')

Since N(XIm) ~ N(x'™) , we can rewrite equation (3.55) as

N(xT) a/r)  Iy;)
= K(Xjir Tp) Té/z 10( /Te) i

N(E") I(HR)

where K(Ajiy Te) is given by equation (3.53). Table (3~10) gives the

constants a, b, ¢, and d for some IUE lines. Note that the O' ion is

represented by the forbidden transition at A2470. If equation (3.56)

(3.54)

(3.55)

(3.56)

and Table (3-10) are used to derive the N(O%)/N(H') ratio, K(A2470, Tg)

must be devided by Keff(A2470), where

Kopg(12470) = 0.2018 [(1+15.25%+39.3x%)/(1+8.06x+7.56x°)],
to correct for the effects of collisional de-excitation (cf. HLSS).

The evidence for the dépletion of C IV Al549 resonance doublet
by internal dust is discussed in Chapter 1 (section 1.5.3). We must

consider this effect when determining ionic abundances from resonance

lines.

(3.57)
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3.7-1.3 BAbundances From Collisionally-Excited
Forbidden Lines |
For determining the abundances of ions that are represented by
forbidden transitions, correction must be made for the effects of
collisional de-excitation. If the statistical equilibrium equations
are solved for the relative level populations, ionic abundance may be

calculated from

+
N Agy Mg depg(HR) I051) (3.58)

N(at) 4861 n(xgm) A(j=»i)  I(HR)

where n(xgm) is the relative population of the upper level j of the

£ jon. FPFor consistent abundance determinations, we fit o ee(HR) by

equation (3.53) with a=4.890x10"1%, b=3.422x10712, and c=1.567x10711,

This fit gives results better than those obtained by equation (3.31).

3.7.2 Total Abundances

To derive total chemical abundances it is necessary to estimate

the fractioh of atoms in the unobserved stages of ionization. Two methods
”are freqUently used to establish the ionization correction factors, ICF =
N(X) / N(x*™), and hence total abundances: (i) theoretical models employed
as interpolation devices ; (ii) simple empirical formulae based on the
similarity of the ionization potentials. The first method is discussed

in Chapter 5. Here, we consider the second method which has been used

by numerous investigators, including Peimbert and Costero (1969), TPP,
Stasinska (1978), and Barker (1983). First of all, we discuss the He

abundance which seems to be well established in planetary nebulae.
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3.7.2.1 Helium

For nebulae containing a negligible amount of neutral helium, we

may calculate the He/H abundance ratic from

N(He) N(HeT) + N(He™?) . (3.59)

N(H) n(ut)
TPP have shown that this expression is reasonably valid for the high
degree of ionization objects, defined as Log[N(O)/N(O+)] > 0.4, while
Harman and Seaton (1966) concluded that it gives satisfactory results
for all nebulae with measured He II lines. Based on the recombination
coefficients, the absence of He I lines does not mean that the content
of met is negligible. By contrast, the absence of He II lines suggests

that the Het? content is negligibly small.

In nebulae of low degree of ionization, a considerable amount of
helium is expected to be in the neutral stage. To estimate the fraction
of He® it is necessary to make observations at different distances from

the ionizing star.

3.7.2.2 Carbon

For high-excitation nebulae, in which C is expected to be only

+2 +4

in the form of C*% to C , 1t is difficult to obtain accurate C abundances.
Simply because the C IV] Al549 resonance doublet is often depleted and

the C II A2297 dielectronic recombination line is usually weak; the ratio
N(ct3) / nwh) s poorly determined. However, an estimate of the total

C abundance may be derived from (TPP)

N(©) _ N(eth) Nee’) + N(et?) »,[ L3 N(0*2) ] . (3.60)
N(H)  N(ED) N(He™) 10 N(OY) + N(0F?)
This relation is based on the ionization poténtialS»of C and He and

'theoreticélrmodels by Flower (1969) and Rodriguez (1973).
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In low-excitation nebulae, N(He+2) << N(He') and much of the O
is in the form of Oot. It follows from equation (3.60) that the
contributions of ionization stages higher than C*'2 to the total carbon
abundance are negligible. Hence, for this type of objects , the total

C/H abundance ratio may be derived accurately from

N(C N(ct) + n(ct?
Ner (CT) + W) (3.61)

N(H) N(HT)

since C II] X2326 and C III] A1908 lines are strong and can be measured
with high accuracy.
3.7.2.3 Oxygen and Nitrogen

For nebulae where observational data are limited, the O/H and N/H

abundance ratios are satisfactory determined from the following formulae:

N(O) N(oh) + NO™?)  N@met) + nEet?)

= ., (3.62)
N(H) N(HY) N(He™)
N(N N(N N
N N Mol (3.63)
N(H) N(HT)  N(Oh) :

Equation (3.62) is a good approximation for planetary nebulae, even if
[0 I] lines are measured, a similar fraction of oxygen and hydrogen is
expected to be in the neutral stage. Hawley and Grandi (1978) and Kaler
(1979) find that for nebulae without neutral helium, equations (3.62)

and (3.63) are reasonably valid.

3.7.2.4 Neon, Argon, and Sulphur

The elemental abundances of Né, Ar, and S may be calculated from

the following formulae:
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N(Ne) N(Net?)  N(O)

- « (3.64)
N(H) N(at) N(0*2)
Nan) Nt ¢ e snectt) owesh snst) o
N(H) N(E") N(sT2) ‘
N(S N(sT) + N(sT2
AR CH ,.( ; {1-[1-nehHmo] 173 (3.66)
N(H) N(at)

The expressions for Ne and Ar are unsatisfactory for low-excitation

nebulae. Equation (3.64) also appears to fail at high'exCitation where

we have observational data from Ne*3 and Net?. The st3 ion usually
contains most of the sulphur in’‘typical planetaries. Equation (3.66)

seems to underestimate the S abundance.

3.7.2.5 Silicon and Magnesium

Accurate determinations of the Si and Mg abundances can only be
made by model nebulae. These elements appear to be depleted in most
planetary nebulae. This depletion suggests that most of the Si and Mg

are removed from the gas phase by grain formation.

3.7.3 Effect of The Temperature Pluctuation on
Abundance Determinations

The evaluation of ionic abundances depends on whether or not we

assume temperature fluctuations in the radiating gas. Following Peimbert

(1971), for a spherically symmetric nebula, we define the mean square

2

fluctuation t* with respect to the X™™ ion as

N. N(XT™) [T - T (x™ 12 g2 g
2, [ Ng N [ oX™ 1% 1% ar

, (3.67)
[To(x* ™12 [ Ng Nx*™ 1% ar

where r is the radial distance, T is the local value of Tar and
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[ Ne Nx™) T r?ar

Hy (-
T, (X)) = (3.68)

J Ng N(X+m) r2 dr

is the mean temperature [temperatures obtained from particular line

ratios do not represent the entire nebula; T, (O III), for example is

a mean weighted by Ng N(0+2)].

An effect of the temperature fluctuation is that recombination
lines tend to originate in cooler regions [since, for hydrogenic ions,
the emission of these lines is proportional to Ng N[X+(m+l)] T;3/2 x
exp(IH 22/ n2KTe), where Iy (=13.60 ev) is the threshold ionization
enérgy -of hydrogen], while collisionally-excited lines are favored in
the hotter regions [collisional excitation rates for these lines go
as Ng N(X+m) T;l/z exp(—Ej/ KTg), where Ej is the energy of the upper
level of the transition]. This means that to obtain accurate abundances
from emission lines produced by collisional excitation relative to lines
produced by recombination, it is necessary to derive the t2(X+m) value

corresponding to the observed region.

Both t2(X+m) and To(Xfm) can be obtained using the computer
models of planetary nebulae (cf. Chapter 5). In deriving chemical
abundances without the aid of models, the mean square temperature
fluctuation has to be adopted. TPP suggested a mean value of t2=0.035
for all ions of nebulae of both low and high excitation. This large

value of t2

has been questioned by HSAL, who employed two models to find
that t2=0,02 in NGC 7662.V In Chapter 5, we shall see that t2 is about
0.01 in NGC 4361. In HII regidns, Chaver et al. (1983) adopted an upper

limit of t2 < 0.015. We feel that the mean value of t2, which should be



~82e=

adopted for planetary nebulae, is much lower than the value adopted by
TPP. With a reasonable adoption of the value of tz, T, may be derived
for all ions emitting the forbidden transitions from [Peimbert (1967)]

AE:; + AE
1 i uf _
Te(XTMhg; MAye) = To(x™M) [1 + - <_3__ - 3) £2 } (3.69)
K To(x™™)

In practice, we can measure Te(o III) and Te(N II) in many nebulae.

Electron temperatures for other ions are 'difficult to obtain in most

ﬁébulae, However, as already done by TPP, we can assume two difﬁerent

. temperatures corresponding Eo the regions of low and high iqnization

degree given by To(lbw) = To(N II) and To(high) = Tb(O.III), respectively.
Once T, has been derived, electron temperatures approporiate for

abundance determinations (section 3.7.2) can be obtained from the

following relations [Peimbert and Costero (1969)]:

TL/2()) exp(~BE/KT,) = TY/? exp(-AE/KT,)

| 1 2 ” 3y ., ,
x | 1+ E"(AE/KTO)' - 3 (AE/KT,) +.Z_ t (3.70)
and
_ _ . 2 .
To(HB) = Ty (1 - 0.92 7). , | (3.71)
Equation (3.70) is valid for collisionally-excited lines; Te(HB) may

be used for all recombination lines.

Table 8 of TPP illustrates the effect of the temperature
fluctuation on abundance determinations. In summary, the relative
abundances derived only from recombination lines or collisionally-

excited lines are almost independent of t2. The values of N(X+m)/N(H+),

2

derived from the collisionally-excited lines, increase as t“ increases.
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3.7.4 Mean Abundances in Planetary Nebulae

Table (3~11) gives the mean abundances in planetary nebulae,
obtained primary by models. For comparisons, the solar abundances are
also given. All of these data have been taken from the compilation of
Aller (1983,1984). The assignment of population types is that of Kaler
(1978). High-excitation objects are those showing the He II 24686 line
in their spectra. The N-rich objects are those with log[N(N)/N(H)] > 8.0
on the scale log N(H) = 12. The C-rich objects are those for which

N(C)/N(O) > 1.

A comparison between  the nebular and solar abundances shows a
number of close similarities, but also some diffefences. The He abundarice
seems to be well established in planetary nebulae; the solar He abundance
is poorly known. Carbon tends to be enhanéed, while Nitrogen shows a
considerable épread in abundance. Oxygen appears to be less abundant in
planetary nebulae than in the sun. In population I, high-excitation,
N-rich, and C-rich objects, the abundance of Ne aépears to be solar.

S, CL, and Ar seem ﬁo have similar abundances in population I, high-

‘excitation, and Cfriéhﬂopjégﬁsf The abuq@ances of F, S, and K appear to
be essentially solar. dthe; elements such as Ca, Mg, Si, and Fe seem to
be depleted by grain formation; the abundances of the last three elements

have not been given in Table (3-11).

3.7.5 Abundances in SwSt 1 and IC 2501

Having adopted a set of line intensities [Table (3-4)] and derived
the electron densities and temperatures [Table (3-9)] we now employ the
methods of section (3.7.1) to-evaluate the ionic abundances in SwSt 1 and

IC 2501.
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We consider that both nebulae have a constant density distribution;
N, = 1.1x10° cm™3 in Swst 1 and Ng = 2.1x10% em3 in 1€ 2501. Regafding
the temperature fluctuations, we shall assume that £2 = 0.0, Since SwSt 1
is a very low-cxcitation object, we shall assume that Tp = Tg(O IIT) in
all regions in the nebula. For IC 2501, we use T = Te(o I1I) for regions
of high degree of ionization and Te = To(N II) for regions of low degree
of ionization.

+2 +2

Using equation (3.52) for He' and He'?4, equation (3-56) for ct, c*4,
O+, N+2, and Mg+, and equation (3.58) for O+2, N+, S+, S+2, S+3, Ne+, and
Ar+2, the abundances of these ions have been derived. The transition
probabilites have been taken from Table (2-7). In the case of GT2(A5007),
the relative level populations have been computed from equation (3.42).

Relative level populations for other ions have been taken from Table (3-5).

In Table (3-12), we present the derived ionic abundances.

The results in Table (3-12) differ only slightly froﬁ those given
in Papers I and II, dﬁe to the more accurate fits to the recombinatiOn
coefficients and collision strengths employed inﬂ;he pgeseht calculations.
. The onlj:eXceptiOn'to this is the values of N(s*)/N(H") ratio in IC 2501.
The value given in Paper II was 8.IZXIO"8, while Table (3-12) shows that
the correct value is 8.ZZXlO_7; the value of the ratio I(AA6717,31)/I(HR)
= 5.9 was mistakenly taken to be 0.59 when caiculating the st abundance

in Paper II.

Table (3-13) gives the total element abundances and the C/0
abundance ratio in SwSt 1 and IC 2501. The total carbon, oxygen, and

nitrogen abundances have been obtained by summing the abundances of

the x* and x*2 ions. The contributions of higher ionization stages
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to the total element abundances are negligible, since N(Hé+2)<<N(He+)
[see, however, section (3.7.2)]. Similarly, the total S abundance is
obtained by summing the abundances of s*, S+2, and s*3 ions. The amount
of neutral helium in IC 2501 is expected to be small. This contribution

to the total helium abundance has been neglected.

3.7.5.1 Discussion of Abundance Determinations

The results in Tables (3-11), (3-12), and (3-13) call for the
following comments :

(i) ‘quic abundances relative to hydrogen are more reliably deterhined
in IC 2501 than in Swst 1, owing to remaining uncertainties in the
reddening constant and electron temperature in the latter object.

(ii) The absence of nebular He II recombination lines in the spectra of
SwSt 1 suggest that N(He+2)/N(H+) = 0 in this object. The total
He abundance is well determined in IC 2501.

(iii) Carbon is more abundant in both nebulae than in the sun.

(iv)  The value of the total oxygen abundance in SwSt 1 is higher than
the .average values found in different types of planetary nebulae
but'in agfeeﬁent with thé sélar value,

(v) There is little doubt that SwSt 1 is an oxygen-rich (C/0 < 1) object,
while IC 2501 is a carbon-rich (C/0 > 1) object.

(vi)  The value of the total nitrogen abundance in IC 2501 is in good
ag:eement with the average value found in carbon-rich nebulae.

{vii) The value of the total S abundance in IC 2501 is below the solar
value, but close to the average value found in planetary nebulae.

(viii) The ratio N(Mgt)/N(H') is 8.58x10°7 in IC.2501, 3.0x107% in IC 418
(HLSS), and 1.3x10~8 in NGC 6572 [Flower and Penn (1981)). There

is no strong evidence for Mg depletion in IC 2501.
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(ix) Neon is mostly in the form of Net in swst 1, while argon is

mostly in the form of Art4 in IC 2501.

3.7.5.2 The C/0 Abundance Ratio

As mentioned in Chapter 1 (section 1.3.2), Aitken and Roche (1982)
classify planetary nebulae as carbon-rich (C/0>1) or oxygen-rich (C/0<1)
according to the presence of SiC or silicate features, respectively, in
their infrared spectra. Table (3-14) gives the C/0O abundance ratio in
nebulae which exhibit SiC or silicate infrared features. These results

confirm the correlation proposed by Aitken and Roche (1982).
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Table {3-1)

Values of the wavelength dependent reddening function.

Ion M&) £(}) Ion MR)  £())
Ha 6563  -0.323 0 1V) 1402 1.307
HR 4861 0.000 [Ne II] 12.80um -0.998
HY 4340 0.129 [Ne III] 3869 0.223
HS 4102 0.171 [Ne IV] 1575 1.168
He 3970 0.207 [Ne IV] 2972 0.534
He I 4471 0.096 [Ne 1V] 2423 1,118
He I 5876  -0.216 [Ne IV] 4720 0.034
He II 1640 1.136 [Ne V] 3346 0.370
He II 4686 0.042 [Ne V] 3426 0.344
C II 1335 1.416 Mg II 2800 0.646
C II] 2326 1.354 Si III] 1883 1.196
C IL 4267 0.142 Si v 1397 1.312
C III] 1908 1.227 [S II) 4073 0.178
CIII 1176 - 1.845 [s II) 6725  -0.344
CIII 2297  1.431 [S III] 3722 0.256
Cc Iv 1549 1.184 [S III] 6311  -0.289
[N II] 5755  -0.191 (s III] 9069  -0.607
[N II] 6548  -0.321 [s 1v] 10.52um -0.997
[N'II] 6584  -0.326 [Ar III] 7751  -0.451
N III] 1751 1.120 [Ar III] 7136  -0.391
N IV] 1487 1.229 [Ar III] 8.99um -0.995
NV 1240 1.639 [Ar IV] 2855 0.606
[0 I] 6300  -0.285 [Ar IV] 4711 0.337
[0 1] 6364  ~0.294 [Ar 1V] 4740 0.030
[0 II] 2470 1.025 [Ar IV) 7171  ~-0.394
[0 11] 3727 0.255 [Ar V) 7006  -0.376
[0 II] 7325  -0.411

0 III] 1663 1.128

[0 III] 2321 1.323 U 3446 0.337
[0 ITI] 4363 0:124 B 4329 0.131
[0 III] -0.034 ' 5464  -0.127

5007




Table(3-2)

Some theoretical line intensity ratios that are independent

of physical conditions in planetary nebulae.

Ion VRS 1) / I0y)
[0 III] 4363 / 2321 4.246
[0 III] 5007 / 4959 2.880
[N II] 6584 / 6548 2.944
[Ne V] 1575 / 2972 2.787
[Ne V] 3425 / 3346 2.722
[S III] 6311 / 3722 1.645
[S-IIT) 9532 / 9069 2.480
(Ar III] 7736 / 7751 4.145
[Ar IV) 2855 / 7171 6.717

[Ar IV] 7005 / 6435 2.143




Table(3-3)

Values of the reddening constants, ¢ , for SwSt 1 and IC 2501.

Method . Swst 1 IC 2501
[0 II] ratio 0.42 + 0.08
Balmer decrements 0‘,‘49 + 0.09
HR - radio continuum 0.50 * 0.05 0.58 * 0.07

The A2200 feature 0.35 + 0.05 0.45 % 0.05




Table (3-4)

The line intensities, I(A), in SwSt 1 and IC 2501, corrected

for interstellar extinction and expressed relative to HR,

Ion AMA) Swst 1 IC 2501
c=0.35 ¢ =0.50 ¢ = 0,50
Ho 6563 279.5
HR 4861 100 100 100
HY 4340 37.4 38.8 45.4
He I 5876 10.9 10.1 15.1
He II 4686 0.9
C II 1335 5.4
C II] 2326 55.8 89.1 40.5
C III] 1909 40.4 61.8 124.9
[N II] 5755 9.43 8.83 1.3
[N II] 6584 65.7
N III] 1749 5.54
[0 1] 6300 4.68
[0 1I] 2470 49.3 70.3 10.7
[0 II] 3727,29 58.9
(0 11 7320,30 11.0
0 IIIj 1663 2.79 4.11
[o 1111 2321 1 0.099 0.103 1.1
[0 IIT] 4363 0.31 0.33 4.53
[0 III] 5007 51.2 50.6 791.0
[NeIlI] 12.80um 147.0 104.2 24.9
Mg II 2800 11.0
[S II] 6717,31 5.9
[s 1I1) 6312 1.0
[s 1v] 10.52um 4.84 3.43 49.7
[Ar III] 7136 : 17.0
[Ar III] 8.99um 9.26 6.57 18.0




Table (3-5)

Relative level populations, computed for physical conditions found in the

planetary nebulae SwSt 1 and IC 2501.

X Log(Ng) Te(K) n(x™)
. . 5.0 1 1 3 3 3
1 = Sz SO D2 Pl P2 PO
ot2  4.322 9000 .51-11 3.52-8 .77-4 .11-1 .65-1 .23-1
9400 ;73-11 4.65-8 .64-4 J11-1 .65-1 .23-1
5.041 8800 .06-10 1.90-7 .94~3 .40-1 .42-1 .15-1
8900 .18-10 2.05-7 .04-3 5.40-1 3.42-1 .15-1
Nt 4.322 9000 .12-9 .76=7 .89-3 .49-1 .32-1 .09-1
9400 .50-9 .79-7 .08-2 .50-1 .31-1 .08-1
5.041 8800 .90-9 2.89-6 .60-2 .40-1 .26-1 .08-1
8900 .31-9 .04-6 .67-2 .40-1  3.26-1 .08-1
st2  4.322 9000 .37-6 3.87-3 .99-1 .38-1 .59-1
9400 .61-6 .06-3  3:98-1 .38-1 .59-1
5.041 8800 .66-6 .68-2  4.97-1  3.63-1 .24-1
8900 .00-6 .71-2  4.97-1 .62-1  1.23-1
. 1 1 3 3 3
l1 = SO D2 PO Pl P2
art? 4.322 9000 .25-7  2.73-4 1.97-2 2.58-2  9.54-1
9400 .54-7 .93-4 .95-2 .55=2 .55-1
5,041 8800 .11-7 .37-3 .62-2 .70-2 .55-1
8900 .45-7 .40-3  4.62-2 .68-2. 8.56-1
o°  4.322 9000 .59-8 5.49-4 7.91-2 1.84-1 7.36-1
9400 .30-8 .30-4 .83-2 .87-1 .34-1
5.041 8800 .62-7 2.60-3 9.34-2 .83-1 6.21-1
8900 .71-7 .31-2 .83-1 .21-1

.69-3 ¢




Table (3-5) - continued -

X Log(Ng)  Te(K) | n(x™

L= 250 250 21,0 2.0 40
1= P12 P3/2 D3/2 D5 /2 S3/2

ot 4.322 9000 2.15-6 3.44-6 9.51-3 1.56-2 9.75-1
9400 2.75-6  4.41-6 1.13-2 1.86-2 9.60-1

5.041 8800 1.15-5 1.84-5 1.12-2 1.72-2 9.72-1

8900 1.23-5 1.97-5 1.18-2 1.80-2 9.70-1

- 200 20, 20 0 460
1= P32 Pl D5 D3 TSy

st 4.322 9000 1.07-4 8.64-5 8.43-2 5.38-2 8.62-1
9400 1.21-4 9.80-5 9.12-2 5.82-2 8.50-1
5.041 8800 5.87-4 4.48-4 9.56-2 6.45-2  8.39-1
8900 6.07-4 4.74-4 9.76-2 6.59-2  8.35-1
L _ 4 4 4 2.0 2.0
1= "Pgyp P3/2 Py /2 P3/2 Pi/2
st3  4.322 9000 2.69-13 4.55-13 5.75-14 3.28-1 6.72-1
9400 4.27-13 7.23-13 9.12-14 3.26-1 6.74-1
5.041 8800 1.20-12 1.85-12 2.22-13 5.37-1 4.63-1
8900 1.36-12 2.10-12 2.52-13 5.37-1 4.63-1

O 2,0
Pi/2 P3/2

Net  4.322 9000 1.71-2  9.83-1
9400 1.68-2  9.83-1

5.041 8800 7.27-2  9.27-1

8900 7.25-2  9.28-1

The notation a-b signifies a x 107,



Table (3-6)

+2

1

Parameters for calculating n(O ’ D2).
Range of ay as aj Range of ay ag
t Log(Ne)
2 0.75 to < 1.25 24977 = 16055 24537 2 3.0 to £ 4.0 1.0000 4.0000
>4,0 to £ 4.5 0.9738 3.8852
> 4.5 to £5.0 0.9236 3.6693
>5.0 to £5.5 0.7946 3.0243
21.25 to £ 2.00 21452 12930 21043 2 3.0 to £ 4.0 1.0000 4.0000
> 4,0 to £ 4.5 0.9712 3.8848
>4.5 to £ 5.0 0.9286 3.6331
>5.0 to £ 5.5 0.8036 3.0681




Values of

Table (3-7)

n(o*? , lD2) computed with =15 [Nussbaumer & Storey (1981)], I=6, and equation (3.42).

Log(Ng) Te (K)
7500 9000 10000 11500 12500 13500 15000 17500  2C000
4.0 L = 15 .87-4 4.40-4 7.27-4 1.01-3 1.48-3
L=6 .84-4  3.27-4 4.35-4 6.04-4 7.18-4 8.31-4 9.97-4 1,25-3 1.47-3
Fit .87-4  3.30-4 4.40-4 6.12-4 7.27-4 8.44-4 1.01-3 1.26-3 1.48-3
4.25 L =6 .24-4  5.76-4 7.65-4 1.06-3 1.26-3 1.46-3 1.76-3 2.20-3 2.59-3
Fit .28-4 5.77-4 7.71-4 1.07-3 1.27-3 1.48-3 1.77-3 2.20-3  2.59-3
4.5 L =15 .72-4 1.35-3 2.24-3 3.09-3 4.35-3
L=6 .64-4 1.00-3 1.34-3 1.86-3 2.21-3 2.56-3 3.07-3 3.84-3 4.53-3
Fit .74-4 1.01-3 1.35-3 1.88-3 2.22-3 2.58-3 3.09-3 3.85-3 4,53-3
4.75 L =6 .68-4 1.73-3 2.30-3 3.19-3 3.80-3 4.41-3 5.29-3 6.63-3 7.82-3
Fit .77-4  1.72-3  2.30-3  3.20-3 3.79-3 4.41-3 5.27-3 6.57-3 7.73-3
5.0 L =15 1.64-3 3.91-3 6.49-3 9.00-3 1.33-2
L=6 .62-3  2.89-3 3.86-3 5.37-3 6.40-3 7.43-3 8.93-3 1.12-2 1,32-2
Fit 1.66-3 3.91-3  5.44-3 6.47-3 7.52-3 9.00-3 1.12-2 1.32-2

.93-3

The notation a-b signifies a x 10

_b’



Table {(3-8)

Parameters for temperature determinations [see equation (3.49)].

Numbers in brackets are powers of 10.

Ion t at - al 32 a23

[0 III] 0.5 8.028 4.08(-2) 3.29(-4) 1.432
1.0 7.750 4.60(-2) 3.85(-4)
1.5 7.582 4.72(-2) 4.04(-4)

2.0 7.502: 4.73(-2) 4.08(-4)

[N II] 0.5 6.773 2.45(-1) 5.66(-4) 1.086

1.0. 6.876 2.51(-1) 5.71(=4)

1.5 6.842 2.54(-1) 5.81(-4)
2.0 6.754  2.55(-1) 5.91(~4)
[S III] 0.5  7.233  4.37(-2) 7.36(-4) 0.990

1.0 6.522 4.69(~2) 8.75(-4)
1.5 6.338 4.79(-2) 9,21(~4)

2.0 6.117 4.75(-2) 9.47(-4)




Table (3-9)

Electron temperatures and densities in SwSt 1 and IC 2501. The values

listed with a colon are unreliable.

Ton The diagnostic ratio R Value of R To(K) Né(cm'B)
Swst 1
[0 11] I(A3729)/1(A3727) 0.39 1.6 x 1074:
c 111) I(A1907)/I(A1909) 0.30 1.1 x 1072
[0 111] Log[1(A5007)/1(24363)] 2.218(c=0.35) 8800

2.186(c=0.50) 8900

[0 111] Log[1(A5007)/1(A1663)] .264(c=0.35) 15000:

|

1.090(c=0.50) 17000:

| IC 2501
[0 111] Log[1(A5007)/1(14363)] 2.242 9400
[N 11] Log[I(X6584)/1(A5755)] 1.704 9000
[0 11] Log[I(AA3727,29)/1(X2470)] 0.741 2.1 x 1074
C III Log[I(X1908)/I(A1335)] 1.364 12000




Coefficients for calculation

Table (3-10)

of ionic concentrations in planetary nebulae.

xtm _ transition A(A) a b c d
Het 2 3°- 4 3p 4471  3.615+41  3.009+2  6.292+2

Het 2 3p°- 3 3p 5876  1.679+41  1.505+2  3.141+42

Het2 2 -3 1640 9.410-2  1.716-1 =7.127-2

Het? 3-4 4686 1.676 1.582+1  3.557+1

¢t 25%2p 2p9- 252p% Yp 2326 1.047-8  4.049-7 1.713-6  2.686+4
ct2 252 1s - 252p 3p° 1908 -1.074-8 -9.349-8 -5.929-9  3.275+4
ct3 2s 25 ~ 2p 2p° 1550 2.785-10 2.658-8 1.256-7  4.031+4
ot 2p° 45°- 2p3 2p° 2470  2.153-8  2.019-6 9.377-6  2.530+4
02 2s22p2 3p - 2s2p3 O° 1663 1.106-7  2.928-6 1.025-5 3.758+4
ot3  2s22p 2pP- 2s52p? 49 1406 3.526-8  1.086-6 4.023-6 4.444+4
N2 2s%2p 2p0- 202p? 4o 1749 2.964-9  4.001-7 1.911-6  3.573+4
Nt3 2s? 1g - 2p2p 3p° 1487 -3.828-10 7.608-8 4.389-7  4.202+4
Mg* 3s 25 - 3p 2p° 2800 8.683-10 4.063-8 1.684-7 2.234+4
sit?  3s® ls - 3s3p 3p° 1892 -1.698-9 -2.527-8 -3.928-8  3.303+4
sit3 3s 25 - 3p 2p° 1397 2.236-10 1.418-8 6.378-8  4.473+4

The notation

+

b signifies a x 10%P .



Table (3-11)

Mean abundances in planetary nebulae [as compiled by Aller (1983,1984)].

X | log[N(x)/n(H) ] + 12

ngulation Population High N-rich C-rich Solar

I II Exci;ation :

He  11.06 11.03 11.04 11.13 11.03 11.0:
C 8.82 8.72 8.89 8.50 8.99 8.66
N 8.12 7.94 8.39 8.88 8.15 7.98
0 8.68 8.58 8.66 8.71 8.69 8.91
Ne 8.08 7.88 8.02 8.05 8.05 8.05
S 6.96 6.88 7.03 6.98  7.09 7.23
ol 5.28 5.13 5.27 5.40 5.27 5.50
Ar 6.42 6.22 6.48 6.65 6.46 6.57
F 4.60 N 4.60
Na 6.18 6.31
K 5.00 _ 5.15

Ca 5.00 6.34




Table (3-12)

Ionic abundances in SwSt 1 and IC 2501. Numbers in

brackets are powers of 10.

xtM  x(a) N(X*%/N_(ﬁ)

Swst 1 IC 2501

c=0.35 0.50 0.50

Het 5876 0.078 0.072 0.109
Het? 4686 0.0: 0.0: 7.51(~4)
¢t 2326 2.09(-4)  3.07(-4) 1.29(-4)
ct? 1908 3.01(-4)  4.16(-4) 5.29(-4)
ot 2470 6.92(~4)  9.13(-4) 1.55(-4)
ot2 5007 3.39(-5)  3.21(-5) 3.64(-4)
N 5758 1.29(-4)  1.13(-4)
Nt 6584 2.10(-5)
N2 1749 | . 1.35(-4)
st 6717,31 8.22(=7)
st2 6312 2.44(-6)
st3 10.52m  9.41(-7)  6.61(~7) 2.87(~6)
Mgt 2800 8.58(~7)
Net  12.82um  2.33(-4)  1.64(-4) 3.14(-5)

art2 8.99um  2.14(-6)  1.51(-6) 2.85(-6)




Table (3-13)

Total abundances and the C/0 abundance ratio in SwSt 1 and IC 2501.

Numbers in prackets are powers of 10.

X N(X)/N(H) log[N(x)/N(H)] + 12
Swst 1 IC 2501 Swst 1 IC 2501
He 0.110 11.04
C 6.17+1,1(-4) 6.58(~4) 8.7940.07 8.82
0 8.36%1.1(~4) 5.19(-4) 8.92+0.06 8.72
N 1.56(~4) 8.19
S 6.13(~6) 6.79
N(C)
—_ 0.740.1 1.3

N(O)




Table (3-14)

The C/0 abundance ration in nebulae displying SiC or silicate features

in their infrared spectra.

Objects with SiC feature

Objects with silicate feature

Nebula C/0 References Nebula C/0 Reference
IC 2501 1.3 see Table (3-13) Swst 1 0.7 see Table (3-13)
IC 418 1.3 (a) He 2-131 0.3 (a)
NGC 6572 1.1 (b) Hb 12 0.3 (4)
NGC 6790 0.8: (c) IC 4997 0.4 (e)
M 1-26 0.5 (g)

References: (a) Adams and Seaton (1982)

{(b) Flower and Penn (1981)

(c) Adams (1982)

{(d) Flower and Penn (1983)

(e)

(g)

Flower (1980)

Adams and Barlow (1983)
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Figure (3-1):

The interstellar extinction curve.

See the text for explanation
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Same as figure (3-2), but for SwsStl.
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Energy level diagram for the 2p~ configuration of
[0 IT]. The level separations are not drawn to
scale. Wavelengths and transition probabilities

for all observed lines are given. Powers of ten

are given in parnetheses.
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Figure (3-5): Computed dependence of the [0 II] A\ 3729 / 3727

intensity ratio on electron density and temperature.
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Figure (3-6): Ccomputed dependence of the [S II] AAx 6717 / 6731

intensity ratio on electron density and temperature.
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Computed dependence of the [Ar IV] AX 4711 / 4740

intensity ratio on electron density and temperature.
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Computed dependence of the [Ne IV] AX 2422 / 2425

intensity ratio on electron density and temperature.
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intensity ratio on electron density and

temperature [Nussbaumer and Schild (1979)].
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intensity ratio on electron temperature and density.
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The ratio I(C III; A1908) / I(C II; A1335) as a function

of the electron temperature.
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Computed dependence of the [0 II] AA3727,3729/12470

intensity ratio on electron density and temperature.
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CHAPTER (4)

CENTRAL STARS OF THE PLANETARY NEBULAE
SwSt 1 AND IC 2501

4.1 NEBULAR CONTINUUM EMISSION COEFFICIENTS

In Chapter 1, we have measured the sum of the nebular emission
and the emission from the central stars of SwSt 1 and IC 2501. 1In this
section we shall compute the nebular continuum emission coefficients.
This will enable us, in the next section, to determine the stellar
continuum fluxes. From these fluxes we can gain some information on

the central stars.

In the ultraviolet and optical spectral regions, the most
important processes that produce quanta in the continuum are :
(1) recombination of electron and ions to the second and higher levels
of hydrogen and excited levels of helium; (2) free-free emissions; and

(3) the H I two-photon emission.

Following Brown and Mathews (1970), we define an effective

emission coefficient Yeff(cm3 s"l) by the expression
e(nebcont) dv = Ny N(H') vgee d(hv) , (4.1)

3in al1

where €(nebcont) is the nebular continuum emission per cm
directions. Let Y(H I), Y(He I), Y(He II), and Y(2q,H I) denote,
respectively, the coefficients for H I, He I, He II, and two-photon

emissions. Then
Yeff = Y(H I) + ¥(29,H I) + y' v(He I) + y" y(He II) , (4.2)
where y' and y" are defined by equation (3.34).

For hydrogenic ions, the total emission coefficient for bound-free

and free-free transitions is [Seaton (1960); Aller (1984)]
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Ko 2% o
exp(hv/kTy) [ ] app exp(x)/n® + 311y kTo/20R 2%]. (4.3)
T3/2 ng

e

Y(bf+ff) =

where K, = 3.261 x 1076 (cm3 st K3/2), R, = 3.288 x 1010 (s"l)p

X, = 72 h R, / n2 k T, , and n, is the lowest level to which one can
observe recombination at a frequency v [it is such that v (= R, Zz/ n2)
is less than v], 911 and §III are of order unity and may be represented

by the asymptotic expansions [egs. (2.4) and (2.38) of Seaton (1960)].

Equation (4.3) can be used to calculate y(H I) by setting Z=1 and
Y(He II) by setting Z=2. To a first approximation, we may replace Y(He I)
by Y(H I). 1In order to obtain the correct values of y(He I), we must
consider the & degeneracy (because the He I levels are nonhydrogenic).
For each (n,%) level, we may express y(He I) in terms of the atomic
absorption coefficient that can be calculated by equations given by

Peach (1967). Such calculations have been made by Aller (1984) for

To(10%) = 0.5, 1.0, 1.5, and 2.0.

The H I two-photon emission process has been discussed by Seaton

(1960). The emission coefficient for caseAB of Baker and Menzel is

Yo(2d,H I)
v(2q,H I) = ' (4.4)
1+ 0.6 x 1074 1,

where YO(Zq,H I) may be approximated by the expression

0.55
Yol2a,H 1) = 4.59 x 107068 (y/un) [ 0.75 (v/vg) = (v/vp)? ) (4.5)

(vH being the frequehcy at the H I Lyman limit).

Téble (4-1) gives the values of y(H I), v(29,H I), v(He I), Y(He II),
and Yqgg computed for physical conditions found in Swst 1 ( Te = 8900 K;
Ne= 1.1 x 10° cm“3; y' = 0.072; y" = 0.0). Similar4computations could

be made'for IC 2501.
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In general, the H I Balmer continuum emission is the most important
contributor at longest wavelengths; the HI two-photon emission becomes
more important at shortest wavelengths. The contribution of Helium to
the nebular continuum emission is of second order. The most interesting
feature in the nebular continuum emission is the jump at the head of the
Balmer limit (A =~ 3646 &), produced by recombinations of electrons and

ions on the second level of hydrogen.

4.2 CONTINUUM PFLUXES

Tables (4-2) and (4-3) give the observed total flux IA(tot),
correéted for reddening (using c¢ = 0.50 for both nebulae), for the
wavelengths at which ultraviolet and optical observations have been made.
The UV fluxes have been measured from the averaged and merged IUE spectra
(the spectra are weighted by their exposure times) by means of visual
inspection. The optical continuum measurements are from Tables (1-2) and
(1-3). In the case of SwSt 1, the fluxes at A=AB =4329& and A=Ay =54644
have been derived from measurements of the B and V magnitudes using the

relations of Allen (1973):

- 0.4B+1.131 ¢ - 8.18 , (4.6)

Log [IAB(tot)]

and

Log [I; (tot)] - 0.4V + 0.876 c - 8.42. (4.7)
Ay

The corresponding nebular, I,(nebcont), and stellar, Iy(star),
continuum fluxes are also given in Tables (4-2) and (4-3). The nebular

fluxes have been computed using. the relation
Iy(nebcont) = (Ag / A?) [vepr / depe(HR)] T1(HB) , (4.8)

with T(HR) = 6.74 x 10711 in swst 1 and 7.24 x 10711 in 1C 2501 ( all

2

s'l),

fluxes are in units of ergs cm When computing the values of

Yoff ¢+ W€ include the contributions of the heavy elements. The effect
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of the heavy elements is in fact negligible. The stellar continuum

fluxes are deriveéd from

I(star) = TI)(tot) - I,(nebcont) (4.9)

These continuum fluxes have been shown in Figure (5) of Paper I
and Figure (2) of Paper II. It is seen that the nebular continuum

dominates in the optical region, the stellar in the ultraviolet region.

4.3 EFFECTIVE TEMPERATURES

The determination of the effective temperature of the central
stars of planetary nebulae is still a controversial subject, although
substantial progress has been made in recent years. At present time,
there are a number of methods of determining the effective temperatures.
The most important are : (1) the colour temperature; (2) Zanstra method;

and (3) Energy-Balance method (or Stoy temperature).

Method (3) has been generalized by Preite-Martinez and Pottasch
(1983). It may be applied for those objects in which most of the
collisionally—-excited lines are seen in thei_r'sijectra° For application

to SwSt 1 and IC 2501, we shall consider only methods (1) and (2).

4.3.1 Colour

The colour temperaturé, Ter of the central star of the nebula is
determined by comparing the shape of the stellar continuum flux between
the ultraviolet énd visual spectral regions with either a blackbody or
a model atmosphere. Howevér, a blackbody and the three series of model

atmospheres in the literature [Hummer and Mihalas (1970); Wesemael et al.

(1980); Mendez et al. (l981)]-a11 predict approximately the same shape
between X = 1300 & and A = 6000 £-. We shall consider the central star

to radiate like a blackbody.
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For a star of radius Ry the stellar flux per unit wavelength

observed at the distance D of the Farth is, after correction for reddening,
Iy(star) = 3.74 x 1047 (Ry/D)? X7 [exp(1.43883 x 108/A1,) ~1]71 (4.10)

with A in & and T, in K.

In Figures (4-1) and (4-2), we compare the measured continuum
fluxes from the central stars of SwSt 1 [Table (4-2)] and IC 2501 [Table
(4-3)] with those calculated using equation (4010)° The stellar values

are :

=)
1

I

30,000 K ; (Ry/D)% =2.31 x 10722 (in Swst 1) (4.11)

and
T

60,000 K ; (Ry/D)? =9.94 x 10724 (in IC 2501) (4.12)

C

The ratios (RS/D)2 have been determined by normalizing I,(star) at

X=Xy =1400 & :

A Ty, (star) = 7.56 x 107 erg em? st (in swst 1)  (4.13)

A Ikl(star) 2.13 x 1072 erg em? 71 (in 1C 2501) (4.14)

We shall see below that the Zanstra temperatures of the central stars

of SwSt 1 and IC 2501 are consistent with these values of TC,

4.3.2 Zanstra

The Zanstra method [Zanstra (1931)] has been discussed by
Harman and Seaton (1966) and HSAL. The principle of this method is to
count the number -of ionizing photons from the central star by measuring
the nebular flux in a single recombination line or in the radio continuum.
This nqmber of photons may then be interpreted in terms of a temperature
if the continuum flux from the central star in a given wavelength band is

known.



~92-

Let I(Ag) be the observed flux, corrected for reddening, in a
nebular line at wavelength Ay due to recombination of an ion xH(mHl),
Let T,(star) be measured at A:Al, and assume that all stellar photons
with v 2 Vo ¢ Where hv, is the ionization potential of X+m, are absorbed

in ionization of X™. Then

I(Ag) Ay ag(x™™

clr,(xt™] (4.15)
where the geometrical factor £ (= {/4m, here § is the solid angle filled

by the nebula as seen from the central star) is 1 for a shell nebula
and about 0.3 for a ring nebula, aB(X+m) is the coefficient for
recombination to all excited states of x+m, aeff(kg) is the effective

recombination coefficient for AQ, and

J vl I,(star) dv
v
alr,xm] = 2 , (4.16)
Ivl(star)

is a dimensionless number which depends on the spectral distribution of

the stellar radiation and hence on the temperature T, of the star. If

the star radiates like a blackbody, then (cf. HSAL)

m exp(ul) -1 «© -3
clr,(x™M] = ! n72 exp(-nu,) [nuj(nug+2)+2] . (4.17)
(U1)3 n=1

where

u; = hvy/KT, = 1.43883 x 108/ [X () T,(x)]. (4.18)

These formulae may be applied to nebulae which are optically
thick in the H I (A,=911.8%) and He I (X,=504.6&) or He II (A, =227.94)

continua using theblines HB and He I A5876 or He II A4686. Table (4-4)
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gives the values of G[T,(H I)}, G[T,(He I)}, and G[TZ(He II)] calculated
using equation (4.17) with Ay= 1400 A. In equation (4.15), the ratios

of the recombination coefficients depend only weakly on Ny and change

3

slowly with T,. For Ny = 10% em” ; they are tepresented fairly well by

the expressions:

0.062
ag(HO) / o pp(HB A4861) = 8.498 [T /10%] (4.19)
o (o 10410 3%
0 (He®) / o pp(He I A5876) = 5.477 [T/10 (4.20)
+ [ 4]00274 | ,
an(He®) / app(He II A4686) = 4.410 [To/10 (4.21)

According to Harman and Seaton (1966), the criteria for deciding
whether or not the nebula is optically thick ﬁo'the ionizing radiation
are as follows :

(1) the nebula is optically thick in the H I continuum if the [0 I]
nebular lines are measurable.

(2) the nebula is optically thick in the He I continuum if_monochromatic
He I images are smaller than H I images. An alternative criterion
is that He II lines are absent and tﬁat N(aet)/N(et) < 0.11.

(3) the nebula is optically thick in the He II continuum if He I lines
are measurable and N(He+2) / [N(He+2) + N(He+)] £3/4. If Hel
lines have not been observed, then the criterion is that N(He+2)/
N(H') s 0.12.

When temperature determinations are carried out by this method,
it is found that T,(HI) and T,(He I) are consistent to within the

observational uncertainties, but the values of T,(H I) and T,(He II)

are often different; the latter value is consistently higher than the

former.



-94-

The most straightforward explanation of the discrepancy between
the values of fz(H I) and TZ(He II) is that the nebula may be optically
thin in the B I Lyman continuum. If this is the case, then T,(H I) will
only be a lower limit and Tz(He II) will be a better approximation. An
alternative explanation is that the blackbody assumption may be not
valid for caléﬁlating the total number of quanta emitted beyond the
He II ionization limit. The use of a model atmosphere with emission in

excess. of that of a blackbody shortward of A227.8 would result in T,(H I)

being the more correct value and T,(He II) being excessively high.
Pottasch -(1983) ﬁas shown that whether a blackbody or a model

atmosphere is assumed, the same temperature TZ(H I) is obtained; but

the use of thé atmospheric models of Hummer and Mihalas give a higher

value of Tsze I1) Ehan a blackbody atmosphere,; while the models of

Wesemael et al. and of Mendez et al. give much lower value of T,(He II).

Until more reliable model atmospheres become available, it would be
better to avoid use of T,(He II).

Thefzahéffajtémbeféture may also be determined from a comparison
of the radio flux at a frequency, Vg, at which the nebula ié optically
thin and the stellar continuum flux at any wavelength. Equating the
number of stéllar quanta with A € 911.8 & absorbed by the nebula to
the number of recombination to all excited states of H°, He®, and He*

and using equation (3.29), we obtain

-3
IvR(f.u.) 2.06 x 10 7 Ay

, _ , = G[T,(Radio)] = G[T,(H*)] ,  (4.22)
}\l I)\l.(star) € Al ‘
where a

703 [ 1+1.05y" +5.97y" ]

AHe -

I S USRS S— . (4.23)
(1+y"') [17.72 + 1n(Tg/2/vRJ] + 4y" [17.03 + ln(Tg/z/vR)]

with T, in K and vy in Hz. If y" = 0.0, then
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[age)™t = 703 [ 17.72 + (T2 2/vp) 1 (4.24)

We take Tg = 8900K in SwSt 1 and T, = 9400K in IC 250l. For both
nebulae we use c=0.5, &=1, and kllxl(star) from (4.13) and (4.14), with
Ay = 14008. The line fluxes (erg cm~2 s~1), corrected for reddening,
are : I(HR) = 6.74 x 10711 and 1(He I A5876) = 6.81 x 10712 in swst 1;
I(HR) = 7.24 x 10711 and I(He II M4686) = 6.31 x 10713 in IC 2501. The
radio fluxes are: 0.207 (f.u.) at 15.035 GHz for Swst 1 and 0.236 (f.u.)
at 14.7 GHz for IC 2501. We obtain:

G(H I)

0.261, G(He I) = 0.020, and G{(Radio) = 0.333 for swst 1, and

i

G(H I) 1.000, G(He II) = 0.0043, and G(Radio) = 1.314 for IC 2501.
Comparing these values with those given in Table (4-4), we obtain the
Zanstra temperatures of the central stars of SwSt 1 and IC 2501. The

results are listed in Table (4-5).

Due to small differences in the measured values of the stellar
continuum fluxes, the results in Table (4-5) differ slightly from
those given in Papers I and II; the present values are more accurate.
SwSt 1 appears to satisfy criteria for complete absorption in the
continua of H I and of He I. IC 2501 is optically thick in the H I and
He II continua. The values of T. and T, obtained for IC 2501 are in good
agreement. In the case of SQSt 1, the Zanstra temperatures are slightly
higher than the colour temperature obtained from the best fit to the

stellar ultraviolet continuum flux.

4.3.3 Adopted Temperatures

For the temperature of the central star of SwSt 1 we adopt a mean
value of T, = 35,000 K. This value conforms with the "very low excitation®
(VLE) classification of the nebula. However, in subsequent discussion,
we shall recognize the uncertainties involved. For the exciting star of

_IC 2501, we adopt Tg = 62,000 K.
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4.4 DISTANCES

The determination of the distances of planetary nebulae has been
discussed in many papers [Shklovsky (1956); Seaton (1966); Cahn and Kaler
(1971); and others]. 1In all of these, it is assumed that all planetary
nebulae are optically thin to Lyman continuous radiation from the central
stars, so that the ionized hydrogen mass My is equal to the total nebular
mass M, and that they are all have the same value of M. Figure (4) of
Pottasch (1983) shows the distribution of M; with electron density. It is
clear that M; ranges from about 6x10™4 My for NGC 4997 to almost 1 M,
for NGC 6781. The assumption of a constant ionized mass is therefore a
poor approximation. According to the discussion of section (4-3), both
SwSt 1 and IC 2501 are optically thick to H I Lyman continuum. This is
confirmed by the fact that M;(SwSt 1 or IC 2501) << M; (optically thin PN)
(see below). We should therefore avoid use of these methods which seem

to give reasonable distances only to optically thin planetary nebulae.

From the proper motion statistics, Gudworth (1974) obtained a
distance scale for optically thick nebulae. We consider this scale to
be only a rough approximation, since Gudworth assumed that the absolute
HR flux is constant. Assuming uniform nebular luminosities, Acker (1978)
has computed distances of optically thick nebulae. Daub (1982) has

pointed out that Acker's distances have been inaccurately determined.

We consider that the most reliable distance scale, at least for
the present time, for both optically thin and thick planetary nebulae
is that of Daub (1982). He finds satisfactory data for 14 nebulae and
uses them to establish the relation between M; and the observed quantity
62/5, where O(arc-sec) is the anguiar diameter of the nebula and S(f.u.)
the flux density at 5 GHz. For optically thick planetary nebulae, with

Log (62/S) < 3.65, he gives the following relations:



97~

log [(M;/my) {£(£)/e}1/2] = log (62/5) - 4.50 ; (4.25)
£(e) = 72 [1 + 0.110 1n(c¥?)] (4.26)

b = 324 [es3]"° (pc) (4.27)

R; = 7.85 x 1074 [62/51 Toc) . (4.28)

where € is the filling factor , t = Te(10'4 K) , D is the distance to
the nebulae, pc = 3.OSGXI018 cm, and Ry is the radius of the ionized
nebular shell; Rj = 0.12 pc when a nebula first becomes optically thin.
For a typical optically thin nebula, Mi/M@ = 0,14,

We take © = 0.8(arc-sec), S = 0.148(f.u.), t = 0.89, and € = 1 for

SwSt 1 and © = 2.0(arc-séc), S = 0.261(f.u.), t = 0f94, and € = 1 for

IC 2501. We then obtain:

D(pc) = 975, R;(pc) 0.002 , and M; (Mg) = 0.0001 for Swst 1, and

0.0005 for IC 2501.

D(pc) 833, Ri(pc) 0.004 , and Mi(M@)
We note that the values of M; are very small. 1In the case of SwSt 1,

the reason could be due to the fact that the nebula is éptically thick
at 5 GHz for which equation (4.25) can not be expected to give correct

results. Use of the expression
M; (M) = 11.06 1(#8) D? t0-88 / n_(cm™3) (4.29)

[Pottasch (1983)], where I(HR) is expressed in units of 1071 erg cm 2 g1

S
and D in Kpc, yields Mi(M@) = 0.0006 for swst 1 and M;(My) = 0.003 for
IC 2501. We conclude that the ionized hydrogen mass is small in both_
nebulae. The very small value of Mi’ obtained for SwSt 1, is probably
due to the fact that the nebula is very young; a substantial amount of

its mass has not yet been ejected. Fortunately, our subsequent analysis

does not require a determination of the ionized hydrogen mass.
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4.5 ANALYSIS OF ﬂHE Si IV P CYGNI LINE PROFILE

OBSERVED IN THE IUE SPECTRA OF SwSt 1

The IUE spectra of SwSt 1 [Figures (1-5) and (1-6)] show P Cygni
type profiles of N V A1240, Si IV A1397, C IV A1549, and C III A2297. These
profiles provide a strong evidence for the presence of a stellar wind.
Consequently, the central star of SwSt 1 is ejecting material into the
interstellar medium. Information on the mass-loss rate from the central
star of SwSt 1 may be obtained from the ahalysis of the unsaturated Si IV
resonance doublet profile. We shall try to analyse this feature assuming
it to‘be produced in a stellar wind with no underlying photospheric
absorption using the Sobolev approximation of line formation for a two-
level atom in a rapidly expanding atmbsphere, Since our analysis requires

the detérmination of the stellar radius, we first estimate this parameter.

4.5.1 The Stellar Radius

If we know the absolute bolometric magnitude, Mpo1r of the central
star of Swst 1, we can use the following relations to determine the star's

luminosity, L, and radius, Rg :

log (L/Lg) = 0.4 [My poy = Moyl s (4.30)

Ry/Ry = (L/L)Y2 / (Tg/75)% . (4.31)
The solar values are : M@,bol = +4.76 [Code et al.(1976)]; Ty = 5770K ,

Ly = 3.82 x 1033 erg 571, and Ry = 6.96 x 1010 cm [Allen (1973)]. From
section (4.3.1) we have Tg = 35000K.

The bolometric magnitude is not directly observed, but it can be

estimated from the absolute visual magnitude, My, and visual bolometric

correction, BGy

MbOl = MV + BCV ° (4.32)
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According to Bradley and Morton (1969), the bolometric correction of a

star is related to that of the sun by the expression

C = BCy -~ 10 log(Ty/Ty) + 2.5 log[J I,(star)sy dr / [ I)(sun)Sy ar] (4.33)

where BCy = -~ 0.07 [Code et al. (1976)] and the filter sensitivity
function S; has been tabulated by Matthews and Sandage (1963). My

can be found from the unreddend visual magnitude, V,, and distance D:
A%

o~ ¥y

With a reddening constant ¢

5 log[D(pc)] - 5. (4.34)

0.5, we have Ep_y = 0.34 and Ay = 1.09.
The observed visual magnitude is V = 11.9, so that Vg =V - A, = 10.81,
and with a distance D = 975 pc, we have My = 0.86. For a sﬁar with

Tg = 35000K, the bolometric correction is BCy = -3.10, so Myo1= -2.23.

The estimated luminosity is L = 630 Ly and hence Ry = 0.68 Ry. It is

seen that the ratio (RS/D)2 2.47 x 10722 ig in good agreement with

the value (2.31 x 10—22) used to obtain the colour temperature of the
central star. The luminosity and temperature may be checked by the
theoretical evolutionary tracks. Renzini (1979) gives a discussion of
the tracks calculated by Paczynski (1971). From Renzini's Figure 1, we
see that the central star of SwSt 1 can be locatediclose to the region
expected for a central star with mass Mg = 0.55 Mg. We conclude that

the derived values of Ty, L, and Rg are reasonable.

4.5.2 Profile Fitting

The full lines of Figure (4-3) show the profile of the Si IV feature
observed in the spectrum of SwSt 1 (SWP 10035). We plot the ratio F)/F. as
a function of X, where Fy is the observed flux and F. a smoothed flux for

the continuum. The wavelength scale was taken to be such that the measured
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wavelength of the nebular emission in CIII] is at A=1907.4A (this being the
weighted mean for the CIII] doublet at AX 1906.7 and 1908.7). The SiIV
feature is due to the transition 3s 4§ - 3p 2p0 and has a blue component.
(281/2 - 2P§/2) at A, = 1393.73& and a red component (281/2 - ZP?/Z) at
Ar = 1402.73R, The corresponding oscillator strengths are fy, = 0.447
and fr = (.223, so that fd = 0.67 and Ad = 1396.73& for the doublet
[Castor et al. (1981); to be refered to as CLS]. The positions and
relative gf values of the two components are indicated in Figure (4-3).
It is seen that the components of the doublet are partially resolved.

The overall shape of the feature is identical to the unsaturated SiIV

profile observed in NGC 6543 (CLS).

In order to compute the theoretical profile it is necessary to
know the velocity law and radial optical depth of the expanding envelope.
Let f be the distance from theﬂcentre of the star, x = r/RS, V(r) the
velocity in the stellar wind, V, = V(r=») the terminal velocity, and

w=V(r)/V, . Following Castor and Lamers (1979), we use

wix) = (1 - 1/x)F (4.35)

for the'variation of velocity with rédiﬁs, and

Trag(®) = Teop (14V) (1-w)Y. | (4.36)
for the variation of radial optical depth with velocity. 8, ¥y, and Trot
are parameters.

Calculations have been made for each component of the doublet

using the Sobolev approximation and numerical method described by
Castor (1970) and CLS. This method gives results in excellent agreement
with those obtained by the method of Lﬁcy (1971). Since the radiation
scattered by the~blue componéﬁt in the’difeétion of the observer can be

scattered again by the red component, simple addition or superposition
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of the two separately calculated components does not give the correct
doublet profile. We, therefore, use the method of Castor and Lamers
(1979) to treat the interaction between the two components. To compare
the computed doublet profiles with the observed one, we take the terminal

velocity V,, as a parameter.

A large number of profiles were computed and the following

parameters were finally adopted:

V., = 2000(+100) Km/s :
™ =1.2 s T, =0.4 (4.37)
“tot ° ’ tot. ° °

B=1.0 ; y =1.0 |

( TEot is for the blue component and Tgot for the red component).
The dashed curves in Figure (4-3) show the profile computed with these
parameters. It is seen that the observed and theoretical profiles

are in good agreement. The adopted velocity law , B = 1, and optical

depth, y = 1, are those of CLS.

4.5.3 Column and Number Densities

The column density Nj (cm™2) and number density nj (cm™3) of the

absorbing ions in the lower state of the transition are related to Teot

by (see CLS)
® me Vg
Ny = J nj dr = = o Teot
Ry o
Vo K/S)
=377 x10M — 1 (4.38)
| £ A (R)

where f 1is the oscillator strength of the transition and Ao the rest

wavelength of the line. Taking the

values of f and Ao from section (5.4.2)
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1.5 x 1010 cm™2

and parameters V. and Trot from (4.37), we obtain Ny

1.0 x 1012 cm2

[t}

for the blue component of the Si IV doublet, and Ny

for the red component.

For our adopted velocity law and optical depth, CLS have shown
that at a representative point in the atmosphere taken to be at x = 2,

corresponding to w = 0.5, one has Teot = W) / 0.3, where

Wy = [e/AVel? J [(Fy/F)-1] (A1) ax (3.39)

is the observed first order moment. In the case of optically thin lines,

Surdej (1982) shows that the moment Wy for an unresolved doublet is the
same as.that for a single line transition provided that Aj and £ are
replaced by Ad and f£5 in equations (4.38) and (4.40). From the observed
Si IV profile we estimate W; = 0.28 and hence Teot = 0.93:. Use of
equation (3.38) yields N; = 0.75 x 101° cm™2. To allow for all possible

uncertainties in the fitting procedure and measurement of Wy , we adopt

N; = (1.1 * 0.4) x 10*° em™2, (3.40)

The optical depth. used in Sobolev theory [see Castor (1979)] is

e’ _
Trag(V) = — (£A5) n; / (av/dr) , (4.41)
mc
or, using equation (4.35),
ﬂez Rs x2 w
Trad(W) = ;C—' (f)\o) ni Voo . WZ—I/B (4.42)

Eliminating Trad(w) between (4.35) and (4.42) and using (4.38), we obtain

Ny (1+y) (1-w)Y B w2178
ni = ‘ . (4.43)

6.96 x 1010 (Rg/Rg) X2 W

With our adopted parameters and for the case x = 2 (w = 0,5), we obtain

n; = (5.8 +2.0) x 103 cm™3. | L (4.44)
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4.5.4 Mass-Loss Rate

The mass-loss rate, M, is given by the equation of mass continuity,

M

fl

4mr? v(r) o(r)

4NR§ x2 W Vo U My n(H) (4.45)

where p(r) is the mass density in gram/cm3, M is the mean atomic weight
per H atom, and My and n(H) are, respectively, the mass and number density
of H atoms. For §i IV 45 - 2p° transition, the lower level is the ground

level. We may define

n(si*3) =n; = 1A n@m) , (4.46)

where I = n(Si+3)/n(Si) is an ionization factor and A = n(Si)/n(H) is

an abundance factor. From (4.45) and (4.46), we have
, 2.20x10722
M(M,/yr) = ————— (W/1.42) (Rgy/Ry)% x? W Vn(Rn/s) nj (em3). (4.47)
ITA
Taking x=2 (w=0.5), u = 1.42, RS/RO = 0.68, V, = 2000 Km/s, and the

value of n; from equation (4.35), we obtain

(2.4%0.8) x 1010

35
]

(My/yr) . (4.48)
IA

Assuming the abundances in the stellar wind to be the same as those in
the solar photosphere, we have A=4.27><10—5 [Lambert and Luck (1978)1].
For the central star of NGC 6543, CLS estimate I=8‘.0><10'4 and Tg=43,000K.
For ¢ Puppis, Lamers and Morton (1976) estimate I=2.,OXlO"3 while Remie
and Lamers (1982) obtain Tg=35,500K. Adopting I=2:0x1073 for swst 1

(TS=35,OOOK) , we obtain

fi= (2.8£1.0) x 1078 (myr™1). (4.49)

If our aSsumptions about the factors A and I are valid then the mass
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loss rate from the central star of SwSt 1 is probably correct to within

the included error bar.

4.5.5 Discussion of the Terminal Velocity
and Mass-Loss Rate

It is of interest to compare our estimated values of V. and M

for the central star of SwSt 1 with those obtained for early-type stars.
Castor, Abbott, and Klein (1975) have shown that the outflow of material
observed in many early-type stars is a result of direct momehtum input
into the gas through the absorption of radiation by strong resonance and
subordinate lines of representative ions. In their theory " radiation-
driven stellar winds ", some analytical expressions for the velocities
and mass—loss'rates have been derived. The expression for the terminal
velocity may be written as [Abbott (1978)]

1/2
Voo = K Vggo = K [26Mg(1-T) /RS ] v (4.50)

where Ty = 2.45 x 107° (L/Ly) / (Mg/My) 1is the ratio of radiation to
gravity force in the case of free electron scattering and Vg, is the
effective surface éscape velocity [the standard gravitational binding
energy is reduced by the factor (1-T,) to account for the outward force
of the continuum radiation pressure]. Abbott (1978) estimated the K
factor to be ~3 for 0, B, A, and WR stars, while Lamers (1983) adopted

K = 2.5 and 3.5 for O and early B stars, respectively.

Assuming 0.55 My for the central star of SwStl and taking K=3.5,
we obtain Iy = 0.028 and Vi, = 1912 Kn/s; if Mg = 1 My and K=3.0, then
Vo = 2225 Km/s . We conclude that our adopted value of V, = 2000 Km/s,

derived from the best fit to the observed Si IV P Cygni line profile, is

probably.correct.
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Abbott (1982) concluded that the mass-loss rate for a stellar
wind driven by radiation pressure depends only on stellar luminosity:
fi=1.3x10710 (/L )1+ 77 (1 h [cf. Aller (1984)] suggested
=1. o o/¥r). Other workers [cf. Aller (1984)] suggeste

that the mass-loss rate also depends on surface gravity g = GMS/Ré :
fo= 3.9 x 10713 (L/0g) % [glem 7217031 (M syr). (4.51)

Use of equation (4.51) with log(g)=4.51 yields M = 6.5 x 10710 (Mg/YT)
for the mass-loss rate from the central star of SwSt 1. We conclude
that the actuél mass-loss rate (2.8 x lO'8 Mo/yr) is large compare with
the rate for a wind driven by radiation pressure. The radiation-driven
stellar wind theory seems to be attractive for early-type stars of high
luminosity, but for those stars which can hardly be considered luminous,
it likely fails to apply. The reason could be due to the fact that the
physical parameters employed in the theory are applicable to Of stars

which possess the characteristics of high luminosity.

The most exciting result of our analysis is that the actual mass-
loss rate, M = 2.8(%1.0) x 1078 (My/yr), is larger than the "maximum"
rate, Mmax = L/(Vy Cc) = 6.4 x lO—9 (Me/yr), which can be produced by
radiation pressure. Any reasonable increase in the stellar temperature
or luminosity will not reverse the situation. We should, however,
remember that the largest uncertainties in the estimated value of M
arise from uncertainties in our assumptions about the abundance, A, and
ionization, I, factors. If these assumptions are valid then there may
be a real discrepancy, i.e., M/Mmax > 1. Analogous conclusions have
been reached regarding the mass-loss rate from the central star of the
planetary nebula NGC 6543 (CLS). A similar situation is also revealed
in galactic Pop. I Wolf-Rayet stars [Barlow (1979)]; which constitutes

a problem for stellar wind theories.



CHAPTER (4)

Tables and Figures



Table (4-1)

Continuous emission coefficients, computed for physical

conditions found in SwSt 1. Tabulated is log [lO14 Yl.

AR) (HI) (2q,HI) (He I) (He II) effective
1400 ~1.39 0.25 -0.65 .77 0.25
2051 0.21 0.27 0.76 .37 0.59
2052 0.21 0.27 0.76 .55 0.59
2599 0.94 0.17 1.28 .27 1.06
2600 0.94 0.17 1.04 .27 1.04
3121 1.39 0.08 1.47 .72 1.45
3122 1.39 0.08 1.43 .73 1.44
3421 1.59 0.03 1.60 - .92 1.63
3422 1.59 0.03 0.84 .92 1.61
3646 1.72 0.00 0.95 .05 1.73
3648 0.25 0.00 0.95 .18 0.53
3679 0.27  -0.01 0.97 .19 0.54
3680 0.27 -0.01 0.30 .19 0.47
5698 0.95 -0.26 1.03 .87 1.01
5699 0.95  -0.26 1.03 .40 1.01
7848 1.29  -0.46 1.24 .74 1.32
7849 1.29 -0.46 1.19 .74 1.32
8193 1.33  -0.49 1.14 .78 1.35
8194 1.33  -0.49 1.10 .78 1.35
8197 1.33  -0.49 0.95 .78 1.35
8198 '1.33  -0.49 0.91 .78 1.34
8205 1.33  -0.49 0.89 .78 1.34
8206 0.80  -0.49 0.89 .49 0.86
8265 0.81  -0.50 0.89 .50 0.86
8266 0.81  -0.50 0.88 .50 0.86
10000 0.96. —-0.62 0.96 .65 1.00




Table (4-2)

Ultraviolet and visual continuum fluxes (10713 erg cm=2 s=1 R-1)

from SwSt 1 and its central star.

A(&) I)(tot) I, (nebcont) Iy (star)
1300 71.77 0.82 70.95
1400 54.95 0.94 54.02
1500 52.48 0.92 51.56
1600 41.02 0.89 40.13
1700 32.51 0.85 31.66
1800 30.41 0.83 29.58
1900 29.92 0.85 29.07
2000 28.77 0.90 27.88
2100 30.83 0.97 29.86
2200 24.10 1.08 23.02
2300 22.49 1.21 21.28
2400 20.75 1.36 19.39
2500 16.90 1.53 15.37
2600 15.17 1.62 13.55
2700 14.55 1.85 12.71
2800 13.58 1.85 11.73
2900 12.71 2.32 10.38
3000 11.07 2.57 8.49
3100 10.64 2.82 7.82
3200 9.16 3.07 6.09
4300 5.32 0.25 5.08
4329(B) 3.51 0.25 3.26
4800 4.07 0.28 3.79
5200 3.29 0.29 2.99
5464 (V) 1.99 0.31 1.68
5600. 2.58 0.33 2.25
6000 2.12 0.32 1.80
6400 1.80 0.33 1.47




Table (4-3)

Ultraviolet and visual continuum fluxes (10713 erg em~2 -1 %-1)

from IC 2501 and its central star.

(&) I,(tot) I, (nebcont) I, (star)
1300 21.00 2.95 18.05
1400 18.58 3.37 15.21
1500 16.00 3.26 12.73
1600 12.71 3.03 9.67
1700 11.22 2.78 8.44
1800 10.07 2.56 7.51
1900 9.12 2.41 6.71
2000 7.36 2.32 5.05
2100 8.09 2.23 5.86
2200 6.08 2.24 3.84
2300 5.68 2.28 3.39
2400 5.22 2.36 2.87
2500 4.87 2.46 2.41
2600 4.69 2.46 2.23
2700 4.21 2.65 1.56
2800 4.21 2.65 1.56
2900 4.10 2.70 1.40
3000 3.95 2.90 1.05
3100 4.00 3.00 1.00
3200 4.10 3.20 0.90
3246 4.34 3.35 0.99
3546 4.32 3.52 0.80
4225 0.95 0.42 0.53
5306 0.63 0.41 0.22
6865 0.43 0.38 0.05
7901 0.41 0.38 0.03




Table {4-4)

values of G[T,(x™™)] , calculated from eq.(4.17) for A;=1400%

T,(10% K) G(H%) G(HeO) G(uet)
25 0.085 0.0015 6.424(-9)
30 0.155 0.0061 2.612(-7)
35 0.244 0.017 3.755(-6)
36 0.265 0.021 5.866(-6)

37 0.286 0.024 8.950(-6)
38 0.307 0.028 1.336(-5)
39 0.330 0.033 1.955(=5)
40 0.353 0.038 2.808(-5)
45 0.479 0.072 1.355(~4)
50 0.620 0.120 4.806(-4)
55 0.777 0.185 0.0014
60 0.949 0.267 0.0033
61 0.985 0.286 0.0038
62 1.021 0.305 0.0044
63 1.058 0.325 0.0052
69 1.292 0.459 0.011
70 1.333 0.484 0.013
71 1.374 0.509 0,015
75 1.545 0.618 0.023
80 1.769 0.771 0.037
85 2.006 0.940 0.057
90 2.256 1.125 0.084
95 2.517 1.327 0.119

100 2.791 1.545 0.163

110 3.375 2.027 0.283

120 4.006 2.568 0.451

130 4.683 3.167 0.671

140 5.408 3.821 0.949

150 6.179 4.529 1.287




Table {(4-5)

Values of the colour and Zanstra temperatures (Kelvin)

of the exciting stars of SwStl and IC2501.

IC 2501

“swst 1
T, 30 000 60 000
T, (H I) 36 000 62 000
T, (He I) 36 000 —
T, (He II) e 62 000
T, (Radio) 39 000 70 000
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Figure (4-1): Ultraviolet (I) and optical (O) continuum fluxes from the central star of SwStl;

B refers to blue and V to visual magnitude estimates. The solid curve is the
flux for a blackbody star with T, = 30,000 K and total flux at the distance of

the earth normalized such that.A;l(star)=7.56>(lo'9 erg em™? 571 at A= 1400 &.
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Figure (4-2): Ultraviolet (I) and optical (O) continuum fluxes from the central star of IC2501.

The solid curve is the flux for a‘blackbody star with TC = 60,000 K and total

flux at the distance of the earth normalized such that AIA(star) = 2.13x 10“9
erg em™2 571 at 4= 1400 R.
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Figure (4-3): The SiIV P Cygni feature observed in the spectrum of SwStl: ﬁi/?g is plotted
against A, where F, is the observed flux and F. a mean continuum flux ig the
vicinity of the feature. The feature has a blue component at A=1393.73A and
a red component at A=l402.73§. The positions and relative gf values of these
components are indicated. The dashed curve is from the calculation described
in section (4.5.2)
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CHAPTER (5)

A THEORETICAL MODEL FOR THE PLANETARY NEBULA
NGC 4361

5.1 INTRODUCTION

The high-excitation planetary nebula NGC 4361 has been a popular
object for detailed observational and theoretical studies. In Chapter 1,
we have discussed the observations of NGC 4361, both those which we have
obtained in the ultraviolet using IUE satellite and those obtained by
other workers at ultraviolet, optical, radio, and infrared wavelengths.

In this Chapter, we discuss the interpretation of these observations.

The méin feature of the present work is that we have constructed
a self-consistent spherically symmetric model of the nebula in which we
have attempted to use the most accurate available data for all relevant
physical‘pfocesses. The computer program used is based upon that
described by Harrington (1967, 1968) and improved by HSAL. The objectives
of this work involved representation of observed nebular continuum and
line intensities, including such diagnostic ratios as yield electfbh
temperatures and densities. We believe that the ionization correction
factors for the unobserved stages of ionizations are best determined by

detailed modelling.

Our study indicates that the observed IUE and optical nebular
emission lines are satisfactorily reproduced using a stellar blackbody

flux distribution with effective temperature Teff = 140,000 K.

Comparisons between the results of the present model and the
models of Aller et al. (1978 ; ARKC) and of Adam and Koppen (1985 ; AK)
show that charge exchange and dielectronic recombination processes are,
indeed, very important and must be included in the theoretical models

of planetary nebulae.
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5.2 REDDENING CORRECTION

In the present section we consider the determination of the
reddening correction c¢. We discuss values obtained from the strength

of the 2200& absorption feature, comparison of HR and radio fluxes,

Balmer decrements, and ratio of He+2 line fluxes.

5.2.1 The 2200 & Feature

The 22004 absorption feature observed in the ultraviolet continuum
of NGC 4361 [see Figure (1-10)] suggests a small interstellar extinction.
Figure (5-1) shows the merged SWP 7779 and LWR 6779 spectra, corrected
for reddening using ¢ = 0.05. It is seen that this value of ¢, with a
deviation of * 0.05, is sufficient for rémoving the 22008 absorption dip

in the observed ultraviolet continuum of NGC 4361.

5.2.2 HR and Radio Continuum Fluxes

Measurements of F(HR) from the whole nebula yield 331%36 x 10713
erg em™2 571 [0'Dell (1962)] and 257423 x 10713 erg em 2§71 [Martin
(1984)]. These two values are not compatible to within their combined
errof'bars. For the purpose of the present work, we adopt an average
value of

F(HB) = 294 * 40 x 10713 erg em™2 s71, (5.1)

On the basis of available radio continuum observations (see Chapter 1),

NGC 4361 is optically thin at 5 GHz and has a flux density of
F(radio) = 0.207 Jy ; at 5 GHz. (5.2)

From (5.1) and (5.2) we obtain, for the entire nebula, F(HR)/F(radio) =
1420 *+ 200. The calculated ratiq_of emitted fluxes, I(HR)/I(radio), is
dependent on the electron temperdture and helium abundance (see eq. 3.32).

The ratio from our model is I(HR)/I(radio) = 1872. It follows that
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¢ =0.12 £ 0.07. The previous estimate, ¢ = 0.29, by Milne and Aller

(1975) was based on incorrect value of F(HR).

5.2.3 Balmer Decrements

Using the observed Balmer decrements, TPP derived a value of
¢ = 0.1, while Barker (1978) obtained a value of ¢ = 0.01l. From their

own photoelectric measurements of Balmer decrements, Heap et al. (1969)

found ¢ = 0.0. It is seen that the reddening correction, as derived by
this method, is in the range 0.0 £ c¢c £ 0.1l. To determine the exact
value of ¢ , very accurate measurements of Balmer decrements are required.
This is illustrated in Table (5-1) which gives fluxes for Ho, Hy, and HS
on the scale of I(HB) = 100. The theoretical values are from the model.
The observed fluxes, corrected for reddening, are the average of values
measured by TPP (region a), ARKC, and Barker (1978). It can be seen that
the correction for reddening (with ¢ = 0.0, 0.05, and 0.1) is very small.
However, the theofetical values I(Ha) and I(Hy) are consistent with the

observed fluxes corrected with ¢ = 0.05.

5.2.4- Flux Ratios for He II

2 -1

013 ergcm ¢ s - . For the 21

We consider fluxes in units of 1
arcsec circular aperture we have F(A4686) = 44 + 2 from Table (1-5).
From Table (1-15), the values of F(A1640) are 60 * 10 from SWp 7779
and 77 * 18 from SWP 13521. We shall adopt an average value of

F(Al640) = 69 t 20. Thus:

F(A1640, IUE) / F(A4686, 21") = 1.6 * 0.4. (5.3)
- 'From the model we have
I(A1640, IUE) / I(A4686, 21") = 2.0. (5.4)

~0.09 £ 0.09.

i

Using [£(A1l640) - £(A4686)] = 1.09, we obtain c
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5.2.5 Adopted Value For Reddening

All the method used to deduce ¢ have uncertainties associated with
them, and we shall adopt ¢ = 0.05 (¥ 0.05). Fortunately, our analysis

is not sensitive to the exact value of ¢, within this range.

5.3 ADOPTED FLUXES IN NEBULAR LINES

Measurements of IUE and optical nebular line fluxes are discussed

in Chapter 1.

The IUE measurements give absolute fluxes for He II A1640, C III]
Al908, C IV A1549, and [Ne IV] A2423 nebular emission lines. Projected
on to the sky, the sizes of IUE apertures are smaller than the entire
size of nebular emission for NGC 4361. We consider measurements for two
different regions in the nebula: region A corresponds to an IUE large
aperture centered on star; region B corresponds to an IUE large aperture

offset 28 arcsec (SE) from .star.

Absolute flux measurements of HR A4861, He II A4686, and [0 III]
A5007 nebular emission lines have been made for a variety of circular
aperture sizes (10, 21, 40, and 80 arcsec in diameter). Many more lines

have been measured for a variety of regtangular aperture sizes.

Table (5-2) gives, for the nebular-lines, the extinction function
£(X) and adopted fluxes I()) corrected for extinction using ¢ = 0.05.
We make some remarks on Table (5-2): »
(1) Region A: the values of I(A1640) and I(A1549) are the average of values
obtained from SWP 7779 (low resolution) and SWP 13521 (high resolution)
spectra. The C III] Al908 line is affected by reseau marks in SWP 7779.

The value of T()\2423) is from LWR 6779,
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(2) Region B: the fluxes given for 21640 and A1549 are from SWP 7780,
while those for 11908 and A2423 are from LWR 6780. The C III] A1908
line is again affected by reseau marks in SWP 7780.

(3) Fluxes through circular apertures: the values of I(HR) and I(A5007)

given for the 80 arcsec circular aperture are the average of values
measured by 0'Dell (1962) and by Martin (1984). All other values are
from Martin (1984).

(4) Region C: the fluxes are the average of values obtained by TPP

(slit 5.2" x 77.6" offset 3" S of central star) and by Barker (slit

8" x 200" offset 10" N of central star). For [0 III] A5007, the fluxes
through circular apertures are included.

(5) The [Ar IV] A4740 and [Ar V] A7006 nebular lines which have been
measured in NGC 4361 have not been given in Table (5-2), since our model

does not contain Ar. This is one of the limitations of the present model.

5.4 CONTINUUM FLUXES

Intermediate band observations of NGC 4361 in the spectral region
1500 < A S 3300 & have been made by Pottasch et al. (18780 ; PWWFD)
using the ANS satellite. The observations are made with filters passing
bands of width 150 & centered at five wavelengths (1550, 1800, 2200,
2500, and 3300 A). The ANS diaphragm is a square , 150" on each side,
consequently the light of the central star and the whole nebula are

both measured.

Table (5-3) gives, for the wavelengths at which ANS observations

have been made :

(1) The nebular continuum flux, I,(nebcont), for the whole nebula ,
calculated using I(HR, 80") from Table (5-2) and values of the electron
temperatures, electron densities, and relative ion abundances from the

model.
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(2) The stellar flux, I,(star), calculated assuming a blackbody
distribution with temperature T, = 140,000 K and total flux at the

distance of the earth normalized such that

A Iy(star) = 5.60 x 1072 erg em? s71 at A = 1400 &. (5.5)

(these parameters are consistent with IUE and optical continuum
measurements of the central star, see section 5.5.3).

(3) The sum of the calculated nebular and stellar fluxes, I,(tot).

{(4) The total continuum flux , IA(tot, ANS), measured in the ANS bands

corrected for reddening using ¢ = 0.05.

It is seen from Table (5-3) that our values of Iy(tot) are in
good agreement with the values of I,(tot, ANS) obtained by -PWWFD. This

is not true for A2500 where the ANS value is larger than our value by

a'factor of 1.6. Some of this discrepancy could be due to the fact that
the ANS bands include some contributions from nebular emission lines
(e.g. [Ne IV] A2423). HSAL have carried out a similar analysis for the
planetary nebula NGC 7662 and found that their values of the total flux
were systematically smaller than those of PWWFD. They concluded that the
errors in the ANS measurements are much larger than the very small errors

quoted by PWWFD.

5.5 TEMPERATURE OF THE CENTRAL STAR
5.5.1 HModel Atmosphere

Mendez et al. (1981, 1983) have obtained an improved spectral

description of six central stars of planetary nebulae using three
different observational techniques: (1) the image-tube spectrograms of
the CTIO 1-m and 4-m telescopes; (2) the SIT-Vidicon system with the

R-C spectrograph of the CTIO 4-m telescope; and {(3) the IDS with the
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Cassegrain spectrographAof the ESO 3.6-m telescope. They found that
the three techniques produce essentially the same results. The spectra

of these stars show predominantly absorption line profiles.

Mendez et al. have then constructed non-LTE model atmospheres

for the central stars by fitting the observed photospheric H I and He II
absorption line profiles. Their aim was to derive the effective
temperatures, surface gravities, and He/H abundance ratios for these
stars. The model atmospheres have been assumed plane-parallel, in
hydrostatic and radiative equilibrium and to be composed of hydrogen and
helium only (no metals are included). The profiles have been calculated

with non-LTE treatment of hydrogen and helium.

NGC 4361 was one of the six objects which have been analyzed.

According to Mendez et al. (1983), the atmospheric parameters which have
been used to fit the H I and He II photospheric absorption line profiles
observed in the spectrum of NGC 4361 are:

Tege = 80,000 + 10,100 K ;

Log [glem s72)] = 5.5 + 0.3 (5.6)

~o

I+

N(He)/[N(He)+N(H)] = 0.05 % 0.02.

5.5.2 Zanstra Temperatures

As discussed in Chapter 4, the well known Zanstra method allows
the determination of the temperatures of the central stars from observations
of the nebular H and Hé emission lines and the stellar flux at an arbitrary
reference wavelength (we use A = 1400 R). The stellar flux is given by
equation (5.5). The fluxes, corrected for extinction, in the HB and
He II A4686 nebular lines are 330 and 325, respectively. Both values
are in units of 10713 erg cm™2 s'l; The electron temperature is estimated

from the I(A5007)/1(4363) ratio (Te = 19000 K). Using the relations of
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Chapter 4, we obtain G(H I) = 0.181 and G{(He II) = 0.102. Assuming a
blackbody spectrum for the central sStar and using the results of Table
(4-4), we obtain T,(H I) = 32,000 K and T,(He II) = 93,000 K.

These temperatures may be compared with those obtained by Pottasch
et al.(1978b) [Tz(H I) = 42,500 K; Ty(lle IT) = 98,000 K], by Clegg and
Seaton (1983) [TZ(H I) = 41,000 K; Tz(He II) = 95,000 K]}, and by AK
[TZ(HI) = 33,000 K; T,(He II) = 93,000 K]. Our value of Tz(He II] is
in excellent agreement with the value obtained by AK. Since we use the
same values of Te and I(He II, A4686) as AK, this agreement indicates
that the stellar continuum flux at 14008 observed in the low-dispersion
spectrum (SWP 7779) is consistent with that observed in the high-dispersion

spectrum (SWP 13521).

That T,(H I) is less than T,(He II) can be easily explained
by the fact that the nebula is optically thin iﬁ the H I Lyman continuum.
This is indicated by the weakness of the singly ionized spectral lines
in the nebular radiation (e.g. [0 II], [S II], [N II]) and by the nebular
model calculations which show that [0 III] and [Ne III] emission extends
to the outer edges of the nebula. The model nebula.is not optically thick
in’the"He+’continuum,;heﬁce T,(He II) is also a lower limit on the stellar
temperature.

The He II Zanstra temperature depends greatly upon the assumptions
made about the stellar flux distribution. If the fluxes given by the
plane-parallel LTE model atmospheres of Hummer and Mihalas (1970) are used,

then T;(He II) = 104,000 K. The non-LTE model atmospheres of Husfeld et al.

(1984) yield T,(He II) = 100,000 K. We conclude that the He II Zanstra -

temperature of the central star of NGC 4361 is

93,000 K £ T,(He II) £ 104,000 K (5.7)



5.5.3 Colour Temperature

Figure (5-1) shows log-log plots of flux against wavelength. the

plots are:

(a) The ohserved IUE and optical continuum fluxes, corrected for reddening
using ¢ = 0.05. The IUE fluxes are from merged SWP and LWR spectra of
region A. The optical continuum measurements are from the narrow band
photometric observations of Martin (1984) and from measurements of the

UBV magnitudes [see Table (1-6)].

(b) The nebular continuum flux, NEBCONT, calculated using the method of
section (5.4). We emphasize that this flux is different from that given in
Table (5-3) only in that we now calculate the flux for the IUE aperture.
(c) The stellar continuum flux, STAR, calculated assuming a blackbody
distribution with temperature T, = 140,000 K and total flux at the distance
of the earth normalized to (5.5).

(d) The sum of the calculated nebular and stellar fluxes, TOTAL.

It is seen from Figure (5-1) that the total continuum flux observed
with IUE is due almost entirely to the star. At optical wavelengths the
nebular continuum accounts-for no more:than about 10% of the total continuum.
The agreement between the observed and total calculated continua_is good.

If T, is varied by about * 10,000 K this agreement is still good. We
conclude that the colour temperature of the central star of‘NGC 4361 is

T, = 140,000 * 10,000 K. (5.8)

5.6 PREVIOUS MODELS

ARKC have constructed three nebular models of NGC 4361 with the
primary aim of determining the elemental abundances. The nebular gas is

assumed to be spherically symmetric, motionless, and homogeneous. The
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models are material bounded (or truncated models), so that the nebula is
optically thin for H ionizing continuum. Charge exchange and dielectronic
recombination processes have not been taken into account. Dust in the
nebular shell has also been neglected. For the stellar spectrum, ARKC have
used a flux distribution of a blackbody of temperature 150,000 K which

has been slightly modified to improve the fit between the observed and
calculated intensities of He II A4686 nebular emission line without
invoking suspiciously large helium abundances. For comparisons with the
present model, we present their stellar flux distribution in Figure (5-2)
and the parameters which fix their model 1 in Tables (5-4) - (5-6). With
this model, ARKC have achieved a good reproduction of the optical emission
lines (ultraviolet emission lines were not available at the time they

constructed their models).

Spherically symmetric models of the planetary nebula NGC 4361
have also been constructed by AK. The models have been truncéted inside
the Het?2 Stromgron sphere. Therefore, the nebula is optically thin for
H and He ionizing continua. In these models, charge exchange reactions
of hydrogen with ions of trace elements have been taken into account, but
dielectronic recombination processes were not included. Dust has been
neglected. For the stellar flux distribution, AK have adopted a non~LTE
model atmosphere with Toep = 100,000 K and g = 10° cm s™2. This model
atmosphere is very similar to the empirical spectrum of ARKC in that
it shows the He II Lyman edge in emission [Figure‘(S—Z)], This effect
has been discussed by Husfeld et al.(1984). The parameters corresponding
to the nebular model C of AK are given in Tables (5-4) - (5-6). This

model seems to reproduce most of the ultraviolet and optical emission lines.

The problem with all of the above nebular models is that they

neglect one or two of the most important physical processes in planetary
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nebulae. Thus, in addition to the new IUE observations, we néed to make
a more reliable model of NGC 4361 in which we should include all relevant

physical processes.

5.7 THE MODEL OF NGC 4361

5.7.1 The Computer Program

HSAL give an extensive discussion of the computer program which

we have used to construct a spherically symmetric model of the planetary
nebula NGC-4361. They also give references to the necessary atomic data.
These include photoionization cross-sections, radiative and dielectronic
recombinatién coefficients, rates of charge exchange reactions, effective
collision strengths, and the corresponding radiative transition probabilites.
We have included the new dielectronic recombination rates of Nussbaumer and
Storey (1982). All of these parameters are stored in the computer program
along with better known data such as spectral line wavelengths, excitation

potentials, and ionization potentials.

The program calculates the thermal structure, ionic distribution,
emission line intensities, and other observables. A very complete

description of the computational procedures is given by HSAL.

Below we discuss the parameters which we have used to fix the
nebular model. The results obtained from the model are discussed in

section 5.8.

5.7.2 Angular Diameter

The cataloge of galactic planetary nebulae [Perek and Kohoutek
(1967)] contains a list of the probable values of the angular diameter
of NGC 4361. From these we select the value
© = 81 arc-sec. (5.9)

which is due to O'Dell (1962) and Kahn and Kaler (1971).
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5.7.3 Distance

The distance of NGC 4361 is uncertain. A value of 1400 pc is
given by TPP. From proper motions and other statistical data, Gudworth
(1974) obtained a distance of 1455 pc. Estimates based on the thin
shell hypothesis yield 765 pc [0'Dell (1962)], 797 pc [Higgs (1971)],
900 pc (Cahn and Kaler (1971)], 725 pc [Milne and Aller (1975)], and

910 pc [Daub (1982}].

Since we do not have any improvement over these estimates, we

shall adopt the more recent estimate by Daub :
D = 910 pc. (5.10)

The main results of the present work are not very sensitive to the value

assumed for the distance.

5.7.4 Outer and Inner Boundaries of the Nebula

The outer radius of the nebular shell is estimated from (5.9) and
(5.10). The inner radius was adjusted by reproducing the intensity ratios

CIV/ CIII}] and [Ne IV] / [Ne III]. The adopted values are:

R = 0.01 pc ; Router = 01179 pc. (5.11)

inner

5.7.5 The Stellar Flux

Choice of a proper stellér flux poses one of the most difficult
problems in the theoretical models of planetary nebulae. The frequency
distribution of the stellar radiation at the region shortward of A = 912 R
(the H® ionization limiti is very uncertain. Optical and IUE observations
are of limited help. Oﬁr main constraints for the central star of thé ’
planetary nebula NGC 4361 are as.follows:

(1) The stellar flux distribution for A>1200& should match the observed

IUE and optical continuum fluxes of the central star;



-118~-

(2) The flux at the distance of the earth, at A = 1400 ﬁ, should be
consistent with (5.5);

(3) The stellar flux distribution between 9123 and 2283 must be such as
to produce the correct heating or ionization to the gas;

(4) The number of quanta beyond the Het ionization limit (A < 228 A) must

be enough to explain the observed He II A4686 nebular emission line.

AK have pointed out that avnon—LTE model atmosphere with effective
temperature Tgog¢ = 90,000 K and gravity log {g (cm s'2)] = 5,2 should
satisfy the above conditions. Unfortuntely, this model atmosphere is
not available at the present time. The non-LTE model atmospheres of

Husfeld et al. (1984) are not extensive enough for accurate interpolations

in Tefs @and log(g) to be made. The LTE model atmospheres of Hummer

and Mihalas (1970) show the He II Lyman edge in absorption and it would

not be possible to reproduce the He II A4686 nebular emission line. In the
absence of reliable stellar atmosphere models, weé shall adopt the colour
temperature of 140,000 K, which reproduces the observed stellar c&ntinuum
flﬁx [see Figure (5-1)]. .The energy emitted beyond the Het continuum limit
ﬁay:not be accurately repréducéd by this model, but A < 228 R accounts for
less than 20% of the total stellar luminosity. The low value of the He II
Zanstra temperature may arise because the nebula is not very optically thick

in the He' continuum (see section 5.8.4).

The stellar parameters which we have chosen for our model are
summarized in Table (5-4). These parameters imply that AI,(star) = 3.6x1077
erg em? 571 at A = 1400 A, which is a factor of about 1.5 smaller than
that given by (5.5)? This difference corresponds to a 20% reduction in
the adopted value of the distance, but leads to a value which lies between
the distances found by 0'Dell (1962) and Milne and Aller (1975). Model

calculations show that these stellar;parameteps are satisfactory.
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Figure (5-2) shows the stellar flux distributions adopted for
our model, model C of AK, and model 1 of ARKC. The ionization thresholds
of several ions are indicated in the Figure. For completeness, Table (5=5)

lists the adopted ionization thresholds of all ions considered in our model.

5.7.6 The Mean Density Distribution

Since our model is constrained to be spherically symmetric, we
can use the measured HE flux through circular apertures [Table (5~2)]
to derive the hydrogen density distribution. Following AK, we consider
the nebula to be consists of a series of homogenous shells whose radii
correspond to the apertures. The electron temperature, estimated from
the [0 III] I(A5007)/I(X4363) ratio, is assumed to be constant in the
whole nebula. With sufficient accuracy for our present purpose, we may
let N(H+)/NH = 1. A mean value of Ne/NH is calculated allowing for the
ionization of helium. Given the distance, we can compute the r.m.s.
density of the outermost shell from the difference of the HB fluxes
measured with the largest and second largest aperture. To compute the
density.in the second largest shell by the analogous difference of fluxes,
we must subtract the contribution of those parts of the largest shell
that lie within the line of sight. In this way, the density can be
calculated going inward shell by shell. This technique produces a
histrogram density distribution which can be smoothed by a Gaussian
function. Instead, we use a subroutine "SPLINE" included in the computer
program to smooth the histrogram. The finally adopted density distribution
for the case where the nebular volume is entirely filled with material
(filling factor & = 1) is shown in Figure (5-3). The peak density of

Ny = 317 em™3  occurs at an angular radius of 10.5 arcsec.

Models constructed with the density distribution thus obtained were

found to give good agreement with the observed density-sensitive line ratios.
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This means that we do not need to consider density fluctuations in the

model (the use of § = 1 is satisfactory in this regqard).

5.7.7 Dust

As in all previous models of NGC 4361, we neglect dust in the

nebular shell. Infrared observations are in line with this neglect.

5.7.8 Abundances

The nebular gas is assumed to be consists of the nine most abundant
elements in planetary nebulae: H, He, C, N, O, Ne, Mg, Si, and S. Table
(5-6) lists the chemical abundances which have beéh adopted for NGC 4361,
along with the solar abundances for comparison. These abundances were
adjusted by an iterative procedure in such a way as to obtain the best
overall agreement between observed and calculated line intensities, with
the exception of Si and Mg, which are not constrained by observed lines.
The Si abundance, relative to the solar abundance, is assumed.tofhave the
lowest value of the other eléements, while Mg is aéSumed to have the same
value as in NGC 7662 (HSAL). Although it is qUiﬁe»likely that Si and Mg
would be depleted by'the formation of solid grains. These abundances will

be discussed further in section 5.8.5.

5.8 RESULTS AND COMPARISON WITH OBSERVATIONS
5.8.1 The Emitted Spectrum

The model produces a map of the projected surface brightness in
each spectral line. We have integrated the projected brightness of the
ultraviolet lines over the 10" x 20" oval aperture which is appropriate
for IUE large aperture observations of region A. In Table (5-7), we

compare these calculated values with the observed fluxes, which have
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been corrected for extinction using ¢ = 0.05. For comparison with

previous theoretical work, we have included the fluxes of model C of AK.

Table (5-7) also gives a comparison of calculated and observed
fluxes for region B. The observed fluxes are corrected for reddening and
on a scale relative to I(He II A1640) = 100. The theoretical fluxes
are obtained by computing the emission in the lines, relative to the
emission in He II Al640, at several radial points within region B and
averaging the results. This procedure leads to the error bars given for

the predicted fluxes.

It is seen from Table (5-7) that the agreement between our model
and IUE observations is good. The brightness distributions of C IV A1549,
C III] A1908, and [Ne IV] A2423 emission lines are well reproduced by our
model. The strength of He II A1640 is stronger than that observed by
a factor of 1.11, but within the large observational uncertainties. In
our model the He abundance was adjusted by reproducing the He II A4686
flux through circular apertures rather than the He II A1640 flux. One
final note is that model C of AK seems to be satisfactory for C IV A1549
ahd C III] A1908 but gives [Ne IV] A2423 stronger than observed by a

factor of 2.55.

We have integrated the projected brightness of HB, He II A4686;
and [0 III] A5007 lines over the 10" x 20" oval aperture as well as over
circular apertures whose radii correspond to the apertures used by Martin
(1984). The results are given in Table (5-8) along with the observed
absolute fluxes, corrected for reddening. The overall agreement between
the calculated and observed fluxes is good. The brightness distribution
in the model is such that only 7% of the total HR flux, 10% of the total
He II A4686 flux, and 4% of the total [O III] A5007 flux enter the IUE

large aperture, centred on the star.
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Using a simulated 8% wide, infinitely long aperture, we have
calculated the fluxes in the optical lines, relative to HR. The centre
of the aperture was offset 3" and 10" from the central star. This leads
to two sets of results for which the average values should be compared
with the average of fluxes measured by Barker (1987) and by TPP (region aj.
The slit used by TPP is slightly narrower than the simulated aperture but
this is not likely to lead to serious errors. In Table (5-9), we compare
the observations with our model, model C of AK, and model 1 of ARKC.
Except for [Ne V] A3425, the three nebular models are in good agreement
with opﬁical observations. Our model and model C of AK give [Ne V] A3425
stronger than observed. The production of Ne+4 by photoionization of Net3
requires stellar photons with energies greater than 97 ev. We suggest tﬁat
a small absorption dip at hv = 97 ev in our adopted stellar spectrum could

remove the discrepancy between the observed and calculated fluxes of [Ne V]

A3425 without significant changes in the ionization structure of the model.

Fluxes measured in regions other than those mentioned above are

reproduced by our model to within a deviation of less than 10%.

The calculated flux density at 5 GHz is 0.180 f.u., compared with

an observed value of (0.207 f£.u.

5.8.2 Ratios Sensitive to Physical Conditions

In Chapter 3, we have seen that cértain ratios of fluxes are
sensitive to electron temperature and electron dénsi—ty° For a given
element, the ratio of fluxes of different ionization stages depends on
the distribution of ionizing stellar flux and the distribution of density
in the nebula. A realisﬁic nebular model should reproduce the observed

values of such ratios.
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In Table (5-10) we compare the calculated and observed values of
ratios of fluxes which are sensitive to physical conditions in NGC 4361.
The observed values of the C III] AA1907/1909 and C IV AA1548/1551 ratios
have been taken from BK. Other values are obtained from Tables (5~7) and
(5-9). It is seen that there is satisfactory agreement between calculated
and observed ratios. The scatter in the measured fluxes by different
observers and the uncertainties in the atomic data may explain the small

deviations from observations.

5.8.3 Electron Temperatures

The electron temperature in our model is obtained at each radial
point by an iterative procedure in which the heating and cooling rates
are calculated and the temperature adjusted until equality is achieved.
The heating is provided by the energy input from the radiation field
J(v) = Js(v) + JD(v), where Js(v) is the (attenuated) stellar radiation
and JD(v) is the diffuse component produced by the gas. The sources of
the diffuse component are: (1) recombinations to the ground states of
H°, He®, and He':; (2) recombinations to the n=2 level of He+; (3) two-
photon decays from Het 2s and He® 2 lS; (4) single~photoh decay of
He® 2 3S; and (5) the He' Ly-o line and the radiation produced by the
degradation of Het Ly-a by the Bowen fluorescehée mechanism. The cooling
processes include free-free emission, recombinations of electrons with

ions, and collisional excitation of the low-lying energy levels,

Figure (5-4) shows the run of electron temperature with radius.
Near the central star the temperature is very high és there are few
coolants. The highest temperature, which occurs at ghe inner edge, is
30,000 K, but this drops gradually towards the outer region as the cooling

.éffects.of ions of O, Ne, C, and N become important. At the outér edge,
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the temperature has its minimum value of 16,400 K. The mean value of the

electron temperature is <Ty> = 17,600 K.
Table (5-11) gives the mean temperatures T, » defined by equation

(3.68), and values of the mean square fluctuation 2 , defined by equation
(3.67), for the first six ionization stages of all elements considered
in our model. It can be seen that To(O II) » T (Ne II) b To(C II) ,

Te(C III) = Te(O I1I) 2 Te(Ne I1I), and Te(C IV) = Te(Ne ) £ Te(O ).

The calculated electron temperature in the O+2 zone , Ty = 17000 K,
is well below the value Te ~ 19000 K measured by the sensitive line ratio
I(A5007)/1(X4363). We emphasize that the former value represents the
entire nebula, while the latter value corresponds only to regions near the
central star. We shall see below that the [O III] ions are concentrated
mostly in the outer parts of the nebula. Unfortunately, we do not have
any more observationally-determined temperatures for further comparisons
with the temperatures of the model.

Since H is everywhere fully ionized, the value t2(H IT) = 0.01

2

can be considered representative of the nebula. This value of t¢ is

significantly smaller than the value £2 = 0.035 adopted by TPP. We may

conclude that there are no large temperature fluctuations in NGC 4361.

5.8.4 The Ionization Structure

Let Nij be the number of ions of element i in ionization stage j
(where j = 1 signifies neutral atoms). Define the fractional abundance

of the ij ion as

X(Nj ) = N5/ E Nig s (5.12)
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where the summation is over all ionization stages of the element i,
The optical depth measured from the inner radius'to some point r in the
nebula is

r

) = I a(v, Nj4) Njylr, £) dr (5.13)

To(Ni5 3/

inner
radius

where a(v, Nij) is the photoionization cross-section.

In Table (5-12) we present the calculated values of x for H+,

+

get, +2

and He™“ ions as well as the dptical depths due to H°, He®, and Het
at their respective absorption edges (hv = 13.60 ev for H®, hv = 24.58 ev
for He®, and hv = 54.40 ev for HeT). The threshold optical depths for
the whole nebula T(H®) = 0.42 and t(Het) = 0.53 may be comapred withA
those obtained by model C of AK [T(H®) = 0.50 and t(He') = 0.55]. The

nebular model is not optically thick for H and He ionizing continua.

Values of x for 0O, C, and Ne ions are shown graphically in
Figures (5-5) to (5-7). We can not be very sure of the ionization

equilibrium of N and S ions. Results for Si and Mg are very uncertain.

Table (5-13) gives the average fractional abundarices of atoms in
various ionization stages, defined as

£(Nj§) = <Ny / E <N (5.14)

where the average density of the ij ion over the nebular volume is

<Nlj> = J Ne Nl] dV / J Ne dV. (5,15)

The mean hydroden density in the model is <Ny> = 225 em™3 . The total

hydrogen mass in the nebula is My = 0.13 M,.

Because f(H®) 2 0.001, the ionization structure of the model is

complicated by charge exchange reactions with hydrogen. One example is
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the reaction O+3 + HO —> OJ“2 + Ht : at electron tempefatures found in
NGC 4361, the rate coefficient for this charge transfer reaction is very
large [B =~ 1.1 x 1078 cm3 s71; see Table (2-5)]. Due to this important
process, the ratio f(He+2) / [f(o+3) + f(0+4) + ....] from Table (5-13)
deviate from unity by about 11%. In all nebular models of NGC 4361,

the oxygen-ionization equilibrium is obtained by repidducing only the

[0 III] emission lines {(other O lines are very weak or absent). Hence,
the neglect of the strong reaction mentioned above will result in a poor
nebular model. We also note that the reactions C'> + HO — ct2 + gt
2 x 104 K) and Ne™3 + WO — Net? + gt

R=4.2x102cm3statT

1]
1

e

(B =8.3 x 109 em3 st at T 2 x 104 K) have important effects on the

e

C+3/ C+2 and Ne+3/ Ne+2 intensity ratios.

Charge transfer reactions affect greatly the fractional abundances
of the singly ionized species of various atoms. A model constructed without
charge transfer showed about 45% reduction in the [0 II] and [N II] line

intensities.

In addition, dielectronic recombination processes are important
for some ions in NGC 4361. At temperatures found in this nebula, the
rate coefficient for the dielectronic recombination process ¢t re> C+2
is about 2.5 times the ordinary radiative recombination rate. By
neglecting this process in the nebular models of NGC 4361, AK have found
it necessary to infer from the photographs of the nebula and expand the
central hole to 1/2 of the nebular radius in order to get the observed
C+3/ C+2 intensity ratio. We do not have such a problem in our model

(which is a full sphere) because we include the above process.



It ‘is evident from the above discussion that_the inclusion of the
charge exchange and dielectronic recombination processes in the nebular
model modify strongly the ionization structure of NGC 4361. We may
conclude that despite the very few emission lines observed in the spectrum
of NGC 4361, our model is able to reproduce the overall ionization aﬁ

thermal structure of the nebula quite well.

5.8.5 The Chemical Abundances

The He, C, O, and Ne abundances should be well determined. We can
not be very sure of the N and S abundances because the [N II] A6584 and
[S II] 24072 lines are not strong and represent only minor stages of
ionization [£(NF) = 0.0027; £(S¥) = 0.00033]. The abundances of Si and

Mg are very uncertain.

It is seen from Table (5-6) that C, O, and Ne are less abundant in
NGC 4361 than in the Sun, but for C we do not see such a large difference
as AK or ARKC. The C/0O abundance ratio is about 1.2, indicating that

NGC 4361 is a carbon rich object.
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Tables and Figures



Table (5-=1)

Theoretical and observed Balmer decrements in NGC 4361. The fluxes are
expressed relative to HB. The observed fluxes are corrected for reddening

with ¢ = 0.0, 0.05, and 0.1.

Ion A(R) £()\) Model Observed

c =0.0 0.05 0.10
Ho 6563 -0.323 302 311 300 289
HR 4861 0.0 100 100 100 100
Hy 4340 0.129 47.0 46.3 47.0 47.7

HS 4102 0.172 26.0 26.7: 27.1: 27.8:




Table (5-2)

Adopted fluxes in spectrum lines, corrected for reddening (c = 0.05).
The fluxes given for region C are expressed relative to HB. Other

values are in units of 10713 erg em™? 571,

Ion AMR)  £()) Region A Region B
He II 1640 1.136 88 * 38 43 = 3
C III] 1908 1.227 28 £ 5 23 £ 5
cC v 1549 1.184 231 £ 39 109 * 4
[Ne IV] 2423 1.118 40 + 4 17 £ 3
10" 21" 40" 80"
HR 4861 0.0 7+ 3 36 £ 4 123 + 11 330 + 40
He II 4686 0.042 11 * 6 50 £ 2 160 = 7 325 £ 15
(O III] 5007 -0.034 21 =3 91 £ 6 345 £ 16 1100 % 200
Region C
HS 4102 0.172 28
Hy 4340 0.129 48
HB 4861 0.0 100
Ho 6563 -0.323 288
He I 5876 -0.216 <2.0
He II 4686 0.042 120
[0 II] 3728  0.255 6.3:
[O III] 4363 0.124 9.5
[O III] 5007 -0.034 297
[Ne III] 3869 0.223 27
[Ne IV] 4725 0.034 3.0
[Ne V] 3425 0.344 140 + 70
[N II] 6584 -0.326 1l.6:

[s 1I1] 4073 0.178 <2.0




Table (5=3)

Continuum fluxes from the central star and from the whole nebula.

The fluxes are in units of 10713 erg em2 s71 871

A(R) I, (nebcont) I, (star) IA(Eot) I, (tot; ANS)
1550 4,99 27.70 32.69 32.15 + 0.23
1800 4.75 16.02 20.77 19.21 % 0.19
2200 2.74 7.60 10.34 10.75 = 0.07
2500 2.48 4.69 7.17 11.46 = 0.15

3300 2.05 1.63 3.68 , 3.43 £ 0.02




Table (5-4)

Input parameters for the nebular models of NGC 4361.

Present AK ARCK
Model Model C Model

Angular Diameter 0 (arc-sec) 81 81 8l
Distance D (pc) 910 1000 1900
Stellar Temperature Teff (K) 140,000 100,100 150,000
Stellar Radius Rg(Ry) 0.08 0.19 0.11
Luminosity L (Lg) 2200 3220 5470
Inner Radius Rinner(pc) 0.01 0.062

Quter Radius Router(pc) 0.179 0.131 0.3663
(Router ~ Rinner!/Router 0.94 0.53

Mean hydrogen Density <Ny cm3 225 500 330

Filling Factor g 1 1 1




Table (5-5)

Adopted ionization thresholds (electron volts).

Element II 111 v \Y VI
H 13.595
He 24.580 54..403
C 11.256 24.376 47.426 64.476
N 14,530 29.593 47.426 77.450 97.863
0 13.595 35.108 54.886 77.394 113.873 138.08
Ne 121.559 41.000 ©3.000 97.020 126.300 157.910
S 10.357 23.400 35.100 47.340 72.500 88.029
Si 8.149 - 16.340 33.460 45.130 166.730
Mg 7.644 15.031 80.120 109.300 141.200




Abundances in NGC 4361.

Table (5-6)

Numbers in brackets denote adopted values.

Element Present AK ARCK Solar
Model Model c Model 1

H 12.00 12.00 12.00 ‘ 12.00
He 11.04 11.04 11.096 11.00:
C 8.36 7.60 (7.7) 8.66
N (7.65) <6.60 (7.48) 7.98
o] 8.30 8.50 8.10 8.91
Ne 7.93 7.90 7.45 8.05
S (7.18) (7.20) (6.18) 7.23
si (7.00)
Mg (5.85)
Ar 6.20 6.23 6.57




Table (5-7)

Comparison of calculated and observed IUE fluxes (corrected for reddening with ¢=0.05).

Ion AR) Region A Region B
Flux (10713 erg em™2 s71) I(X) / I(A1640)
Observed Present AK Observed Present
Model Model C . Model
He II 1640 88 + 38 98 - 100 100
C III] 1908 28 £ 5 28 29 53 = 17 56 + 9
C IV 1549 231 * 39 220 210 253 + 33 240 * 11

I+
1N

[Ne IV] 2423 40 38 102 40 10 50 £ 2




Table (5-8)

Comparison of calculated and observed fluxes in different apertures.

The observed fluxes are corrected for extinction (c = 0.05).

Ion  MA&)  Aperture Absolute flux Fraction of
(10713 erg em? s71) total flux
Observed Model Observed Model
HR 4861 10" circular 73 9 0.021 0.027
IUE large 25 0.074
21" circular 36 * 4 42 0.109 0.125
40" circular 123 * 11 142 0.373 0.421
Whole nebula 330 * 40 337 1.0 1.0
He II 4686 10" circular 11 + 6 11 0.034 0.028
IUE large 39 0.100
21" circular 50 + 2 49 - 0.154 0.126
40" circular 160 = 7 166 0.492 0.426
Whole nebula 325 £ 15 390 1.0 1.0
[0 III] 5007 10" circular 21 + 3 18 0.019 0.015
IUE large 52 0.042
21" circular 91 + 6 84 0.083 0.068
40" circular 345 * 16 346 0.314 0.279

+

Whole nebula 1100 + 200 1240 1.0 1.0




Table (5-9)

Comparison of calculated and observed optical line fluxes, corrected

for reddening (c =

0.05) and expressed relative to HR.

The observed

fluxes are from Barker (1978) and TPP (region a), see Table (1-4).

Model / Obseved

Ton AR) I()) / I(HR)
Obsefved Present
Model
HS 4102 28 26
Hy 4340 48 47
HB 4861 100 100
Ho 6563 288 302
He I 5876 <2.0 0.5
He II 6486 120 116
[0 II) 3728 6.3 3.0
[0 ITI] 4363 9.5 8.0
[0 III] 5007 297 280
[Ne III] 3869 27 24
[Ne IV] 4725 3.0 3.1
[Ne V] 3425 14070 260
[N II) 6584 1.6: 1.5
[S II] 4072 <2.0 0.1

Pr esent AK ARCK
0.93

0.98

1.0 1.0 1.0
1.05

>0.25 0.0

0.97 0.99 0.85
0.48 0.38

0.84 1.08 1.02
0.94 0.99 1.04
0.89 1.04 0.86
1.03 0.87 1.00
1.86 2.88 0.66
0.94 0.02
>0.05




Table {(5-10)

Line ratios sensitive to physical conditions in NGC 4361.

Ratio Observed Model Deviation
ct2 AA1907/1909 1.44 1.47 2 %
ct3 AA1548/1551 2.00 1.98 1%
ct3/ ct2 AX1549/1908 8.25 7.86 5%
ot? AA5007/4363 32.0 35.0 9 %
net3 AA2423/4725 13.3 12.3 8%
Net3/ NeT2  AX2423/3869 1.48 1.58 6 %




Table (5-11)

Values of T, (x™)  and ; 1n brackets, t2 (x+m),

X I II III v \% VI

H 17160(0.0032)  17900(0.0101)

He 16880(0.0014)  17130(0.0031)  17940(0.0103)

c 16770(0.0008)  16860(0.0012)  17030(0.0021)  17360(0.0040)  18620(0.0135)

N 16760(0.0008)  16870(0.0012)  17110(0.0025)  17650(0.0059)  18570(0.0118)  21010(0.0222)
0 16660(0.0004)  16790(0.0009)  17010(0.0021)  17680(0.0062) 18960(0.0154)  21530(0.0250)
Ne 16670(0.0004)  16740(0.0007)  16880(0.0013)  17410(0.0043)  18540(0.0117)  20950(0.0228)
s 16720(0.0006)  16780(0.0008)  16920(0.0014)  17230(0.0030) 17880(0.0070)  18700(0.0115)
si 16750(0.0008)  16790(0.0009)  16970(0.0017)  17240(0.0035)  18230(0.0113)  20970(0.0291)
Mg 16680(0.0005)  16760(0.0007)  16900(0.0014)  17450(0.0043) 18860(0.0132)  21680(0.0241)




Table (5-12)

Fractional abundances and threshold optical depths in the model.

Radius T, Ng x(gh) xmeh)  xmet?) ()  t(He®) t(He!)
(pc)  (10%) (om™3)

0.010 3.00 320 1.00 1.8(-4) 1.000 0.0 0.0 0.0
0.015 2.85 330 1.00 4.4(-4) 1.000 2.0(-4) 3.9(-9) 2.1(-4)
0.020 2.75 342 1.00 8.2(-4) 0.999 6.2(-4) 2.1(-8) 6.7(-4)
0.022 2.72 346 1.00  1.0(-3) 0.999 8.8(-4) 3.6(-8) 9.6(-4)
0.027 2.61 360 1.00 1.6(-3) 0.998 1.8(-3) 1.1(-7) 2.0(-3)
0.032 2,51 371 1.00 2.4(-3) 0.998 3.3(=3) 3.1(-7) 3.6(-3)
0.037 2.42 379 1.00  3.4(-3) 0.997 5.5(=3) 7.1(=7) 6.0(-3)
0.042 2.33 385 1.00  4.5(-3) 0.995 8.5(-3) 1.5(-6) 9.3(-3)
0.046 2.27 387 1.00 5.6(~3) 0.994 0.012  2.6(-6) 0.013
0.051 2.20 386 1.00  6.9(-3) 0.993 0.017  4.5(-6) 0.018
0.056 2.14 385 1.00 8.5(-3) 0.992 0.023  7.5(-6) 0.025
0.061 2.08 383 1.00 0.010 0.990 0.030  1.2(-5) 0.033
0.066 2.03 380 1.00  0.012 0.988 0.038  1.8(-5) 0.042
0.071 1.99- 376 1.00 0.014 0.986 0.047  2.6(=5) 0.052
0.076 1.95 370 1.00 0.016 0.984 0.058  3.7(-5) 0.064
0.081 1.91 363 1.00  0.017 0.982 0.069  5.0(=5) 0.078
0.083 1.90 360 1.00 0.018 0.982 0.074  5.6(=5) 0.083
0.088 1.87 351 1.00  0.020 0.980 0.087  7.4(=5) 0.098
0.093 1.85 341 0.99 0.022 0.978  0.10 9.5(-5) 0.11
0.101 1.81 328 0.99  0.025 0.975 0.12 1.3(-4) 0:14 "
0.108 1.78 315 0.99  0.029 0.971 0.15 1.8(-4) 0,17
0.116 1.75 300 0.99 0.032 0.968 0.17 2.3(=4) 0.20
0.123 1.73 289 0.99 0.035 0.965 0.20 3.0(-4) 0.23
0.131 1.71 277 0.99  0.039 0.961 0.22 3.7(-4) 0.27
0.138 1.69 266 0.99  0.042 0.958 0.25 4.6(-4) 0.30
0.146 1.68 254 0.99  0.046 0.954 0.28 5.5(-4) 0.34
0.153 1.67 244 0.99  0.050 0.950 0.3l 6.6(-4) 0.38
0.161 1.66 234 0.99 0.054 0.946 0.34 7.8(-4) 0.42
0.168 1.65 224 0.99  0.059 0.941  0.37 9.1(-4) 0.46
0.177 1l.64 215 0.99  0.065 0.935 0.41 1.0(-3) 0.51
0.179 1l.64 214 0.99  0.067 0.933 0.42 1.1(-3) 0.53




Table (5-13)

Average fractional ionic abundances for the model. Numbers in brackets are powers of ten.

Element I II IIT Iv \Y VI VII
H .1055 (-2) .9989
He .2412 (-4)  0.0429 .9571
C .5451 (-5) .4506 (-2) .1587 .3617 .4750
N .1692 (-5) .2695 (-2) .2142 .5141 .2192  0.0498
0 1177 (-5) L1152 (-2) .1487 © 0.6267 .2090  0.0140  0.5050 (-3)
Ne .2154 (=7) .1354 (-3) .0628 .5585 .3382  0.0400  0.3603 (-3)
s .1092 (~6) .3326 (-3) .0526 .4298 .2320 0.2342  0.0510
si .6841 (-4) .0100 0776 . 2472 .6547  0.0103
Mg .3814 (-4) .6348 (=3) .1264 .5397 .3156  0.0177
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Figure (5-1):
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Log [A(R)]

The UV spectrum and optical continuum measurements of NGC 4361. The curves
shown are: the merged SWP 7779 and LWR 6779 spectra, IUE; the narrow band
measurements of Martin (1984),0; the fluxes computed from UBV magnitudes, I;
the calculated stellar continuum, STAR; the calculated nebular continuum,
NEBCONT; and the sum of the calculated stellar and nebular continua; TOTAL.
The observed continuum fluxes are corrected for extinction ( ¢ = 0.05 ).
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Figure (5-2):
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The surface flux distributions used forbthe-present model ( : -blackbody at
140,000 K), model 1 of ARKC (— — —; modified blackbody at 150,000 K), and model C
of AK (------- ; non-LTE model atmosphere with effective temperature of 100,000 K and

gravity g = lO5 cm s_z). The ionization thresholds of several ions are indicated.
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Figure (5-3): The hydrogen density distribution adopted for the model.
The radial scale is given both in parsecs and in seconds

of arc as seen from the earth.
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The run of electron temperature in the model. .
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The ionization equilibrium for O ions.
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Figure (5-6): The ionization equilibrium for C ions.
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CHAPTER (6)

SUMMARY AND CONCLUSIONS

6.1 OBSERVATIONS

Observations of planetary nebulae in the ultraviolet, optical,
infrared, and radio spectral ranges have been briefly reviewed. Particular
attention was given to ultraviolet observations secured with the IUE
satellite. Emphasis was placed on the importance of these observations

in studies of planetary nebulae, their central stars, and their envelopes.

This thesis_concentrates on the planetary nebulae SwSt 1, IC 2501,
and NGC 4361. Our own ultraviolet (IUE) observations of thése objects
were presented and discussed in detail. Results from observations of other
workers at optical, infrared, and radio wavelengths were also reported and
have been combined with ultraviolet results in order to analyse the physical

conditions and abundances in the nebulae.

6.2 PHYSICAL PROCESSES

The atomic scattering processes. pertinent to the diagnostics of
ionized nebular gases have been discussed. Attention was focused on the
most recent atomic parameters, which have been used to obtain numerous
diagrams, expressions, and tables so that the observational data caﬁ be
employed to determine the reddening corrections, electron densities and
temperatures, ionic concentrations, and chemical compositions for planetary

nebulae.

6.3 REDDENING CORRECTION

The reddening correction c(HB) for each object has been determined

by several independent methods. In all three cases, the value of c(HR)
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derived from the A2200 interstellar absorption feature was less than that
obtained from the Optically thin radio continuum to HR ratio. The
discrepéncy was particularly large for the case of the very low excitation
(VLE) nebula swst 1 and it was concluded that, whereas the correction is
based on a mean interstellar extinction, variations from object to object
may be expected. A similar discrepancy has also been found for the VLE

planetary nebula M 1-26 by Adams and Barlow (1983).

6.4 PHYSICAL CONDITIONS IN THE NEBULAE

A detailed analysis of physical conditions and abundances in the
three planetary nebulae was based on the combined ultraviolet and optical

observations.

The electron density in SwSt 1, determined from the intensity
ratio C III AX1907/1909, is high (Ne ~ 105 cm'3), consistent with the high
emission measure and high critical frequency determined from observations
of the thermal radio emission. It would be desirable to make a more
reliable determination of the electron temperature in SwSt 1. The value
which we derived from the [0 III] AA5007/4363 ratio is subject to some
uncertainty owing to the weaknéss of A4363. The [0 III] AA5007/1663 ratio
gives an inconsistent value of the electron temperature and it was concluded
that the feature observed at Al663 may be attributable entitrely to noise.
The nebular C/0 abundance ratio in this nebula is approximately solar
and confirms that the envelope‘is oxygen-rich, as suggested by infrared
spectra which show the silicate emission feature. The carbon-richness
of the central star (WC 10) is therefore not reflected in the nebular
envelope and may be attributable to a more advanced stage of nucleosynthesis
in the core. The hypothesis that SwSt 1 is a young planetary nebula is

consistent with current knowledge and available observations.
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The electron temperatures and density in the planetary nebula

IC 2501 have been determined from the diagnostic forbidden line ratics

[O ITII]} AA5007/4363, [N II] AX6584/5755, and [0 II] AA3728/2470. It was
found that Tg(O III) ~ 1.04 To(N II) ~ 9400K and Ng(0 II) = 2x10% em3,
The electron temperature has also been determined from the intensity ratio
of the dielectronic recombination line C II A1335 to the collisionally
excited line C III] Al1908. The derived value was found to be much higher
than T,(0 III) and it was concluded that the feature observed at A1335 is
weak and may be attributable entirely to noise. The nebular C/0 abundance
ratio in IC 2501 was found to be greater than unity, i.e. the envelope is
carbon-rich, as suggested by the identification of the SiC feature in the
infrared spectrum. It was concluded that Mg+ is not depleted in IC 2501

and it is possible that much S is tied up in grains.

A spherically symmetric model of the planetary nebula NGC 4361 has
been constructed. The density distribution used in the model was obtained
from measurements of HR fluxes through circular apertures. The star was
assumed to radiate like a blackbody and absorption by internal dust has been
neglected. Abundances were adjusted to reproduce the observed continuum
and line fluxés as well as the observed values of ratios thch are very
sensitive to physical conditions in the nebula. Charge exchange reactions
with hydrogen and dielectronic recombination processes were included. The
small-scale filamentary structure and dynamical effects, which may be
important in planetary nebulae, were not taken into account. Regarding
this model, our main conclusions were :

(1) With a 140,000K blackbody flux distribution and suitable adjustment
of various parameters, we were able to obtain reasonable agreement with

observations for most spectral features. [Ne V] A3425 was the only line
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for which the flux given by the model is significantly larger than that
observed. The stellar spectrum which we have used may not be correct at
hv > 97 ev (the ionization limit of Net3 ).

(2) The total energy radiated by the nebula in collisionally excited lines
was determined by the slope of the stellar continuum between 9124 and 228A.
This 1is equivalent to measuring the temperature of the central star by
Stoy's method.

(3) The stellar flux for A < 228R& which we infer from the He II nebular
emission lines is model independent.

(4) The nebular model is optically thin for H and He ionizing continua.
(5) We £ind that <Ny = 225 cm™3, <Ng> = 274 cm™>, and <T> = 17,600 K.

(6) The ionization equilibrium is well determined for H, He, C, O, and Ne
ions. Results for other ions are less reliable.

(7) The He, C, O, and Ne abundances should be well determined. There is

a possibility, not considered in the model, that the C IV A1549 line is
attenuated by dust internal to NGC 4361. However, even if dust absorption

leads to a C+3

abundance which is 3 time larger, as in the case of NGC 7662,
the abundance of C would increase by only a few per cent.

(8) The present model was compared with previous modéls of NGC 436l1. It was
concluded that the inclusion in the model nebula of charge exchange and

dielectronic recombination processes greatly improves the ionization and

thermal structure of NGC 4361.

6.5 CENTRAL STARS

The stellar ultraviolet and optical continuum of each object was
obtained by subtracting the calculated nebular continuum from the total

observed continuum. The slope of this stellar continuum was fitted by
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a blackbody flux distribution and the colour temperature of the central
star, Tc , was derived. The stellar flux at the distance of the earth
(at Al400) was compared with the nebular radio continuum and H or He lines

to derive the equivalent blackbody (Zanstra) temperature of the star, Ty .
A large difference between Te and TZ(He II1) was found for the

central star of NGC 4361, but the nebula is optically thin in the get

continuum. This fact may account for TZ(He IT) being so low.

We observed a few P Cygni type line profiles in the UV spectrum of
the central star of SwSt 1. The Sobolev approximation was used to analyse
the Si IV resonance doublet profile. We find that a stellar wind with |
terminal vélocity Voo = 2000 Km s™! and mass-loss rate M = 2.8><10"8-(‘MO yr'l)

can explain the observed profiles.

6.6 FUTURE WORK

A paper which summarizes the results obtained from the nebular
model of NGC 4361 is in preparation and will be submitted for publication
in the near future. I will try to include argon in the computer programme
for nebular models, so that future work will lead to further important
information. For the sake of model calculations, accurate fits to the most
recent atomic data will be made. Future work may also include calculations

of atomic parameters.
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APPENDIX A

Consider the equations

Ne ‘Z_ Ny a4 * 'Z' Ny [Aji + Ng qji] = Nj ['Z. Aj4 t+ Ng 'L. qij] (3.39)
and

ng = N/ N. (3.41)

Assuming a three-level atom (L = 3). Denote the bottom, middle, and

top levels by 1, 2, and 3. From the above equations we obtain

ny Ne 913 +np No dp3 = n3 ( Ng g3y + No a31 + Azp + A3 ) (Al)
for level 3 , and

n Ne 91p + n3 (Ng q33 + Agp) = ny ( Ng gpp + N dp3 + App ) (A2)

for level 2. We can solve (Al) and (A2) for the ratio n3/n2. Thus :

n3 dp3/dy3 *+ (dp) *+ 93)/qyp + A/ (Mg qp))
Pl , . (a3)
ny  qa3p/dip t (g3p + 931)/qy3 + A3/ (N qpp) + (Azp + Agp)/(Ng qp3)
Define
« Ne qu = C Ql] Xl] / (L)i H i< ] (A4)
Ng q4i = C jS / w5 ;3> i (AS5)
with
Xij = exp(—AEij/KTe) (A6)
and
Cc=28.63x10%x, (A7)
where
_ n=2 1/2
x = 1072 Ny / T2 . (A8)

Substituting (A4) to (A8) in (A3), we obtain
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wy [j 53 X23 91 923 X23 ) wy Apy }
— —— :

+
n3 wy L 3 X33 2 X120 Sz X120 C 9 Xpo 29)
n, W [ 35 §31 {32 w3 A3y w3y (Azy+ Agg) }
— + + + +
w3 L 33 X33 3 X33 12 X312 C 990 X2 C 93 X13
Multiplying both sides of (A9) by Xj;, Xp3 and noting that
X12 X23 = X33 and Qij = jS , we obtain
w3 73 93 X23 wy Ay
J— 1 + + + - X23
n3 w; 3 €2 C )
3 - . ‘ . (Al0)
ny [ b3 93 X23 w3 A3y X33 w3 (Azy + Azp) ]
l + — + — o+ +
13 12 C ) C {3
Dividing both sides of (AlQ) by ( 1 + 923 / 913), we get
n3 wy b3
e .= — — exp (—AE23/KTe)- (All)
ny wy by
where
: : wy Ay
by C 9y (14829/%3)
b, w3 A3y X3 w3 (Azp + Azy)
1 + & xp3 ¢+ + -
C 815 (I#f3/3) € O3 (143 3)
with
3 / )
£ = v . (Al3)

If b3 / by, =1, equation (All) reduces to Boltzmann's law

[equation (2.43) of the text]. Hence, the factor b expresses

the deviation of n from its thermodynamic equilibrium value.
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APPENDIX B

Consider equations (All) and (Al2). If A3, << A3y and

OE,q << KTg (so that X23 ® 1), then
[~ wy Az1 ]
1 + &£ +
n3 w3 C iy (14 83/ fiy3)
—_— = . (B1)
ny Wy w3 Az)
1 + & +
L C O3 (1 + 83/ y3)
In the limit of high density {(large C), the term involving
the A's drops out. Thus ,
n3 (1)3 . '
— = — (high density) (B2)
n )
In the limiting case of low density (small C), the A term
dominates. So that
n3 A1 i3 ,
— = — ——  ; (low density) (B3)

ny A31 &,
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APPENDIX C

Consider equation (Al2Z). If we can neqlect the three

terms involving X23 + equation (All) becomes

B wy Ay
1l + : v
ny W C le (1 + 923/ 913)
— = X23 . (Cl)
ng W w3 (Agy + Az)
1 + -
- C 83 (1 +Ry3/ §3) _

or, in a general form,

n3 913 Azl 1+ al X
— = : exp(—AE23/KTe). (CZ)

n2 le A32 + A3l 1 + a2 X
where
8.63 x 107% a5 (1 + 9,5/ 973
al = ’ (C3)
wy Ajy
and

-4
8.63 x 1074 3 (1 + .99/ %34)
a2 = . (C4)
w3y (A3p + A3j) :

If we neglect all terms involving {353 and {3 in equations

(C3) and (C4), equation (C2) becomes

-4
n3 913 Azl . 8.63 x 10 912 X
1+ exp(-AE,3/KTg) . (C5)

ny  §yp A3y + Ajg wy Ajy
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