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by 

RussellGary Kirsch 

ABSTRACT 

The results of an investigation of the optical spectra of five 

planetary nebulae and two H II regions are presented. The nebulae, 

located in NGC 6822, a Local Group Irregular Galaxy at a distance 

of 0.557 Mpcs, were examined using the Richey-Cretien spectrograph 

and the Silicon Intensified (SIT) Vidicon, on the 4-meter telescope 

at the Cerro Tololo Interamerican Observatory. 

From the measurement of selected emission line strengths in 

the XX3700 - XX7100 spectral ranges, the relative abundances of He, 

N, 0, Ne, S are calculated with respect to H (Log (H) = 12.00) for 

each nebula. Electron densities are derived for the planetary nebulae 

from the ratio of the Cs IlU line intensities, I(6716)/I(6731), 

while their temperatures are obtained from theiatio of the Co IIlH 

line intensities, 1(4363), 1(4959), 1(5007). 

The derived chemical abundances are examined in the context 

of possible Nitrogen enrichment of the Interstellar Medium and the 

possible age of the galaxy. Type I planetaries exhibited a He and N 

enrichment of factors of up to 2 and 31, respectively. The high N 

enrichment indicates it is a product of Primary Nucleosynthesis, and 

Type I planetaries are probably significant in N enrichment of the 

ISM. 

Type II planetaries exhibit a He and N enrichment of a lesser 

magnitude than Type I; factors of 1.4 and 5, respectively. This lower 



enrichment indicates N is a product of Secondary Nucleosynthesis. 

The age of NGC 6822 is probably similar to that of the Milky Way 

Galaxy, about 1010 years, whereas the Magellanic Clouds are younger, 

a few 109 years. 
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1. INTRODUCTION 

1.1 HISTORICAL REVIEW 

The oldest known discovery of a planetary nebula dates back to 

Messier, who in 1764 catalogued the Dumbell nebula, NGC 6853, as 

Messier 27. Only one hundred years later Huggins discovered the emission 

line spectra of planetary nebulae, and he pointed out that his discovery 

proves that these obj ects are not clusters of stars, but are "enormous 

masses of luminous gas or vapor." In 1887, a curious suggestion was 

made by Lockyer, who thought that the nebulae were clusters of burning 

meteorites when he incorrectly identified three nebular emssion lines 

with magnesium. 

The classic work on planetary nebulae appeared in 1918 in the 

famous Volume XIII of the Publications of the Lick Observatory, where 

the works of Curtis, Campbell and Moore, and Wright presented extensive 

photographic and spectroscopic observations of the brightest nebulae. 

The physical processes in gaseous nebulae began to be understood 

during the remarkable period beginning in 1926, and extending into 

late 1930s, when the works of Menzel, Zanstra, Bowen, and Ambartsumian 

succeeded in explaining the nature of the spectroscopic observations. 

Reading through the literature of that period we can amuse 

ourselves by statements like "The Crab Nebula may be a complex and 

intricate planetary" and "The nebulae surrounding the central blue 

stars are totally of interstellar origin, or "Very definitely some 

of these nebulae have no central stars," and "there is not the slightest 

evidence of any dust assocated with planetary nebulae." 



The classical investigations of Bowenand Wyse (1939) and of 

Wyse (1942) entailed a quantum leap forward in the quality of 

observational data. The derivation of elemental abundances from line 

intensities was handled in an approximate, semi-quantitative manner. 

Nevertheless, they were able to conclude, quite correctly, that the 

chemical composition of planetary nebulae much more closely resembled 

that of the sun than one would infer from "a direct inspection of 

the observed intensities." 

Bowen and Wyse were able to make the first serious attack on the 

problem because they were able to measure a great number of moderately 

weak and even some very weak lines in the spectra of gaseous nebulae. 

Considering the difficulties of using the photographic plate as a 

photometric tool, Wyse's calibrated eye estimates of intensity were 

remarkably good. 

Shklovsky (1956) presented the hypothesis that planetary nebulae 

are formed from expanded envelopes of red giants and supergiants, 

whilst Abell and Goldreich (1966) presented many arguments supporting 

this hypothesis. At this time O'Bell (1963) and Seaton (1966) 

discovered that the position of a central star on the H-R diagram 

is well correlated with a linear size of a planetary nebula. Small 

nebulae had larger, brighter and cooler central stars. 

A great deal of pioneering work has been done in the last few 

decades, both in the observational and astrophysical fields of planetary 

nebulae. In the last ten years a major revolution has taken place in 

the optical instrumentation used for the study of planetary nebulae. 

The use of the photographic emulsion has been increasingly supplanted 

as the primary photon detector by various devices that depend on the 
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photoelectric effect. The photomultiplier, image-intensifier tube, 

electronographic camera, and spectrum scanner have made possible 

enormous increases in the quality of data available. Such data 

not only puts greater constraints on the theoreticians, but tends 

to generate as many problems as it helps solve. Some of these present 

day problems will be discussed in the next section. 

1.2 OBJECTIVES OF PLANETARY NEBULAE RESEARCH 

Planetary nebulae are useful tools to study the chemical evolution 

of the galaxy, as it is possible to observe them at large distances 

and therefore to investigate the presence of chemical abundance 

gradients across the galactic disk. It is possible to gather information 

on two different problems: 

1) The effect that their own internal evolution produces in the 

composition of the ejected envelope, and the corresponding enrichment 

of the interstellar medium. 

2) The composition of the interstellar medium at the time of 

formation of the parent star (for those elements not affected by 

planetary nebulae stellar evolution). 

Observations of the spectra of planetary nebulae are also valuable 

because they test our understanding of the physical processes occurring 

in gaseous nebulae. 

The chemical evolution of galaxies is controlled by star formation, 

stellar mass loss, gas flows, and the compositions of matter involved 

in these processes. Planetary nebulae thus affect chemical evolution 

directly in representing mass ejection at the end of the nuclear burning 

lives of many stars, and in enriching the interstellar medium in 

elements that are overabundant in the nebulae. Supernovae often eclipse 
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planetary nebulae in discussions of these effects, so it is noteworthy 

that planetary precursor stars not only provide much of the present 

stellar mass loss in the solar neighborhood, but also show as clear 

evidence as supernova remants for the ejection of elements newly 

synthesized in the stars themselves. Furthermore, planetary nebulae 

are tracers of the past star formation history in a galaxy, since their 

rate of occurrence depends on the birthrate of progenitor stars during 

the whole lifetime of the system. 

In order to assess the effects of planetary nebulae on the long¬ 

term history of a galaxy, we need to know their occurrence rate, 

distribution, shell masses, and chemical compositions. An important 

point is that the nebulae represents only part of the mass lost from 

its precursor star, so we must also know the initial mass of the precursor, 

its total mass loss, and the composition of the whole envelope. None 

of these quantities are known definitively, whilst the theoretical 

models currently used are many and varied. To place some constraints 

on the theoretician it is of paramount importance to increase the 

data base with additional observations. 

The dangers of having few observational restraints on the highly 

idealised, and often speculative theories is obvious. The words of 

John Locke (1689), the "founding father" of British empiricist philosophy 

are very relevant today: 

"it is therefore worthwhile *to search out bounds 

between opinion and knowledge, and examine by what 

measures in things whereof we have no certain 

knowledge we ought to regulate our assent and 

moderate our persuasions." 
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2. OBSERVATIONS 

2.1 INTRODUCTION 

The observations of planetary nebulae in NGC 6822 that are reported 

in this study were carried out at the Cerro Tololo Interamerican 

Observatory (CTIO), during two periods dated 8-12 July 1980 and 

24-29 July 1981. All of the observations were made using the 4-meter 

telescope in conjunction with the Richey-Cretien spectrograph and the 

Silicon Intensified (SIT) Vidicon - some of the most sophisticated 

spectrum scanning equipment available. 

2.2 NEBULAE SELECTION 

Spectroscopic observations of planetary nebulae in external 

galaxies is currently limited to the study of galaxies in the Local 

Group, due to the low intrinsic luminosity of many nebulae. Using the 

survey of emission-line objects in NGC 6822 by Killen and Dufour 

(1980), various emission-line objects believed to be planetary nebulae 

were chosen for study which were bright enough to allow a statistically 

significant number of counts to be recorded for the important emission 

lines within reasonably short integration times of up to 600 sec. As 

well as the gaseous nebulae mentioned in this study, several standard 

stars of known energy distribution were observed to allow the determination 

of the instrumental response curve for instrumentational calibration. 

The standard stars are listed in Appendix Al. 

Pertinent information on NGC 6822 can be found in Table 2.1, 

whilst the positions of the designated nebulae in NGC 6822 and their 

salient features can be obtained from Killen and Dufour (1980). 
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Table 2.1 

Comparison Data on NGC 6822 and the Magellanic Clouds 

The integrated parameters of the comparison galaxies are given in the 

following table. The entries in the table are as follows: 

Column (A) This column identifies the galaxy. 

Column (B) This column specifies the group to which the galaxy belongs 

Column (C) This column gives the adopted distance to the galaxy. 

Column (D) This column lists the reference source for the adopted 

distance. 

Column (E) This column gives the right ascension of the galaxy. 

Column (F) This column gives the declination of the galaxy. 

Column (G) This column lists the galactic longitude of the galaxy. 

Column (H) This column lists the galactic latitude of the galaxy. 

Column (I) This column specifies the diameter of the galaxy. 

Column (J) This column gives the total (B-V) color index corrected 

for galactic and internal extinction, and redshift. 

Column (K) This column gives the apparent photographic magnitude. 

Column (L) This column lists the total mass of each galaxy. 

Column (M) This column lists the reference for the adopted value for 

the total mass. 
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2.3 RC SPECTROGRAPH 

The distinguishing features of the spectrograph used in this 

study at the RC focus of the 4 m telescope, are the large beam size 

and the computer control of the functions. As a result, higher 

dispersions than usual for Cassegrain spectrographs are available 

along with excellent spatial resolution for observations of extended 

obj ects. 

The instrument contains two ports for viewing the field of the 

telescope. The rear port is intended for the low-light-level T.V. 

system, whilst the front port was designed to accept either a 

plateholder or an eyepiece with a 5 minute of arc field. A hollow- 

cathode tube and a He-Ar-Ne source are mounted in the instrument to 

provide a beam for comparison exposures. Spectral sources are 

available in the CTIO Users Manual. 

The entrance slit has a length of 50 mm, with a width varying 

from closure to 50 mm, where one arc second corresponds to 150 microns. 

Two periscopes are provided to view the slit; one for the light 

reflected from the slit jaws and one, using a T.V., for the light 

passing through the slit. Upon beginning a run, the focus of a 

star on the slit is set with the rear slit viewer so that the star 

appears in good focus with the slit viewing T.V. With the T.V. 

properly focused, it may be used to check the telescope focus for the 

remainder of the run. 

The collimator mirror is an off-axis paraboloid of 225 mm diameter 

and 1161 mm focal length. The collimator has a travel of 38.1 mm 

for focusing the slit onto the detector. 

Six gratings are available for use with the RC spectrograph. 

Their nominal specifications are listed below in Table 2.2 
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Table 2.2 

Grating Specifications 

Grating No, 250 400 181 420 450 380 

Lines/mm 158 158 316 600 632 1200 

Blaze/1 4000 8000 7500 8000 11000 8032 

First Order 
1/mm Dispersion 

188 188 94 52 50 26 
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2.4 OPERATION OF THE SIT VIDICON 

2.4a General Description 

The detector used in this study was the SIT vidicon. This is 

shown schematically in the CTIO Userfs Manual. It has two basic 

sections, an Electrostatic Image Section and a Readout Section. 

The Electrostatic Image Section consists of an S20 photocathode, 

an electrostatic lens for the focusing of photoelectrons and a high 

voltage electric field to accerelate the photoelectrons to a silicon 

target, located in the Readout Section. The silicon target is 

comprised of a two-dimensional array of monolithic diodes, each one 

of which acts as an independent charge storage element. The rest of 

the Readout Section consists of deflection coils and an electron gun. 

This electron gun is used to charge the silicon capacitor in the silicon 

target by means of a magnetically pointable electron beam, the "read" 

beam. 

2.4b Operation 

For the data in this study, the SIT Vidicon was used in the 

"integrate mode." Use of the SIT vidicon in this mode requires the 

preparation of the silicon target by using the read beam to flash 

the target several times with light and then scan and charge up the 

target diodes down to a uniform voltage. To assure target linearity, 

the voltage is then further increased by a small amount. The SIT 

Vidicon is now ready for an exposure. 

When the exposure is made, photoelectrons from the photocathode 

are accelerated down the tube to the silicon target. For the first 

set of observations in this study, the 16 mm SIT Vidicon was used. The 

Vidicon data acquisition program can scan any raster size up to 
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512 x 512 points. For the initial observations in this study, a 

raster size of 512 x 70 was used. For the second set of observations, 

the 70 mm SIT Vidicon was used. This can scan any raster size up 

to 1500 x 1500 points. In actual fact, a 1500 x 64 raster size was 

used. This new format had the advantage of giving a much better 

resolution, as the response range of 3500 to 7000 & was now spread 

over 1500 points, instead of 512 as before. It should be noted here 

that raster size isn’t entirely arbitrary, as the system "dead-time” 

during the "prepare cycle" (when the silicon target diodes are being 

prepared) is a function of the area of the raster. Thus, care should 

be taken not to use a raster size any larger than necessary. The 

response range of the 16 mm SIT Vidicon photocathode, 3500 & to 7000 &, 

peaks at 4200 &. The sensitive area is rectangular with a diagonal 

of about 16 mm, although the central 12 mm has the best resolution and 

noise properties. The response range of the 40 mm SIT Vidicon 

photocathode was "red extended," with a maximum response at 5500 

The photoelectrons are accelerated to energies of between 3 

and 10 keV, and cause between 3 and 2000 hole-electron pairs at the 

target, the number of pairs being dependent on the initial photoelectron 

energy. The "target gain" of the SIT Vidicon comes from the fact that 

each photoelectron generates many hole/electron pairs. These hole/ 

electron pairs discharge the diodes. After the exposure is complete, 

the target is then read out by using the read beam to scan the target 

and recharge the diodes back up to a reference voltage. Hence, the 

quantity of charge necessary to recharge each diode gives the output 

signal, which is then converted to a digital form and recorded on 

magnetic tape. 
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It is worth considering here the saturation of the SIT Vidicon. 

Under normal operating conditions, each silicon diode is charged 

with 106 electrons during the prepare cycle stage. The pixel size 

is defined by the read beam, which covers approximately ten diodes 

at a time. Hence, there are 107 electrons per pixel. Now the number 

of photoevents per pixel is given by the following expression: 

^ No. of electrons stored/pixel 
(2.1) No. of photoevents/pixel =  Tar~get~Gain   

Now, for normal operating conditions, with 8 keV on the image section 

giving a gain of 103 and with 107 electrons stored per pixel, full- 

scale corresponds to lO1* photoevents per pixel. 

Before leaving the SIT Vidicon, it may be worth considering some 

of its advantages, and also disadvantages, compared to other equipment. 

Some advantages of the Vidicon are: 

1) it is quite insensitive to physical damage by an accidental 

exposure to a bright light source; 

2) due to the raster format, spectral information as a function 

of position can be obtained when observing an extended object. 

Disadvantages of the Vidicon include: 

1) the so-called "dead-time” that occurs during the prepare cycle, 

when the silicon diodes are being recharged; 

2) whilst an integration is in progress, the Vidicon is unable 

to show a real-time display. 

3) its lack of dynamic, range. During some of the observations 

having longer integration times, a high-intensity emission 

line, such as Co III] 5007 & can cause saturation. 
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Before relative emission line strengths can be calculated, a 

series of corrections and calibrations have to be applied to the raw 

spectral data. These corrections are described in the next section. 
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3. DATA REDUCTION 

3.1 INTRODUCTION 

The reduction of the data from CTIO was carried out at the Rice 

University Picture Processing (RUPPS) laboratory. This was done using 

sophisticated interactive graphics routines written in the FORTH 

language by Dr. F. H. Schiffer, III of Computer Sciences Corporation. 

Interaction was carried out via a Tektronix 4012 terminal. 

There are a variety of corrections and calibrations that are 

necessary to convert raw instrumental counts to valuable and useful 

corrected line intensities. Each basic step in the reduction procedure 

is described fully in the following sections. The steps consist of: 

1) removing the underlying residual charge that exists on the 

target diodes of the silicon target of the SIT Vidicon. 

This is done using the so-called "dark" files (see Observing 

Log, Appendix A2); 

2) removal of the contaminating features of the night sky 

emisssion lines; 

3) deconvolution of blended and partially blended emission lines; 

4) measurement of the individual emission line strengths; 

5) correction of the emission line strength for the wavelength 

dependent atmospheric extinction; 

6) correction for the varying instrumental response as a function 

of wavelength; 

7) correction for the interstellar reddening of the emission 

line strengths. 

To facilitate these reductions various reduction programs were 

used. These have been well documented in the relevant User’s Manual. 
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3.2 "DARK FILE” SUBTRACTION 

As described in section 2.4, the SIT Vidicon has a target comprised 

of silicon diodes that store charge. After each exposure a residual 

charge is left on the diodes that varies from diode to diode in both 

the x and y directions. Any subsequent exposure therefore is made 

on this underlying variation. To remove this, a so-called dark file 

is made at the beginning and end of each observing period (see observation 

log, Appendix A2) that measures just the charge on the target without 

any exposure. The first stage in reduction is to co-add these dark 

files for a given night to produce an average dark file. Then, the 

object files for each object are co-added together for a given night 

to produce an average object file. The average dark file is then 

removed from the average object file. 

3.3 SKY SUBTRACTION 

The natural night sky is unfortunately for the spectroscopist 

not completely dark. It exhibits an emission line spectrum containing 

molecular emission lines, such as those of OH etc. Particularly 

troublesome are the following lines: 

[O I] 5577, 6300, 6364 £ 

Na I 5890, 5896 £ 

In addition to these lines, contaminating features from city lights 

also must be removed, such as the "street lamp" line of Hg at A4358 

This particular contaminating feature was not significant at CTIO. 

The importance of removing these lines before measuring line intensities 

can be gained from the fact that the Nal lines blend in with the Hel 

emission line at X5876 This is one of the important lines used 



in the determination of the helium abundance. Also, the Hg X4358 & 

line, if not subtracted, would enhance the Co IIlH line at X4363 ÎL 

This would cause a subsequent overestimâtion of the nebular electron 

temperature which, in turn, would bring about an underestimation 

of the relative abundances. 

To remove these contaminating features, it is necessary to have 

an exposure of the object and the night sky virtually simultaneously. 

This is easily achieved with the SIT Vidicon, due to its raster format. 

Of the 64 or 70 scan lines, the object usually takes up only 10 or 

so of the central scan lines. The rest of the scan lines consist 

of the night sky only. 

To show this graphically, a contour map is made of the spectrum. 

This is done using the command Ma b c CONTOUR.” This command is used 

to make a contour plot within the current area previously specified 

by the XLIMIT and YLIMIT commands. faf is the "floor” value, i.e. 

data values less than this are not printed. fb' is the spacing 

between the contours, and Tc' is the contour width. As Figure 3.1 

shows, the nebula can clearly be seen between scan lines 11 and 58. 

However, it is not always as simple as this. Figure 3.2 shows S 30, 

though its location cannot clearly be discerned from the contour map. 

Hence, to find the nebula in this case, it is necessary to look at 

individual scan lines, such as Co IlH 3727 &, H* 4861 &, Co IIl3 5007 
P 

H 6563 Thus the extremities of the nebula can be located, 
a 

Once the region where the nebula exists has been found, it is 

possible to then "take a slice" across the scan lines that contain 

the nebula. To "take a slice," the FORTH command "a b SLICE" is 

used. This allows the user to take a slice of a definite width 
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along the y axis, averaging the data and storing the results in the 

buffer, Taf is the value of y upon which the slice is to be centered. 

Tbf is half of the width of the slice in tenths of a pixel, i.e. the 

slice is 2b wide, centered on scan line a. By slicing across the 

scan lines containing the nebula, a single scan line of object 

plus sky spectrum is produced by averaging the pixels across the scan 

lines that are sliced. Similarly, a slice is taken above and below 

the nebula of the sky spectrum only. These are averaged together, 

then subtracted from the object plus sky spectrum to achieve an object 

only spectrum. For example, see Figures 3.3. 

3.4 DECONVOLUTION OF BLENDED EMISSION LINES 

Most line strengths are easily measured using the interactive 

FORTH command EWIDTH (see section 3.5). However, some very important 

emission lines cannot be measured this way because of their close 

proximity to other lines, which means they cannot be resolved 

separately. To oversome this difficulty, some Gaussian fitting routines 

available at the RUPPS lab were used. 

The most important lines to be resolved are: 

1) H at 6563 & with the CNIID lines at 6548 & and 6583 

This is important, as the ratio of the H^ 6563 & line to the H^ 4861 & 

line is used in determining the amount of correction required for 

interstellar reddening. Also the CN IlH lines at 6548 % and 6583 & 

are used to determine the N(N+)/N(H+) ratios, and with another CN III 

o 
line at 5755 A, are used as a method to determine the electron 

temperature in the nebulae. 

2) the Cs IlH doublet at 6716 & and 6730 X. 

The ratio of the [s II] 6716 i line to that of the [S IlH 6730 & 



21 

line gives information on the electron density in the nebulae. 

3) Finally, the partially blended Co III] line at 4363 & with 

the line at 4340 & must be carefully measured, as the Co III] line, 

along with the other Co III] lines at 4959 ft and 5007 ft, allow another 

method for the calculation of the electron temperature in the nebulae. 

The gaussian fitting routines were originally designed by Francis 

Schiffer, III for the N.A.S.A. - J.S.C. version of FORTH. The gaussian 

fitting routine is initiated by the "a GSF" command. This causes 

the gaussian fitting routines to be loaded, "a” specifies the number 

of gaussians the user is trying to fit. Each curve contributing to 

the composite spectrum under consideration, is specified by three 

parameters. Center; Width (half width, half maximum); and Amplitude. 

An overall slope and continuum level are specified by the user. 

Each of these values can be weighted against change i.e. frozen, 

thus reducing the number of free parameters. The width of a line is 

determined by examining an isolated line. These line widths will be 

the same for all lines, as they are primarily a function of spectrograph 

focus and aperture width, and can be expected to be the same for each 

component of a blend. The centers of the lines can also be frozen, 

as their relative separation is also known. Thus the only free 

parameters in a fit are the amplitudes of the gaussians. 

The next command used is the Ma XIN" command, which causes 

the computer to ask for "a" points. It first responds with "PTO = ", 

which the user responds by specifying the first of the "a" points to 

be considered in the fitting. After this, the "AIN" command is used. 

Execution of this command causes the computer to ask for the gaussian 

coefficients. 
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A(0) continuum level b 

A(l) slope m 

A(2) center (gaussian 1) 

A(3) width (gaussian 1) 

A(4) amplitude (gaussian 1) 

etc. 

y = mx + c 

Finally the "PXY" and "a PFX" commands are used to plot the points 

given the computer by the command "a XINM, and to plot the gaussians 

specified by the A(a)Ts. The fitting of the gaussians is initiated 

by the "CFIT” command. 

The "CFIT" command causes a least squares fit to be performed 

on the blended spectral lines. The routine varies the fit parameters 

2 
in an iterative fashion until the value of - Y(s^)] changes by 

less than 1% per iteration. The routine will then construct the new 

gaussian, and calculate the areas under the curves. Examples of the 

gaussian fitting routine can be seen in FIG. 3.4a and FIG.. 3.4b. It 

should be mentioned here the improvement in resolution obtained 

th th 
between the initial data, obtained between 8 - 12 July 1980, and 

th t h 
the subsequent data, obtained between 24 - 29 July 1981. The 

initial data, covering a range of wavelengths from 3500 & - 7000 X 

recorded on 512 points, had a resolution of 6.8 X per pixel. However, 

the most recent data, covering the same frequency range, was recorded 

on 1500 points, giving a resolution of 2.3 per pixel. This improve¬ 

ment can clearly be seen in example FIG. 3.5a and FIG. 3.5b. 

3.5 MEASUREMENT OF THE INDIVIDUAL EMISSION LINE STRENGTHS 

The measurement of the individual emission line strengths is 

carried out by use of the "EWIDTH" command, which is used interactively 
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at the Tektronix terminal. After setting up a plotting area on the 

Tektronix screen, and displaying a data file, execution of this 

command enables the user to manipulate the scope cursors. These cursors 

are used to define two points on the screen by striking any key on the 

terminal keyboard. These two points automatically define a continuum 

level. After the second point has been entered, the computer sums 

the counts in the channels delineated by the two points. The continuum 

background, determined by a line between the two points, is subtracted 

to give the net counts for the emission line under examination. 

(AREA-BKGD). See FIG. 3.6 (an example of the use of the "EWIDTH" 

routine, the* important parameter in FIG. 3.6 being the value of 

AREA-BKGD). 

3.6 ATMOSPHERIC EXTINCTION CORRECTION 

As the spectra of the nebulae pass through the earthTs atmosphere, 

the photons are scattered out of the original beam. This scattering 

preferentially scatters out the shorter wavelength photons, tending 

to make the observed spectra weaker in the blue end of the spectrum 

than it should be. 

The magnitude of this affect is a function of the zenith angle, 

(z), of the object under observation. The general form of a correction 

that is to be made at any given wavelength, is given by equation (3.1). 

(3.1) pi x 1Q(0.4)(sec z)(Am^) 

where sec z is the airmass 

and Am is the magnitude of extinction/unit airmass. 
A 

The range of values for the airmass, sec z, for the objects in this 
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study were from 1.05 - 1.46. These values are standard mean extinction 

coefficients, determined by P. S. Osmer at CTIO from observations 

of standard stars. 

The values of magnitude of extinction per unit airmass, Am., 
A 

were given in the calibration tables at CTIO, and are reproduced over 

the range of wavelengths observed In Appendix A3. 

3.7 INSTRUMENTAL SENSITIVITY CORRECTION 

For instrumental calibration purposes, observations were made 

during the course of each observing night, of a number of white 

dwarf stars of known energy distribution. These are listed in 

Appendix Al. 

The instrumental sensitivity curves are generated by dividing 

an observed white dwarf spectrum, corrected for atmospheric extinction, 

by the true spectrum of that star. Any channel to channel deviations 

of the ratio from unity, represents variations in the instrumental 

response. For example, if at channel number 500 the SIT Vidicon 

has a normalized response of unity (the corresponding wavelength is 

a function of the observing parameter set — grating, tilt, etc.) and 

a value of 0.5 at channel 100, then the data values in these two channels 

must be corrected by this ratio. A new instrumental sensitivity 

curve must be generated any time the parameter set changes. However, 

once the data from several nights of observing, have been corrected 

for the instrumental response peculiar to each particular parameter set, 

similar observations of an object from different nights may be coadded. 

These will then produce a single grand total spectrum file. 
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3.8 INTERSTELLAR REDDENING CORRECTION 

After making the necessary corrections for atmospheric extinction 

and instrumental response, the line strengths, as measured by "EWIDTH", 

can be corrected for interstellar reddening. Firstly, the line 

strengths were normalized to = 100. Then these normalized line 

strengths o^ the flux above the atmosphere, were corrected for inter¬ 

stellar reddening by using equation (3*2). 

(3.2) 
X 

OBS 

x 10 -c(Fx - 

Where C is a constant determined by the observations 

and (F* - F„ ) is the reddening function. 
A Hg 

The reddening function that was used was given by Torres-Peimbert 

and Peimbert (1977). This was reproduced from their normal reddening 

curve, to good approximation, by the following equations, 

(3.3) 

(3.4) 

(f> - v (f> - v 
. 10,000 where x = —2_ 

A(&) 

0.631X - 1.30 X 1 4450& 

0.444X - 0.883 x < 4390& 

The determination, of the value of "C,f in equation (3.2) can be 

carried out directly from the observations. For the nebulae that 

are optically thick to Lyman radiation, the observed Balmer decrement 

should be normal. This will have ratios relative to H0 as given by 
p 

Brocklehurst (1971). Taking Brocklehurst1s case B, whereby the electron 

temperature, T^, has a value T^ * 10,OOOK and the electron density, 
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N , has a value N * 100. then the H to Hô ratio has an intrinsic 
e e a p 

value of 2.859. 

After obtaining this value of "C" from the observation, it can 

then simply be used in equation (3.2) for corrections to all other lines 

in the spectrum. 

During the first observing session during July 1980, the observa¬ 

tions obtained were in the form of raw spectral images. Thus all the 

corrections previously described, were applied to these raw spectra 

to obtain the valuable line intensities, from which the chemical 

abundances are derived. 

However, this was not the case for the second set of observations 

As mentioned earlier, the observations taken at CTIO on the nights of 

24t^1 - 29t^1 July 1981 were taken using the 40 mm SIT Vidicon. The 

output signal from the vidicon was converted to a digital quantity 

and recorded on magnetic tape- The correction proceedures for dark 

file subtraction, sky subtraction, atmospheric extinction and instru¬ 

mental sensitivity were then all carried out at CTIO. This was done 

using the CTIO Data Reduction Technique on the Datacraft computer, 

giving values of the calibrated absolute fluxes observed. Thus further 

reduction of the data at RUPPS consisted of the deconvolution of 

blended lines, followed by measuring the remaining emission line 

strengths via the "EWIDTH" command. 

Each object studied on this second observing run was observed 

several times, with exposure times varying from 2 minutes to 20 minutes. 

The longer exposure times were to facilitate a significant number of 

counts to allow better detection of the fainter emission lines. 

Different exposures of the same object were designated a, b, c, etc. 
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To form one set of emission line strengths for a particular nebula, 

emission line strengths of the same wavelength were combined relative 

to their exposure time, compared to the overall exposure time of the 

whole group, i.e. for a particular wavelength, X, 

(3.5) F 
total 

where F , are the emission line strengths of a,b,c 
a,b,c & * 

T , are the exposure tiems of a,b,c 
a,b,c 

T is the total time of observation" 

= T + T, + T 
a b c 

Having obtained one set of values for the emission line strengths 

per object, these values were then corrected for interstellar 

reddening as previously described. 

It should be noted here that not all of the emission line 

strengths were included in the calculation of ^ Care was taken 

to exclude any saturated lines, noisy lines or poor quality spectra 

from the final flux value. 
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4. THE LINE INTENSITIES 

4.1 INTRODUCTION 

The final emission line intensities, I(X), reported in this 

chapter, were derived from the following equation. 

(4.1) 

CFx3 CA.E.xD 
h m IFTI X

 LA.E.„ J 
ZI.S.,1 CI.R.,3 

LI.S. J x Cl.R. _J x 100 
H
e He 

This equation shows the full range of corrections made, whereby 

is related to the number of raw counts, EF^], the atmospheric 

extinction correction, CA.E.^3, the instrumental sensitivity correction, 

Cl.S.,3, and the interstellar reddening correction, The 

value of the Cl.R.,3 correction has a normalized value of 1.00 at 
A 

X4861 i HQ. 
P 

(4.2) 

(4.3) 

In the following tables in this section are listed: 

1) the important emission lines (Table 4.1) 

2) the wavelength in Angstroms (Table 4.1) 

3) date of observation (Table 4.2) 

4) the flux (Table 4.2); this is expressed by, 

F' . , .(X) 

■ °Ta * 100 

H6 

5) the intensity I (Table A.2); this is expressed by, 
A 

I’ . , -,(*) 
I. . .(») = __origlnal  final I_ 

H
B 

6) the associated errors (Table 4.2) 

7) the value of the interstellar reddening constant "C" 

(Table 4.2) 
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A word should be said here concerning the errors associated 

with the emission line strengths. The three main errors associated 

with the measurement of emission line strengths are: 

1) statistical fluctuation. 

2) uncertainty in the choice of continuum. 

3) errors inherent in the instrumental sensitivity determination. 

For strong lines such as X5007& COIIlH, errors (1) and (2) are 

negligible, and the main source of error is in the instrumental 

sensitivity determination. This is approximately +_ 5% for the central 

part of the wavelength range observed, but is approximately 4^ 10-15% 

near the extremes of the range. 

For weak lines, such as X4363& CoiIlH, the dominating sources 

of error are errors (1) and (2). To determine the errors involved 

with a weak line, a choice is made of the best background continuum 

level, that exists across a reasonable number of channels either side 

of the weak line. After determining this continuum level, the 

"EWIDTH" command is used to sum the counts in the "noise" spikes that 

appear above the continuum line. Approximately three of these back¬ 

ground noise spikes are measured each side of the weak line. The 

values of "area-background" that are obtained for the noise spikes, 

are averaged, then expressed as a percentage of the value obtained 

for the weak line. This percentage is the percentage error in the 

value of the weak line, caused by the uncertainty in the choice of 

continuum and the statistical fluctuations therein. 
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TABLE 4.1- Wavelength Identification 

R: Cascade recombination line 

Wavelength (&) Identity Transition 

3727 [O II] 
4S

3/2 
2j): 

3869 CNe III] 
S/2 ' 1d

: 

3889 Hel R 

3970 CNe III] 
3pi ' s 

4026 Hel R 

4069 Cs II] 4s " 2P b3/2 
4102 Hô 

R 

4340 H R 
Y 

4363 Co III] V “ 1sn 2 0 
4471 Hel R 

4686 Hell R 

4861 H8 
R 

4959 Co ni] 
1 2 

5007 Co ni] \ - ‘D2 

5755 CN II] 1D. “ 1S. 
2 0 

5876 He I R 

6300 Co i] 
V ‘ 'D, 

2 2 
6312 Cs III] 1D_ " 1Sft 2 0 
6364 Co I] 

3pl ' lD2 
6548 CN II] 

3pi ' lp2 
6563 H 

a R 

6583 CN II] 3P " 1D 
2 2 

6716 Cs II] ^ " 2n 
3/2 5/2 



TABLE 4.1 (continued) 36 

Wavelength (ft) Identity Transition 

6723 1(6716) + 1(6731) 

6731 Cs 113 4s - 
2

D b3/2 °3/2 
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TABLE 4.2 

The Emission Line Intensities 

The Error Code 

Code i Error (%) 

A 0 to 10 

B 10 to 20 

C 20 to 30 

D 30 to 40 

X detected, unreliable 

Observations taken during the first observing period, 9 - 12^ July, 

1980, are coded 1. Observations taken during the second observing 

period, 24 - 27^^ July, 1981, are coded 2. 
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TABLE 4.2 (continued) 

S 10 #1 

Wavelength (X) 
% 

Flux 
F(X) 

Intensity 
I(X) 

Errors 

3727 380.00 899.00 À 

3869 21.20 45.10 B 

4069 22.60 46.50 C 

4102 16.40 29.30 B 

4340 32.70 50.40 A 

4363 4.73 7.13 D 

4471 7.04 9.78 C 

4861 100.00 100.00 A 

4959 79.40 73.40 B 

5007 267.00 238.00 A 

5876 57.90 28.00 B 

6312 26.40 10.00 D 

6563 850.00 286.00 A 

6583 73.30 24.30 D 

6723 343.00 98.40 C 

C(HB) = 1.47 

Observation Date: 1 



TABLE 4.2 (continued) 

S 10 #2 

Wavelength (X) 
& 

Flux 
F(X) 

Intensity 
I(X) 

Errors 

3727 132.00 223.00 c 

3869 8.10 12.80 c 

3889 9.10 15.70 D 

3970 19.20 31.10 C 

4102 18.60 26.50 C 

4340 31.10 40.50 B 

4363 5.60 7.22 D 

4471 5.70 6.93 X 

4861 100.00 100.00 A 

4959 63.80 60.80 B 

5007 233.00 217.00 A 

5876 11.10 7.12 D 

6312 24.00 13..30 C 

6563 555.00 286.00 A 

6583 27.10 13.89 D 

6723 (28.20 13.94 D) 

(14.20 6.99 D) 

C(HB) = 0.89 

Observation Date: 2 



TABLE 4.2 (continued) 

S 14 #1 

Wavelength (X) 
& 

Flux 
F(X) 

Intensity 
1(A) 

Errors 

3727 55.40 83.60 C 

3869 21.80 30.90 D 

3970 25.90 35.20 C 

4102 35.00 45.50 D 

4340 46.50 55.40 B 

4363 29.40 34.90 C 

4686 5.01 5.31 X 

4861 . 100.00 100.00 B 

4959 341.00 333. 00 A 

5007 973.00 935. 00 A 

5876 79.10 60.10 B 

6312 12.30 8.42 X 

6563 443.00 286.00 A 

6583 71.80 46.00 B 

6723 40.20 24. CO C 

C(Hg) = 0.57 

Observation Date: 1 
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TABLE 4.2 (continued) 

S 14 #2 

Wavelength (À) 
X 

Flux 
FU) 

Intensity 
1(A) 

Errors 

3727 57.40 96.70 c 

3869 33.90 53.50 D 

3969 25.60 41.40 C 

4102 26.20 37.20 D 

4340 44.30 57.70 B 

4363 25.90 33.30 D 

4471 12.10 14.70 X 

4686 21.60 23.50 C 

4861 100.00 100.00 B 

4959 392.00 374.00 A 

5007 1,224.00 1,141.00 A 

5876 13.70 8.81 D 

6312 15.10 8.41 D 

6563 553.00 286.00 A 

6583 20.60 10.60 B 

6723 (16.30 8.09 X) 

(15.60 7.71 X) 

C(Hg) = 0.89 

Observation Date: 2 
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TABLE 4.2 (continued) 

S 16 

Wavelength (X) 
& 

Flux 
F(X) 

Intensity 
IU) 

Errors 

3727 70.00 105.00 B 

3869 14.70 21.00 C 

4102 46.60 61.40 C 

4340 51.30 63.10 C 

4363 26.20 31.90 D 

4471 10.50 12.20 X 

4686 13.90 14.90 X 

4861 100.00 100.00 B 

4959 345.00 332.00 B 

5007 . 1,132.00 1,072.00 A 

5876 26.40 18.70 C 

6312 14.80 9.35 B 

6563 480.00 286.00 A 

6583 39.10 23.20 C 

6723 (14.40 8.31 X) 

(14.50 8.34 X) 

C(HB) « 0.70 

Observation Datfe: 2 
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TABLE 4.2 (continued) 

S 28 

Wavelength (X) 
& 

Flux 
F(X) 

Intensity 
I(X) 

Errors 

3727 204.00 478.00 A 

3869 28.70 59.60 B 

3889 7.25 14. 90 D 

3970 9.27 17.50 C 

4102 26.90 46.20 B 

4340 40.70 58.60 A 

4363 3.49 4.96 D 

4471 7.17 9.53 X 

4861 100.00 100.00 A 

4959 128.00 121.00 A 

5007 370.00 341.00 A 

5876 19. 90 11.30 C 

6312 5.37 2..45 X 

6563 708.00 286.00 A 

6583 24.40 9.71 X 

6723 197.00 72.50 C 

C(Hg) « 1.18 

Observation Date: 1 
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TABLE 4.2 (continued) 

S 30 

Wavelength (X) 

à 

Flux 
F(X) 

Intensity 
I(x) 

Errors 

3727 55.40, 84.40 c 

3869 37.20 53.30 B 

3889 47.10 67.20 C 

3970 24.80 33.90 B 

4026 26.80 36.30 C 

4102 26.00 34.00 B 

4340 ■ 50.00 59.80 A 

4363 18.00 21.40 B 

4471 5.50 6.32 C 

4686 23.50 25.00 A 

4861 100.00 100.00 A 

4959 216.00 210.00 A 

5007 642.00 617 ..00 A 

5876 20.60 15.50 D 

6312 9.00 6.11 X 

6563 448.00 286.00 A 

6583 163.00 103.00 B 

6723 32.20 19.60 C 

C(HB) = 0.58 

Observation Date: 2 
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TABLE 4.2 (continued) 

S 33 

Wavelength (X) 
R 

Flux 
F(A) 

Intensity 
1(A) 

Errors 

3727 24.20 36.50 c 

3869 13.80 19.80 D 

3970 11.20 16.30 D 

4102 21.50 28.30 B 

4340 37.70 46.40 B 

4364 15.60 19.00 C 

4471 4.20 4.89 X 

4686 30.10 32.20 D 

4861 100.00 100.00 B 

4959 239.00 230.00 A 

5007 792.00 750.00 A 

5876 9.00 6.36 C 

6312 20.80 13.10 B 

6548 233.00 139.00 A 

6563 480.00 286.00 A 

6583 545.00 323.00 A 

6723 (15.60 9.00 D) 

(14.10 8.11 D) 

C(Hg) = 0.70 

Observation Date: 2 
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TABLE 4.2 (continued) 

HE 2 - 105 

Wavelength (A) 
£ 

Flux 

Ftt) 

Intensity 

1(A) 
Errors 

3727 25.20 41.80 B 

3869 33.10 64.70 C 

3889 13.30 20.30 D 

3970 19.90 29.10 B 

4102 19.90 27.40 A 

4340 42.80 53.20 A 

4363 3.38 4.18 X 

4471 8.74 10.40 C 

4686 8.86 9.53 D 

4861 100.00 100.00 A 

4959 139.00 135.00 A 

5007 409.00 389.00 A 

5876 20.00 14..30 A 

6312 21.40 13.40 D 

6563 490.00 286.00 A 

6583 23.00 13.30 C 

6723 6.42 3.54 X 

C(HB) - 0.70 

Observation Date: 1 
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5. THE ELEMENTAL ABUNDANCES - THEORY AND CALCULATION 

5.1 INTRODUCTION 

The spectra from gaseous nebulae exhibit an emission line 

spectrum superimposed on an underlying continuum. The emission lines 

observed betray the presence of several common elements such as H, 

He, 0, Ne, S and even Cl and Ar. The background continuum is primarily 

composed of free-bound emission in the visible wavelength range, 

although two-photon emission is important on the blue side of the 

confluence of the Balmer lines at 3646 &. In the discussion and 

abundance calculations that follow, the emission line strengths 

are used exclusively. Thus, no further mention will be made of the 

continuum radiation. 

The emission lines observed in the spectra of gaseous nebulae 

are of two basic types: recombination cascade radiation for H and 

He, and collisionally excited forbidden line radiation for 0, N, Ne 

and S. The presence of this forbidden line radiation immediately 

gives us information that the nebulae are of a relatively low density, 

as these forbidden line quanta are only produced in significant 

numbers in a low density environment. 

5.2 MODEL NEBULAE 

The basic planetary nebula is envisioned as a region of ionized 

gas that has recently been lost by the hot central star. The central 

star is old, rapidly evolving toward white dwarf, of temperature 

5 x 104°K <_ T <_ 3 x 105°K. The shells of gas are expanding at a 

typical value of 25 km sec *, hence the density of the nebula is 

decreasing, and thus their emission is decreasing. They soon 
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become unobservable on the cosmic time-scale, having a lifetime of 

about 10^ years. 

The hot central stars emit copious quantities of ultraviolet 

radiation, to which the nebula gas, mostly hydrogen, is optically 

thick, causing the gas envelope to fluoresce. When a UV photon 

photoionizes a hydrogen atom, the photoelectron produced has some 

kinetic energy, from the difference between the energy of the photon 

and the ionizational energy. These photoelectrons initially have 

a distribution that is non-Maxwellian; however, due to their large 

scattering cross-sections (approximately 10 ^ cm2 from Osterbrock 

1974), they are quickly thermalized by collision. All other scattering 

cross-sections in the nebula are much smaller than this value, 

so the electron distribution function becomes Maxwellian. 

Strangely enough, the outer regions of the nebula are often 

hotter than the inner regions closer to the central star. To understand 

this one must examine Figure 5.1, taken from Osterbrock 1974, p. 15. 

This shows the photoionization cross-section of hydrogen, a^, as 

a function of frequency v. Above the threshold frequencyVQ = 3.29 x lO^Iec 

(Xo = 9.12 &) aR falls off as v 
3. This functional dependence means the 

higher the energy of the photon, the lower is the value of - hence 

the higher energy photons penetrate further into the nebula before 

they cause photoionization. The photoelectrons they produce in these 

outer regions of the nebula have higher kinetic energies, giving rise 

to higher electron temperatures. 

The electrons released by photonionization may either (1) recombine 

with hydrogen or helium atoms, giving rise to recombination cascade 

radiation or (2) they may collisionally excite heavier ions into 



Figure 5.1 
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Photoionization of Hydrogen, as a Function of Frequency, 
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metastable states, whose decay at some later stage produces radiation that 

can readily leave the nebula. Thus, energy input into the nebula is by 

high-energy UV photons, whereas energy escapes the nebula in the form 

of lower-energy photons from either (1) or (2). More on this energy 

balance is stated in the next section. 

5.3 ELECTRON TEMPERATURE 

At any given point in the nebula, the temperature is fixed by the 

equilibrium of the rate at which energy is deposited by photoionization 

into unit volume, to the rate at which energy leaves that unit volume 

by radiation to which the nebula is optically thin. 

The major cooling mechanisms for the nebula are 

(1) r ecombination radiation 

(2) free-free radiation 

(3) collisionally excited line radiation. 

Cooling mechanisms (1) and (2) are proportional to the densities of the 

ions involved, thus these cooling processes are most important for H 

and He as opposed to 0 and N, as H and He are by far the most abundant 

in the nebula. 

To see the relative importance of cooling mechanism (3), it is 

necessary to look at the excitation potentials of the low-lying energy 

■j“ ^ | -|» 

levels of the ions in the nebula. The ions of 0 , 0 and N have 

excitation potentials of these low-lying energy levels of only a few 

eV, whereas the value for hydrogen and helium are on the order of 10 eV 
* 

from the ground state. The temperature assocated with 1 eV is 

T = E/k = 11,600°K, of the same order of magnitude as a typical nebula 
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Element 

H 

He 

N 

0 

Ne 

S 

TABLE 5.1 

Ionization Potential (eV) 

I 

13.598 

24.587 

14.534 

13.618 

21.564 

10.360 

II 

54.416 

29.601 

35.117 

40.962 

23.33 

III 

47.448 

54.934 

63.450 

34.83 
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temperature. Thus it is far easier to collisionally excite oxygen 

and nitrogen than hydrogen or helium. 

Therefore a complete separation exists in the modes of cooling 

the nebula by hydrogen aid helium on one hand, and nitrogen and oxygen 

on the other. Hydrogen and helium dominate the cooling by recombination 

and free-free, whilst oxygen aid nitrogen dominate the cooling by 

collisionally excited radiation. The question remains which mode of 

cooling is the more important for the energy loss of the nebula. To 

answer this it is noted that the optical depth of the forbidden line 

radiation is much less than the recombination radiation. Hence, 
_!_ | | _|_ - | | 

despite the fact that 0,0 , N , N have a much lower abundance 

than H and He, they play the major role in the cooling of the nebula. 

The actual measurement of the electron temperature in this study 

I—1_ 

was carried out by using emission lines of the 0 ion. This ion has 

an energy-level structure that results in emission lines from two 

different upper levels with considerably different excitation energies 

occuring in the observable wavelength region. The energy level diagram 

of this ion is shown in Figure 5.2. The relative rates of excitation 

to the *S and *D levels depend strongly on T, so the relative strength 

of the lines emitted by these levels may be used to measure electron 

temperature. Such observations actually allow sampling of the electron 

velocity at and above two points in the Maxwellian distribution of the 

electrons, i.e. those points in the distribution where the electrons 

have sufficient energy to collisionally excite the levels in question. 

The temperature is calculated from the following formula, as 

quoted in Osterbrock, 1974. 
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FIGURE 5.2 - ENERGY LEVEL DIAGRAM FOR 0++ 

N 

A4363 1 

A 5007 & 

\ f 

A4959 X 

> / 

FIGURE 5.3 - ENERGY LEVEL DIAGRAM FOR S II 

T(6730 i) = 556 secs 

T(6716 i) = 2128 secs 
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T[0 IIlH = 
1(4959) + 1(5007) 

7.2 x 1(4363) 
X 

1 + 0.063X 
1 + 0.0054X 

where 

X = DENSITY/(100T^). 

It should be noted that the same procedure could have been used 

for the N+ ions, using the X5755 &, A6548 & and X6583 £ emission lines* 

However, in this study the X5755 & emission line was not observed, 

so a temperature analogous to the Co IIlH temperature could not be 

calculated* 

5.4 ELECTRON DENSITY 

Measurement of the electron density in the nebula comes from the 

ratio of two emission lines arising from a single ion, e.g. the lines 

of X6716 & and X6730 X from Es IlD. This ion fits the requirement that 

the two emission lines originate from atomic levels whose excitation 

energies are nearly equal. The energy level diagram of CS IlH is 

given in Figure 5.3. 

Although having similar excitation levels, these emission lines 

have different radiative transition probabilities or different collision 

de-excitation rates. Thus, as the relative excitation rates of the two 

levels depend only on the collision strengths, the relative populations 

of the levels (and hence the line intensités emitted) will depend on the 

density. 

The mean lifetimes of the levels are given in Figure 5.3. 

2D5f2 (6716 h = 2128 sec. 

2D3/2 (6730 %.) = 556 sec. 
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It can be seen that at any given density there is a greater change of 

radiative transition from the 2D^2 ^-eve^-» as ^5/2 stan^s a much 

greater change of collisionally de-excitation due to its longer life¬ 

time in the metastable state. 

At low density levels, the ratio of the emission line intensities 

of the lines I(6716)/I(6730) should be just the ratio of the excitation 

rates of the two levels - every collisional excitation being followed 

by the emission of a photon. As the density increases, the number of 

collisions per unit time increases. When the time between collisions 

approaches 2128 sec., there is then a good chance the level will 

be depopulated by collisional de-excitation rather than radiative 

« 

transition. However, the ^eve^ W1H not be appreciably affected. 

Thus, as the density increases, the ratio I(6716)A(6731) will 

asymptotically approach a value given by the product of the ratio 

of statistical weights and the ratio of the transition probabilities. 

This high density value is: 

1(6716) = 6   _ _ x = 0 39 
1(6731) 4 x 2128 

To turn the ratio of I(6716)/I(6730) into the required density 

information, the measured line ratios were compared to the published 

tables of Saraph and Seaton (1970), corrected for the more recent 

collision strengths of Pradhan (1978). 

5.5 BACKGROUND THEORY 

In this section are derived the theory and three basic equations 

used in the calculation of the elemental abundances. The three types 

of abundance calculation covered by the theory are: 
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4 4 I | 
(1) H , He , He , the recombination cascade emission; 

4-4 4-4 4 44 
(2) 0 , S , N and Ne , the forbidden line intensities; and 

(3) 0+ and S+, very density sensitive forbidden line intensities. 

The fundamental equation for the intensity of emission line radiation 

produced in gaseous nebulae is given below: 

(5.2) I = cff N N e (T) dr dQ, 
i e 

where C represents the atomic parameters, N_^ the ion number density, 

the electron number density and e(T) the emission coefficient. The 

emission coefficient can be expressed by two forms, one for recombination 

cascade lines and one for collisionally excited forbidden lines. 

5.5a For recombination cascade lines: it has been shown by Allen, Baker 

and others that the form of e(T) is 

(5.3) e(T) « T n, where n - 1.0. 

By substituting (5.3) with the constants of proportionality, we arrive at 

(5.4) KX
1
,*) = J/NCX

1^) Ng(r) akl(Ne(r) ,Te(r))^-dr dn erg cm“2 sec”1 

where X wavelength of the emission line 

X^ the ion and ionization state under consideration 

N(X1,r) the number density of ions, type X*, located at r 

a, . the recombination coefficient for transitions 1 k 
kl 

v the frequency of the emission line. 

This equation can be more easily understood by breaking it down for a 

particular line, say He+ 5876 & as follows: 

(5.5) I(He+,5876) -//^ »He + He“5876 

a b c 
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where term a is the volume of the emitting region, term b is the number 

of photons emitted per unit volume per unit time and term c is the 

energy carried away by each photon leaving the volume of interest. 

It should be noted that Tfi(r) is assumed to be constant for each 

ion, and if the emitting volume is the same (same line of sight and 

solid angle), the integrals in (5.4) can be eliminated. 

Generally, in the study of gaseous nebulae, the number abundance of 

an ionic species N(X1) is calculated with respect to the number of 

ionized hydrogen atoms N(H+). An assumption is made here that all of 

the hydrogen in the nebula is ionized, i.e. N(H+) = N(H). The validity 

of this assumption will be dealt with at the end of this section. Thus, 

to express the calculation of the relative abundances of two ions whose 

emission lines originated from recombination cascade radiation, such as 

N(He+)/N(H+), we take the ratio of (5.4), noting the elimination of the 

integrals: 

^ ^ N(He+) = 1(5876) 64861 5876 

N(H+) 1(4861) 65876 4861 

As well as A5876 Â, He+ also exhibits lines at A4471 Â and A6678 Â, 

although this last line was not observed in our study. The abundance 

ratio of He+ to H+ reported in this study was weighted according to the 

uncertainties in the determination of A4471 Â and A5876 Â. Some nebulae 

also exhibited the emission line A4686 Â of He++. The ionic abundance 

of He++ was calculated using an expression similar to (5.6). 

Equation (5.6) is relatively insensitive to temperature, 

demonstrated by equation (5.3), where e(t) « T111 (m « 1.0). The 
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recombination coefficients 6, and expressions for their temperature 

dependence are listed in Appendix A4, They were taken from Brocklehurst 

(1971) for H I and Brocklehurst (1972) for He I. 

5,5b. For collisionally excited forbidden lines, the emission 

coefficient e(T) of equation (5.2) takes more complicated form than the 

one we used for recombination cascade radiation. The new form 

of e(T) is given by 

exp(-E /kT) 

(5.7) e(T)a   

As before, we substitute the emission coefficient (5.7) into (5.2); with 

the constants of proportionality we obtain 

8.63 x 10-6<a > N(Xi,r)N (r) hv 

(5.8) I(X , A) =  JJ  e _ dr dQ 
exp(E1/kTg) (Te(r)) 

2 4IT 

where 0J> m the mean collision strength between the ground and Qk, x) 
excited levels 

« the statistical weight of the ground term 

b^ * the branching ratio. 

The branching ratio represents the fraction of the transitions from the 

excited level that actually produces the particular emission line under 

consideration. This can be expressed by 

lk 

kl l <Ank 
+ Vnk} 

n>k 6 nk 

(5.9) 



where qnk, the deactivation coefficient, is given by 
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(5.10) 
8.63 x 10"6<S2 

qnk 
91(Te(r))V2 

I/o 

The deactivation coefficient gives the effect that collisions have in 

depopulating the excited level. Often this effect is very small, making 

the contribution of q-|k to the computation of b^ negligible. 

As with equation (5.4), we assume Te(r) is constant and the 

emitting volume is also constant, thus enabling us to eliminate the 

integrals in equation (5.8). 

The ionic abundances for 0++, N+, Ne++ and S++ are calculated from 

the forbidden line intensities. The ratio N(X1)/N(H+) is given by 

dividing (5.8) by (5.4) (without integrals) giving 

NCX1) I(x\x) 9k6H(Ne,Te
)Tl/2 exp(Ee/kTx) X 

(5.11) ~ r 

N(H+) I(Hg) 8.63 x 10"b<n(k £)> bkl 4861 

The collision strengths used in the calculations are those of Osterbrock 

(1974) except for 0+ and S+, where new collision strengths from Pradhan 

(1976) were used. 

It can be seen this is more temperature sensitive than the 

equivalent for recombination cascade radiation (eq. 5.6). The accuracy 

of the abundances depends on the accuracy of the temperature 

determination. 

Equation (5.11) will yield the ionic abundances for most ions. 

However, for the ionic abundances of 0+ and S+, for which the observed 

lines are extremely density sensitive, the results of the calculations 
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of Saraph and Seaton (1970) were used. Saraph and Seaton tabulated a 

volume emissivity function, Kkl(Te,Ne) for the major emission lines of 

0+ and S+. This emissivity function is related to the observed line 

strength by 

(5.12) 

To compute the ionic abundance relative to hydrogen, for the 

density sensitive ions, equation (5.12) is divided by (5.4) (without 

integrals) to yield 

(5.13) 
N(X') 

N(H+) 

i(x’.x) v<v 
Kkl‘T*’Ne> 

exp(Ej/kT) E(HS) 

The emissivities for 0+ and S+ were modified by the collision 

strengths of Pradhan (1976) before being used in this study. All of the 

atomic parameters used in the abundance calculations are listed in 

Appendix A4, A5, and A6. 

Earlier, an assumption was made that all of the hydrogen in the 

nebula is ionized, i.e. N(H+) = N(H). It can now be shown that this 

assumption is good, assuming a finite source of U.V. photons cannot 

ionize an infinite volume. This implies an ionized zone, outside which 

lies neutral hydrogen. To calculate the size of the ionized region, and 

to see if the boundary between H+ and H is sharp, we assume a hydrogen 

O 

density NH of 2 cm"J and an ionization cross-section a^ of 5 x 

IQ O 

10 A cm S Then d, one mean free path, which according to Osterbrock 

(1974) is the approximate thickness of the ionized zone, must be 
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(5.14) 
NH a(H) 

0.03 pc. 

Since planetary nebulae can have a range of diameters up to $ * 1.4 pcs, 

the boundary between the ionized and neutral hydrogen is essentially 

sharp, and the assumption of complete ionization of the hydrogen in the 

emitting region is valid. 

SUMMARY 

Recombination cascade radiation, i.e. He+: 

NU1) I(X) 64861 X 

N(H+) 1(4861) ÔX 4861 

Collisionally excited forbidden transition radiation, i.e. Ne++, 0++, 

S++, N+: 

N(Xi) KX1 ,X) g^H^e’V J\Z exp(E1/kïx) X 
(5.11) T — r 

N(H+) I(Hg) 8.63 x 10-G<n(kj^> bkl 4861 

Density sensitive, collisionally excited forbidden transition radiation, 

i.e. o\ S+: 

(5.13) 
N(Xi ) 

N(H+) 

UX1 ,X) Ne6(Hp) 

■W Kkl(tx,Ne) 
exp (E^kT^ EH 

These equations were incorporated in a program called ABUND, for speed 

and ease of calculating the ionic abundances. The only input required 

from the user was the electron temperature Tg, the electron density Ng, 

and the emission line strength I(Xn,X). 
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The values of electron temperature and electron density used in 

ABUND are listed in Table (5.2). The error estimates for electron 

temperature were derived from the uncertainties in the [0 III] emission 

line strengths. As stated earlier, the density information was obtained 

by comparing the observed ratios of the [S II] doublet, 1(6716/6730), to 

the published tables of Saraph and Seaton (1970) corrected for the more 

recent collision strengths of Pradhan (1978). The derived densities 

were all less than 10^ cm-^, indicating that the effects of collisional 

de-excitation were negligible for the nebulae observed. 

By using ABUND, the ionic abundances listed in Table (5.3) were 

calculated. Examination of the emission line strengths in Table (4.2) 

and the ionic abundances in Table (5.3), indicate that objects 

designated S 10 and S 28 are probably [H II] regions and not planetary 

nebulae. This is due to the low excitation they exhibit and the fact 

they show no evidence of the emission line at 4686 Â, indicating the 

absence of [He IIJ in the nebulae. 
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Table 5.2 

The Temperature and Densities 

Nebula R[S II] Density (Ne) 

(cm-3) 

Temperature [0 

(K) 

S 10 #1 — “ ” “ 100 

S 10 #2 — 100 

S 14 #1 — 700 

S 14 #2 1.05 700 

S 16 1.00 900 

S 28 — 700 

S 30 — 800 

S 33 1.11 500 

He 2-105 800 

18,500 + (2300) 

19.900 + (1600) 

15.600 + (1000) 

18,000 + (1300) 

18,400 + (1400) 

12,800 + (1200) 

19.600 + ( 700) 

16.900 + ( 900) 

HI] 

11,400 + (1500) 
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From examination of equation 5.6, an approximate expression for the 

error in the ionic abundances may be derived for the recombination line 

ionic abundances, as for Talent, Ph.D. thesis, 1980. The expression is: 

Al, AT 
(5.14a) ERR « + Log [l + + (-0.878 - m) -=] 

\ 

where the values of m come from the expressions for the temperature 

dependence of the recombination coefficients (see Appendix A4). The 

erorrs in the ionic abundances are due to uncertainties in the measured 

emission line strengths. 

For ionic abundances derived from the observation of forbidden line 

intensities, as in equations (5.11) and (5.13), the errors in the ionic 

abundances were estimated according to: 

EJAT| I AT | | AI| 
(5.14b) ERR « + Log {exp  (1 + 0.378  +  )} 

kr T I 

To calculate the ionic abundance errors from equations (5.14a) and 

(5.14b) a computer program called ION ABUN ERR 1 and ION ABUN ERR 2 was 

used for each equation respectively. 

5.6 IONIZATION CORRECTION FACTORS 

As stated in the last section, determination of the ionic 

abundances in the nebulae are calculated by using the program ABUND. 

However, these ionic abundances do not directly determine the total 

relative abundances of the elements whose ions are responsible for the 

emission lines. This is due to the fact that a correction must be made 

to the ionic abundances for any unobservable states of ionization that 



66 

possibly exist in any of the nebulae under examination. 

The method employed in this study to correct for these unobservable 

states of ionization is to use ionization correction factors (ICFs). 

As Table 5.4 shows, the only elements that were generally observed 

in two or more ionic states were oxygen and sulfur, exhibiting 0+, 0++ 

and S+, S++. By comparing the ionization potentials of the various 

ionization states (listed in table 5.1) with those of oxygen and sulfur, 

it is possible to empirically determine the I.C.F.s for the other 

elements. 

From the ratios of 0+/0++ and S+/S++, the I.C.F.s of the other 

elements can be generated. The form of the I.C.F.s is discussed in the 

next section. 

5.6a I.C.F. (He+) [AX 4471, 5876 A] 

The I.C.F. used here was derived by the Peimberts. It is 

3 4-3 
applicable to nebulae with densities of Ng » 10 -► 10 cm . 

(5.15) I.C.F. (He+) = (1 - 0.35 - 0.65 

If He++ (4686 A) is observed, then all the helium is ionized. Hence, 

I.C.F. (He+ + He++) = 1 (5.16). 

5.6b I.C.F. (0+ + 0++) [X3727, 5007 A] 

Here the assumption is made that all the oxygen in the observable 

nebula is in the form of 0+ or 0++. This is probably quite accurate, as 

oxygen in the form 0° is doubtful due to the weakness or absence of 

[0 I] lines, and oxygen in the form of 0+++ is inferred by the presence 
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of He++ lines. Generally these were not observed. Where this was so, 

(5.17) I.C.F. (0+ + 0++) = 1 

Where He++ was observed (making the I.C.F. (He+ + He++) = 1 as in 

equation (5.16)), the I.C.F. for oxygen is given by 

(5.18) I.C.F. (0) N(He+ + He**) 

N(He+) 

The derivation of equation (5.18) follows along similar lines to the 

derivation of equation (5.24) for I.C.F. (N+), whereby N(N+) becomes 

N(0+ + 0++) and N(N++) becomes N(0+++). This is due to the fact that 

the ionization potential of 0+++ is similar to He++, i.e. 

(5.19) 
N(Q

++
+) B He** 

N(0+ + 0++) He+ 

Hence, to summarize, 

I.C.F. (0) = 1 if He++ (4686 Â) is not observed; 

I.C.F. (0) if He++ (4686 Â) iis^ observed. 
N(He ) 

5.6c I.C.F. (N+') [X5755, 6548, 6583 A] 

From Table 5.1, we can see the ionization potentials for nitrogen 

are such that: 
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Table 5.4 

Ionization States and Emission Lines for the Elements Under Study 

Element Ion Line Observed Emission Line (A) 

X 

H H+ Yes 4102 4340 4861 6563 

He He+ Yes 4471 5876 

He++ Yes 4686 

N N+ Yes 5755 6548 6584 

N++ No 

0 0+ Yes 3727 

0++ Yes 4363 4959 5007 

Ne Ne+ No 

Ne++ Yes 3869 

S S+ Yes 4069 6716 6731 

S++ Yes 6312 
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(5.20) N(N) » N(N+) + N(N++) + N(N+++) + 

hence 

(5.21) 
N(N) . l + N(N++) + N(N+++) , 

N(N+) N(N+) N(N+) 

Examination of the ionization potentials of N+ and 0+ in Table 5 

that they are similar. Therefore, 

(5.22) N(N++) + N(N~H~+) + ... 

N(N+) 

N(0'>'+) + N(0+++) + ... 

N(0+) 

Putting (5.22) into (5.21): 

N(N) „ . + N(0++) + N(0+++) + ... _ N(0) 

N(N+) N(0+) N(0+) 

Therefore, 

(5.24) 
N(N) B N(N) N(N

+
) 

N(H) N(N+) N(H) 

N(0) N(N+) 

N(0+) N(H) 

1 shows 
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Thus, the I.C.F. (N+) = N(0)/N(0+) (5.25). (5.25) 

5.6d I.C.F. (Ne++) (3869 A) 

Noting from Table 5.1 that the ionization potentials of Ne+ and 0+ 

are nearly the same, we can use the following I.C.F.: 

(5.26) I.C.F. (Ne++) = 
N(0 ) 

However, the ionization potential of_Ne++ is higher than 0++, hence the 

I.C.F. (Ne++) should be larger than given in equation (5.26). 

Note that the exact expression for the total number of neon atoms 

to hydrogen atoms is given by 

= I.C.F. (Ne++) 
N(Ne ) (exact) 

since N(0)/N(0++) is more readily determined. However, it should be 

noted that ionization of 0++ 0+++ takes 54.9 eV, whereas the 

ionization of Ne++ Ne+++ takes 63.5 eV of energy. Thus, N(0++) 

increases faster than N(Ne++). Hence our approximation for I.C.F. 

(Ne++) tends to be too small, making the total neon abundance too small 

also. This means our value for the neon abundance is a lower bound 

N(Ne) = N(Ne) N(Ne++) 

N(H) N(Ne++) N(H) 
(5.27) 

The approximation we are using is that 

(5.28) I.C.F. (Ne++) = N(0) 
++x (approx.) N(0 ) 

value for neon. 
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5.6e I.C.F. (S* + S~n~) (6312 and 6716 A) 

(5.29) I.C.F. (S + S ) 
N(0) 

N(0+) 

Since the ionization potentials of and Cr are similar, the same 

I.C.F. may be used for sulfur as for nitrogen. This will allow 

approximate correction for the unseen S which is indicated by the 

presence of 0 • 

Using the expressions in equation (5.15) to (5.28), I.C.F. values 

were calculated for He, N, 0, Ne, and S for the various nebulae in this 

study. These values are listed in Table 5.5. The errors listed in 

Table 5.5 were calculated from errors in the ionic abundances. Two 

programs were used to calculate the I.C.F. errors, called I.C.F. ERRORS 

1, for N, Ne, and S, and I.C.F. ERRORS 2 for 0. 

Applying these I.C.F. values to the ionic abundances listed in 

Table 5.3, yields the final relative abundances listed in the next 

section, Table 6.1. The errors quoted in Table 6.1 should be regarded 

as approximating the probable errors in the abundances. They were 

calculated from a program called REL ABUN ERRORS. 
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Table 5.5 

The Ionization Correction Factors 

I. C. F. 

Nebula He N_ 0_ Ne 

S 10 #1 1.00 1.36 + 0.13 1.00 3.75 + 2.78 1.36 ± 0.13 

S 10 #2 1.00 2.41 + 1.56 1.05 + 0.04 1.71 + 0.23 2.41 + 1.56 

S 14 #1 1.00 9.82 + 3.25 1.05 + 0.02 1.11 + 0.08 9.82 + 3.25 

S 14 #2 1.00 15.45 + 2.61 1.29 + 0.09 1.07 + 0.14 15.45 + 2.61 

S 16 1.00 13.02 + 5.70 1.13 + 0.08 1.08 + 0.09 13.02 + 5.70 

S 28 1.00 1.68 + 0.56 1.00 2.48 + 1.23 1.68 + 0.56 

S 30 1.00 10.11 + 4.82 1.25 + 0.11 1.11 + 0.06 10.11 + 4.82 

S 33 1.00 10.77 + 2.29 1.25 + 0.17 1.10 + 0.26 10.77 + 2.29 

He 2-105 1.00 5.08 + 2.95 1.07 ± 0.05 1.24 + 0.34 5.08 + 2.95 
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6. DISCUSSION AND CONCLUSION 

6.1 INTRODUCTION 

From the line intensities of Chapter 4, the physical conditions in 

the nebulae, such as electron density and electron temperature were 

calculated. In the last chapter, the ionic abundances were then 

calculated, along with the ionization correction factors. Finally, the 

individual abundances for each nebula are tabulated (see Table 6.1). 

In this section, the nebula abundances and the average abundances 

for the parent galaxy NGC 6822, are compared with both the small and 

large Magellanic Clouds, as well as our own Milky Way galaxy. The 

implication of these results for the chemical evolution of NGC 6822 and 

its past history, are then discussed. 

From an inspection of the individual nebular abundances listed in 

Table 6.1, it is clear that "S 33" stands out as being different from 

the rest of the planetary nebulae. Its very high Helium and Nitrogen 

abundances, make it a suitable candidate for being classified as a Type 

I planetary nebula. This group of nebulae, as classified by M. Peimbert 

1977, are young Population I objects with high nitrogen and high helium 

abundances (N(He)/N(H) >_0.14). This classification of "S 33" is in 

agreement with Dufour and Talent 1980, who also observed the nebula. 

The rest of the planetary nebulae studied are much more likely to 

be Type II planetary nebulae, which are intermediate Population I 

objects with progenitor stars of intermediate mass. Most planetary 

nebulae are believed to be Type II. 

In Table 6.2 is a listing of the nebular abundances for both Type I 

and Type II planetary nebulae, plus H II regions, for NGC 6822, the 
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Table 6.1 

Individual Nebular Abundances 

Nebula He 

S 10 #1 11.09 + 

S 10 #2 10.96 + 

S 14 #1 11.03 + 

S 14 #2 10.97 + 

S 16 11.07 + 

S 28 10.99 + 

S 30 11.06 + 

S 33 11.18 + 

He2-105 11.06 + 

Ü 

0.05 6.21 + 0.28 

0.12 6.17 + 0.33 

0.04 7.49 + 0.26 

0.10 6.93 + 0.28 

0.06 7.18 + 0.38 

0.08 6.20 + 0.35 

0.06 7.68 + 0.27 

0.04 8.30 + 0.30 

0.03 6.97 + 0.44 

Log 

0_ 

7.76 + 0.18 7.40 

7.34 + 0.15 6.44 

8.01 + 0.12 7.03 

8.04 + 0.17 6.96 

7.94 + 0.16 6.53 

8.10 + 0.17 7.78 

7.70 + 0.12 6.89 

7.91 + 0.19 6.60 

8.04 + 0.25 7.70 

(H) = 12.00 

Ne_ S. 

+ 0.36 6.55 + 0.28 

+ 0.30 6.87 + 0.40 

+ 0.12 7.56 + 0.33 

+ 0.29 7.58 + 0.35 

+ 0.23 7.54 + 0.36 

+ 0.40 6.68 + 0.34 

+ 0.13 7.19 + 0.33 

+ 0.31 7.68 + 0.34 

+ 0.31 7.90 + 0.48 
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Table 6.2 

Elemental Abundances in P. N. and H II Regions 

Galaxy Nebula 
Type 

He N_ 

NGC 6822 TI PN 11.18 8.3 

TII PN 11.03 7.3 

HII 10.88 6.6 

S.M.C. TI PN 11.27 7.6 

TII PN 11.02 7.3 

HII 10.92 6.5 

L.M.C. TI PN 11.26 8.3 

TII PN 10.95 7.5 

HII 10.92 7.00 

M.W.G. TI PN 11.20 9.0 

TII PN 11.04 8.3 

HII 11.07 7.4 

Orion 11.00 7.7 

0_ Ne S_ N/O Ref 
(Appendix A7) 

7.9 6.6 7.7 +0.40 1 

7.9 6.9 7.5 -0.60 1 

8.3 7.7 7.2 -1.70 2,3 

7.7 — — -0.1 A,5 

8.1 7.6 6.22 -0.8 6 

8.1 7.6 6.29 -1.6 7 

7.8 8.0 — +0.5 8,9 

8.5 — — -1.0 10 

8.5 7;8 — -1.5 11,12 

8.8 8.2 7.57 +0.2 13 

8.9 8.3 7.62 -0.6 13 

8.6 7.9 — -1.2 14 

8.7 7.9 7.41 -1.0 15 

8.84 8.1 7.2 -0.9 16 Sun 7.94 
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Small and Large Magellanic Clouds, and the Milky Way Galaxy. Also for 

comparison are listed elemental abundances for the Orion Nebula, and for 

our sun. The sources for these values are referenced in Appendix A7 . 

In the following discussion, Type I and Type II planetary nebulae will 

be treated separately. 

6.2 TYPE I PLANETARY NEBULAE 

Comparison of Type I planetaries in NGC 6822 and our galaxy, show 

the helium abundances to be comparable to each other, though the 

nitrogen value is 0.7 dec lower. However, Peimbert's value of 

12 + Log N(N)/N(H) = 9.0, is generally higher than other nitrogen values 

for galactic Type I planetaries. The [0/H] and [Ne/H] values are lower 

by 0.9 dec and 1.6 dec respectively. This compares favourably with 

Dufour and Talent 1980 values of 0.7 dec and 1.2 dec. The upper limit 

of 12 + Log S < 7.7 for the sulfur abundance, is in good agreement with 

Barker's (1978b) average value for galactic Population I and Population 

II planetaries. The value here of the [N+/S+] ratio, which was found to 

be [N+/S+j > 50 is more than double Barker's 1978a value of 

approximately 25 for Population II planetaries. Hence the probable 

[S/N] ratio here is lower than a Type II planetary, implying that sulfur 

does not seem to be enriched relative to [H] or [0], as both He and N 

are. 

Comparison is now made of the Type I planetaries of NGC 6822 with 

the Small and Large Magellanic Clouds, since a degree of similarity 

exists between the composition and morphology of these galaxies. The 

helium abundance of NGC 6822 is a little lower than that of the 

Magellanic Clouds, nearly 0.1 dec lower. The nitrogen abundance is the 
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same as the Large Magellanic Cloud, though 0.7 dec larger than the Small 

Magellanic Cloud. The oxygen abundances are similar for all three 

galaxies, whilst their is not sufficient data for a comparison of the 

neon and sulfur abundances. The [N/0] ratio of NGC 6822 is similar to 

the Large Magellanic Cloud, though 0.5 dec larger than the Small 

Magellanic Cloud. The [N/0] ratio is given as this ratio is nearly 

independent of the abundance calculation method and thus is a good 

indicator of the relative abundances. 

In Table 6.3 are listed the elemental differences, A[X], between 

the planetaries and the [H II] regions in each galaxy. These 

differences are given by equation 6.1 for each galaxy. 

(6.1) A [X] = [X]pN ~ [X]^JJ 

As [H II] region abundances are representative of the abundances of the 

interstellar gas from which the progenitor star was born, any 

significant variation of A [X], shows the enrichment or depletion that 

has taken place in the star during its evolution. 

From Table 6.3 we see that for NGC 6822 their is an enhancement of 

helium by 0.3 dec, whilst nitrogen shows even more enhancement, by 1.7 

dec. Oxygen and neon show some depletion of 0.4 and 0.1 dec 

respectively, whilst sulfur shows an enhancement of 0.5 dec. 

The A [N/0] ratio shows a large enhancement of 2.1 dec. 

Comparison of NGC 6822 with the Large Magellanic Cloud, the Small 

Magellanic Cloud and the Milky Way Galaxy shows all exhibit helium 

enhancement, although the enhancement for the Milky Way Galaxy is about 

0.2 dec lower than that of NGC 6822 and the Magellanic Clouds. Again, 
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Table 6.3 

Elemental Differences [ Between P. N. and H II Regions 

A [X] = mPN - [X] HI I 

Galaxy PN A[He] A[N] A[0] £Ne] A[S] 

Type 

NGC 6822 TI +0.30 +1.7 -0.4 -0.1 +0.5 

TII +0.15 +0.7 -0.4 -0.8 +0.3 

S.M.C. TI +0.35 +1.5 -0.4 — — 

TII +0.1 +0.9 0.0 0.0 0.0 

L.M.C. TI +0.34 +1.3 -0.7 +0.2 — 

TII +0.03 +0.5 0.0 — — 

M.W.G. TI +0.13 +1.6 +0.2 +0.3 +0.2 

TII -0.03 +0.9 +0.3 +0.4 +0.2 

A( N/0] 

+2.1 

+1.1 

+1.9 

+0.9 

+2.0 

+0.5 

+1.4 

+0.6 
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all four galaxies show a large nitrogen enhancement, with NGC 6822 and 

the Milky Way Galaxy having a slightly larger enhancement than the 

Magellanic Clouds. The Magellanic Clouds and NCG 6822 show an oxygen 

depletion of approximately 0.5 dec, whilst the Milky Way Galaxy exhibits 

a slight enhancement of 0.2 dec. However, the value of, 

12 + log [0/H] = 8.8 

for a Type I planetary listed in Table 6.2 is probably somewhat high. 

Barker (1978a) and Dufour and Hack (1978) had values of, 

12 + log [0/H] = 8.2 and 8.6 respectively. 

These results give A [0/H] values of -0.4 and 0.0, more in line with the 

other galaxies. The A [N/0] ratio shows a large enhancement for all 

four galaxies, with the Magellanic Clouds and NGC 6822 having a similar 

enhancement of 2.0 dec, whereas the Milky Way Galaxy has a smaller 

enhancement of 1.4 dec. 

Thus summarizing the trends observed in Table 6.3 for Type I 

planetaries in the four galaxies, we see that: 

1) [He/H] is larger by 0.30 to 0.35 dec 

2) [N/H] is larger by 1.3 to 1.7 dec 

3) [0/H] is smaller by 0.4 to 0.7 dec 

4) [N/0] is larger by 1.9 to 2.1 dec. 
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The values for neon and sulfur are not as reliable, due to the larger 

observational and computational uncertainties involved. Hence from 

these figures we see that, for the four galaxies: 

1) [He/H] is enriched by a factor 2 

2) [N/H] is enriched by 1.5 orders of magnitude 

3) [0/H] is depleted by a factor 3 

4) [N/0] is enriched by 2.0 orders of magnitude 

Although the helium and nitrogen enrichments are obviously related, 

a good correlation does not seem evident from inspection of the 

figures. This is probably due to observational uncertainties. However, 

a plot of the A[N/H] V. A[0/H], see Figure 6.1, for both Type I and Type 

II planetaries, shows a certain correlation, as Torres-Peimbert and 

Peimbert (1977a) found. From Figure 6.1, it can be seen NGC 6822 shows 

a closer similarity with the Magellanic Clouds than the Milky Way 

Galaxy. A full discussion on this graph will be given later with 

respect to current theory. 

The A[N/0] ratio shows an increase of 2.1 order of magnitude over 

that of the interstellar medium, from which the original progenitor star 

was made. Such an enrichment is much greater than that predicted from 

the theoretical models of Kaler, Iben and Becker (1978). Hence this 

could not have come from CNO cycling, and thus leads to the conclusion 

that nitrogen was produced as a result of primary nucleo-synthesis, and 

not from secondary processing of primordial carbon and oxygen in the H 

shell of the progenitor star. 
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FIGURE 6.1 
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6.3 TYPE II PLANETARY NEBULAE 

Comparison of Type II planetary nebulae is carried out similar to 

that of Type I. From Table 6.2, it can be seen that the helium 

abundances are similar for all four galaxies. The nitrogen abundances 

are similar for NGC 6822 and the Magellanic Clouds, though the value for 

the Milky Way Galaxy is greater. The oxygen abundance for NGC 6822 and 

the Small Magellanic Cloud are similar, but the Large Magellanic Cloud 

and the Milky Way Galaxy have larger values. The [N/0] ratio shows 

similarity between NGC 6822 and the Milky Way Galaxy, though the 

Magellanic Clouds have smaller values by 0.3 dec. 

Looking at Table 6.3 for the elemental differences for Type II 

planetary nebulae, we can see small enhancements of helium for NGC 6822 

and the Magellanic Clouds, though the Milky Way Galaxy shows a small 

depletion of helium. Nitrogen shows significant enhancement in all four 

galaxies, with an enhancement of about 0.8 dec for NGC 6822, the Small 

Magellanic Cloud and the Milky Way Galaxy, whilst the Large Magellanic 

Cloud shows a smaller enhancement of 0.5 dec. The oxygen abundances 

seem inconclusive, with the Magellanic Clouds showing no variation, 

whilst NGC 6822 shows depletion and the Milky Way Galaxy shows some 

enhancement. The A[N/0] ratio shows enhancement in all four galaxies, 

with NGC 6822 and the Small Magellanic Cloud having a similar 

enhancement of 1.0 dec, whilst the Large Magellanic Cloud and the Milky 

Way Galaxy show smaller enhancements of 0.5 dec. 

Summarizing the trends observed in Table 6.3 for Type II 

planetaries in the four galaxies, we see that: 

1) [He/H] is larger by 0.03--0.15 dex 
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2) [N/H] is larger by 0.5—0.9 dex 

3) Oxygen shows no significant enhancement of depletion 

4) [N/0] is larger by 0.5--1.1 dex 

Again the neon and sulfur values are somewhat inconclusive. The trend 

of helium and nitrogen enrichment is similar to that found for Type I 

planetaries, though the magnitude of enrichment is somewhat less. From 

the figures we can conclude: 

1) Helium is enriched by a factor 1.3 

2) Nitrogen is enriched by a factor 3—8 

3) Oxygen shows no significant enrichment or depletion 

4) [N/0] is enriched by a factor 3—11 

The [N/0] ratio is enriched by approximately seven times over that 

of interstellar medium material, and as oxygen shows no significant 

variation, the nitrogen enhancement of this size indicates it is 

secondary nitrogen, produced from primordial oxygen and carbon in the H 

shell of the progenitor star. Hence, immediately we see a marked 

difference between both the magnitude of the enrichment of helium and 

nitrogen, in Type I and Type II planetaries, and also a difference in 

the mechanism by which they are produced. This will be more fully 

discussed in the next section. 

6.4 THEORETICAL DISCUSSION 

Kaler, Iben and Becker (1978), indicated that the largest helium 

and nitrogen excesses came from planetaries with a progenitor star in 

the mass range: 

3-5 M0 £ M* £ 8-10 M0 
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The actual mass value at the ends of this range depend on the initial 

composition of the progenitor star. 

The large helium and nitrogen excesses come from CNO material from 

the ascent to the red giant branch of the H-R diagram, for intermediate 

mass stars of Population I. This occurs after the H in the core has 

been exhausted. For progenitors of M* < 15 MQ, fresh ^N is brought to 
19 the surface of the star at the expense of C, from the inner 35% — 55% 

of the interior during the main sequence phase (Iben 1964). For stars 

of mass M* _S 3 MQ, [N/0] typically increases by a factor of 2. Those 

stars of mass M* >_ 3MQ, [N/0] typically increases by a factor of 3. 

This extra factor is due to the conversion of some *®0 to in the 

more massive stars. 
4 

When helium has been exhausted at the stars center, fresh He 

(Weigert 1966) and (Iben 1972) are 'dredged up', that are the result 

of complete H burning in a shell during the core helium burning phase. 

For stars of mass M* > 10 MQ, no second 'dredging up' occurs, as the 

temperature is sufficient to cause carbon burning. For stars of 

mass M* « 7Mg, helium increases by 40% and nitrogen increases by a 

factor 4. The magnitude of the enhancement decreases with decreasing 

mass, to the lower limit of 3—5 MQ. For stars in the mass range: 

1 M0 1 M* <_ 3 M0 

[N/0] enhancement increases with increasing initial mass, up to a factor 

of 2. 

Now as Type I planetaries have greater excesses of helium and 

nitrogen, and this is related to the progenitor stars mass, Type I 

planetaries must come from progenitors of greater mass than Type II 
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planetaries. The lower mass limit here seems to be approximately 3 Mg 

for a Type I planetary. This result agrees with Dufour and Hack 

(1978). Thus, Type I planetaries, having more massive stars than Type 

II, have a greater proportion of the mass of the star contained in their 

H burning shell, and with deeper convective zones in the star than Type 

II, [Aller and Czyzak (1973)], there is a greater mixing of the material 

[Sneden (1974)]. This greater mixing of the material causes the 

enhanced enrichment of helium and primary nitrogen, when the shell is 

ejected to form the planetary nebula. 

A method for the production of primary nitrogen was proposed by 

Truman and Cameroon (1971). They concluded that during the red giant 

phase of stellar evolution, primary is produced by CNO cycling of 
1 o i o 

primary C rich material. This C rich material is generated by 

helium shell flashing, and is 'dredged up' into the H burning shell 

before the planetary nebula is formed. 

6.5 CONCLUSION 

From the results of Table 6.1, the graph of Log [He] v Log [N] was 

plotted (Figure 6.2). This shows a good correlation between the 

abundance of helium compared to the abundance of nitrogen, as would have 

been expected from the earlier discussion of theory. This also confirms 

the fact that mixing of the CNO material in the progenitor star is going 

on, bringing excess helium and nitrogen to the surface. The upper point 

on the graph, is obviously the Type I planetary. The three points 

marked "*" are the two sets of data from S 10 and the data from S 28. 

As stated earlier, these are believed to be [H II] regions. One can see 
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from Figure 6.2 that these points have low nitrogen abundances compared 

to the planetary nebulae in the galaxy. Hence this is a further 

indicator that these points are not planetary nebulae, but are indeed 

[H II] regions. 

From Figure 6.2, the nitrogen increase is on the order of a factor 

6, which is between the values of Peimbert (1971) who had a value of a 

factor 4, and Barker (1978b) who had a value of a factor 10. The helium 

increase is approximately 20%, which agrees well with Barker's (1978b) 

value of 25%, but is in contrast with Peimbert (1971) value of 4%. 

Examination of Figure 6.3 shows a correlation between the 

enrichment of helium and nitrogen, again in accordance with theory and 

predicting mixing. It is interesting to note the similarity in values 

of the Magellanic Clouds and NGC 6822, whilst the Milky Way Galaxy 

exhibits much lower nitrogen and helium abundance values. 

Examination of Figure 6.4, shows the complete separation of Type I 

and Type II planetaries clearly, with the much greater nitrogen enriched 

Type I near the top of the graph. There is a trend towards oxygen 

depletion, caused by the conservation of ^0 to in progenitor stars 

of M* >_ 3 Mg, i.e. Type I planetary nebulae. However, quite massive 

stars, who 'dredge up' CNO material from deeper levels, can also 'dredge 

up' oxygen enriched material, thus causing subsequent oxygen enrichment 

in the nebula. Again, the Magellanic Clouds have similar values, whilst 

NGC 6822 has a value similar to that of the Milky Way Galaxy. It would 

appear that this is not true for Type II planetaries. However, as 

mentioned earlier, the [0/H] value for the Galaxy seems a little high. 

By taking Barker's (1978a) value, or that of Dufour and Hack (1978), 

then the galactic value of [0/H] would be similar to that of NGC 6822. 
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Thus it would seem that the age of NGC 6822 is similar to that of the 

Galaxy, approximately 101 2 3 4 5 * * * * 10 years* althou9h the star formation rate in 

NGC 6822 is somewhat lower than that of the galaxy, with a far greater 

proportion of its mass, in the form of gas. The Magellanic Clouds seem 

to be somewhat younger than the galaxy and NGC 6822, approximately a few 
Q 

by 10 years old, with the upper mass range stars. 

A question that should be posed is how significant is the nitrogen 

enrichment of the interstellar medium from planetary nebulae? We have 

already seen that Type I planetaries have nitrogen enrichments of about 

1.5 orders of magnitude, whilst Type II planetaries are enriched by a 

factor of 3 - 8 times. However, their are several important unanswered 

questions here. 

1) What is the range of masses for helium and nitrogen rich 

planetaries? 

2) Do all stars in the mass range become planetaries? 

3) What are the nebula masses? 

4) What is the formation rate for planetaries? 

5) What percentage of planetaries are Type I? 

The question of what percentage of planetaries are Type I or Type II is 

very important. If a considerable number are the highly enriched Type 

I, then the role of planetaries in the nitrogen enrichment of the 

interstellar medium, could be quite substantial. Peimbert (1978) 

calculated that about 5% to 10% of the planetaries in the Galaxy were 

Type I. However, the percentage in NGC 6822 is unknown. 
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Tinsley (1978) attempted to calculate the importance of planetary 

nitrogen enrichment, from the yield, Y, which is defined as the "ratio 

of the ejection rate (via planetary) of the elements synthesised in 

precursor stars, to that of the net star formation rate," From the 

equation, (6.2), 

(6.2) „ [X(pn> - X(ism)] MpnRpn 

where [X(pn) - X(ism) is the excess abundance in the planetary over 

the interstellar medium 

Mpn is the nebular mass 0.3 M 
O 1 

Rpn is the rate by number 0.5 pc Gyr 

( 1-R)is the net star formation rate 

(1-0.23) 2.5 M pc"2 Gyr"1 

and assuming, that for significant contribution, 

(6.3) Y > X(ism) 
T - 2 

then, 

> 7 (6.4) 
X(pn) 

X(ism) 
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although values smaller than this could still be significant. Hence, 

should nitrogen be a factor of 7 or more greter in the planetary than in 

the interstellar medium, it should then play a significant role in the 

chemical evolution of the galaxy. From our earlier figures, 

Type I Planetaries: A[-^J factor of 32 times larger than the 

interstellar medium. 

N Type II Planetaries: A[-^-] factor of 5 times larger than the 

interstellar medium. 

This does not account for the number density of both type I and Type II 

planetaries in the galaxy. 

Thus it would seem that planetaries of Type I certainly play a role 

in nitrogen enrichment of the Galaxy, after a time At, (which is the 

lifetime of the star), subsequent to the time of bulk star formation in 

the galaxy. From Edmunds and Pagel (1979),. At is approximately 10^ 

years. Hence any galaxy with a low N/H ratio in the interstellar 

medium, would seem to have formed in the last 10^ years. 

6.6 SUMMARY OF CONCLUSIONS 

The following conclusions were arrived at on the basis of the 

empirical evidence. 

1) Type I planetaries in NGC 6822 exhibit a high enrichment of He and 

N. These enrichments are a factor 2 increase for He and a 1.5 order 

of magnitude increase for N, over the ISM. This enrichment is 

similar to the Milky Way Galaxy. 
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2) The N/0 ratio for Type I planetaries exhibit an increase of 2.1 

order of magnitude. This is greater than the theoretical models of 

Kaler Iben and Becker (1978) predict, hence this indicates the N is 

a result of Primary Nucleosynthesis. 

3) Type II planetaries in NGC 6822 exhibit an enrichment of He and N, 

though not as large as Type II planetaries. These enrichments are a 

factor 1.3 and factor 5 increase for He and N respectively. 

4) The N/0 ratio for Type II planetaries exhibit an increase of a 

factor 7. AN enrichment of this size indicates it is a result of 

Secondary Nucleosynthesis. 

5) The age of NGC 6822 is similar to that of the Milky Way Galaxy, 10^® 

q 
years, whilst the Magellanic Clouds are somewhat younger, a few 10 

years• 

6) Type I planetaries probably play a significant role in N enrichment 

of the ISM, as the enrichment value of a factor of 32 is greater 

than the theoretical value of a factor of 7, calculated by Tinsley 

(1978). 

7) Type II planetaries do not play an important role of N enrichment of 

the ISM, as the enrichment of a factor 7 was less than the value 

calculated by Tinsley (1978). 
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Appendix Al 

Standard Star Listings 

Date Grating Tilt 

9/10 July 1980 250 64.45 

9/10 July 1980 250 64.45 

9/10 July 1980 250 64.45 

10/11 July 1980 250 64.45 

10/11 July 1980 250 64.45 

10/11 July 1980 250 64.45 

24/25 July 1981 KPL 2 61.78 

24/25 July 1981 KPL 2 61.78 

24/25 July 1981 KPL 2 61.78 

24/25 July 1981 KPL 2 61.78 

24/25 July 1981 KPL 2 61.78 

24/25 July 1981 KPL 2 61.78 

26/27 July 1981 KPG 2 61.78 

26/27 July 1981 KPG 2 61.78 

26/27 July 1981 KPG 2 61.78 

26/27 July 1981 KPG 2 61.78 

26/27 July 1981 KPG 2 61.78 

Standard Star 

L93080 

Feige 110 

L870-2 

Wolf 485A 

L93080 

L870-2 

Kopff 27 

LDS 749B 

Feige 110 

L870-2 

Feige 25 

Feige 24 

Wolf 485A 

Feige 110 

LDS 749B 

Feige 24 

Feige 25 



Appendix A2 

Observing Log 

The entries in Appendix A2 are as follows: 

Column (A): Date of observation 

Column (B): Object being observed 

Column (C): Right Ascention 

Column (D): Declination 

Column (E): Airmass 

Column (F): Exposure time 

Column (S): Seeing conditions 

Column (H): Slit size 

Column (I): Grating type 
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Appendix A2 (continued) 

Observing Log 

M IE jÇl m M ia M ill 

July 

1980 Min n M 

9/10 Dark 17:36:00 -SS^OO*1 1.04 0 2.5 Clouds 150 250 

9/10 NGC 6822 S10 19:41:52 -14057‘52" 1.22 3 2.5 Clouds 300 250 

9/10 NGC 6822 S10 19:41:52 -14°57'52" 1.24 10 2.5 Clouds 300 250 

9/10 NGC 6822 S28 19:42:07 -14055'n" 1.46 10 2.5 Clouds 300 250 

10/11 Dark ZENITH 1.02 0 2.0 Clear 150 250 

10/11 Dark ZENITH 1.02 0 2.0 Clear 150 250 

10/11 He2-105 14:10:38 -73>58'45" 1.40 0.5 2.0 Clear 300 250 

10/11 He2-105 14:10:38 -73°58'45" 1.41 1 2.0 Clear 300 250 

10/11 He2-105 14:10:38 -7y58'45'' 1.41 1 2.0 Clear 300 250 

10/11 He2-105 14:10:38 -73°58'45" 1.41 1 2.0 Clear 300 250 

10/11 He2-105 14:10:38 -73°58'45" 1.41 1 2.0 Clear 300 250 

10/11 He2-105 14:10:38 -73°58'45" 1.41 1 2.0 Clear 300 250 

10/11 He2-105 14:10:38 -73^58'45" 1.41 1 2.0 Clear 300 250 

10/11 NGC 6822 S30 19:42:12 -14048‘42" 1.04 10 2.0 Clear 300 250 

10/11 NGC 6822 S30 19:42:12 -14°48'42" 1.04 10 2.0 Clear 300 250 

10/11 NGC 6822 S30 19:42:12 -14°48'42" 1.05 10 2.0 Clear 300 250 

10/11 NGC 6822 S30 19:42:12 -14048'42" 1.07 10 2.0 Clear 300 250 



97 

M M. 

July 

1980 

10/11 NGC 6822 S14 

10/11 NGC 6822 S14 

10/11 Dark 

10/11 Dark 

11/12 Dark 

11/12 Dark 

11/12 NGC 6822 S28 

11/12 NGC 6822 S28 

11/12 NGC 6822 S28 

11/12 NGC 6822 S30 

11/12 NGC 6822 S30 

11/12 Dark 

11/12 Dark 

July 1981 

24/25 NGC 6822 S10 

24/25 NGC 6822 S10 

24/25 NGC 6822 S10 

24/25 NGC 6822 S10 

24/25 NGC 6822 S10 

24/25 NGC 6822 S14 

(C) (D) 

19:42:02 -14°53'29n 

19:42:02 -14°53'29" 

01:36:09 -O^OBW 

01:36:09 -OSTOW 

ZENITH 

ZENITH 

19:42:10 -14°55'03" 

19:42:10 -14o55'03" 

19:42:10 -14o55'03" 

19:42:12 -M^OO" 

19:42:12 -14°49'00" 

02?45:20 30o23'02" 

02:45:20 30P23'02" 

19:43:38 -14°53,26" 

19:43:38 -14°53'26" 

19:43:38 -14053'26" 

19:43:38 -14053'26" 

19:43:38 -14°53'26“ 

-14°49'17" 

(E) (F) (G) 

Min IT 

1.09 10 2.0 

1.12 10 2.0 

1.11 0 2.0 

1.11 0 2.0 

1.01 0 2.0 

1.01 0 2.0 

1.33 5 1.5 

1.37 15 1.5 

1.46 20 1.5 

1.67 5 1.5 

1.77 30 1.5 

1.07 0 1.5 

1.07 0 1.5 

1.06 10 1.0 

1.04 10 1.0 

1.04 20 2.0 

1.04 5 2.0 

1.04 5 2.0 

1.08 5 1.0 

(H) (I) 

y 

Clear 500 250 

Clear 500 250 

Clear 150 250 

Clear 150 250 

Clear 150 632 

Clear 150 632 

Clear 300 632 

Clear 300 632 

Clear 300 632 

Clear 300 632 

Clear 300 632 

Clear 300 632 

Clear 300 632 

Clear 600 KPL 2 

Clear 600 KPL 2 

Clear 600 KPL 2 

Clear 600 KPL 2 

Clear 600 KPL 2 

Clear 300 KPL 2 19:43:44 
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M M içi M M iQ. M ill 

July 

1981 Min IT y 

24/25 NQC 6822 S14 19:43:44 1.09 5 1.0 Clear 300 KPL 2 

24/25 NGC 6822 SL4 19:43:44 -14049'17" 1.11 10 1.0 Clear 300 KPL 2 

24/25 NQC 6822 SI4 19:43:44 -14049'17" 1.11 10 1.0 Clear 300 KPL 2 

24/25 NQC 6822 SL6 19:43:44 -l4o50'45" 1.16 5 1.0 Gear 600 KPL 2 

24/25 NQC 6822 S16 19:43:44 -14°50'45" 1.20 5 1.0 Clear 600 KPL 2 

24/25 NQC 6822 SL6 19:43:44 -14o50'45" 1.20 10 1.0 Clear 600 KPL 2 

24/25 NQC 6822 S16 19:43:44 -14°50,45" 1.24 10 1.0 Clear 600 KPL 2 

25/26 NQC 6822 S30 19:43:58 -14044‘36" 1.07 5 2.0 Clouds 300 KPL 2 

25/26 NQC 6822 S30 19:43:58 1.06 10 2.0 Clouds 300 KPL 2 

25/26 NGC 6822 S30 19:43:58 -14°44'36" 1.05 20 2.0 Clouds 300 KPL 2 

25/26 NQC 6822 S30 19:43:58 -14°44'36" 1.04 30 2.0 Clouds 300 KPL 2 

26/27 NQC 6822 S33 19:44:03 -14o50'35" 1.15 5 3.0 Gouds 600 KPG 2 

26/27 NQC 6822 S33 19:44:03 -14°50'35" 1.13 5 3.0 Clouds 600 KPG 2 

26/27 NGC 6822 S33 19:44:03 -14°50'35" 1.12 15 3.0 Clouds 600 KPG 2 

26/27 NQC 6822 S33 19:44:03 -14°50,35" 1.09 5 3.0 Clouds 600 KPG 2 
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Appendix A3 

Extinction per Unit Airmass, (AmX) 

Wavelength (x) AmX Wavelength 

Â Â 

3700 0.489 3800 

3900 0.382 4000 

4100 0.296 4200 

4300- 0.234 4400 

4500 0.192 4600 

4700 0.156 4800 

4900 0.126 5000 

5100 0.116 5200 

5300 0.114 5400 

5500 0.109 5600 

5700 0.106 5800 

5900 0.101 6000 

6100 0.092 6200 

6300 0.074 6400 

6500 0.058 6600 

6700 0.046 6800 

AmX 

0.433 

0.334 

0.262 

0.211 

0.178 

0.136 

0.117 

0.115 

0.111 

0.107 

0.104 

0.100 

0.083 

0.066 

0.051 

0.043 
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Appendix A4 

Recombination Coefficients [cm3 sec"* 

Hydrogen 5000°K 

6(4861) 5.44 x 10"14 

Hel i urn 

6(4471) 2.64 x 10'14 

6(4686) 6.92 x IQ'13 

6(5876) 10.44 x IQ'14 

6(6678) 3.42 x 10“14 

Temperature (°K) 

10,000°K 20,000°K 

3.04 x 10-14 1.61 x 10'14 

1.37 x 10"14 6.63 x 10-15 

3.49 x 10‘13 1.69 x 10-13 

4.97 x 10'14 2.25 x 10"14 

1.62 x 10"14 7.24 x 10'15 

Temperature Dependence: 

Hydrogen : 

6(4861) = 9.732 x 10"11 T'0*878 

Helium: 

6(4471) = 1.299 x 10"10 T"0*997 

6(4686) = 4.022 x 10"9 T*1*017 

6(5876) = 1.310 x 10"9 T'1*107 

6(6678) = 4.797 x 10"10 T'1*120 
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Appendix A5 

Volume Emissivities (Te,Ne), for 0* and S+ (ergs cm~3 sec"1) 

0+ 

Log10x L°gi0K| 

-4.00 -18.79 

-3.00 -17.79 

-2.00 -16.80 

-1.00 -15.86 

-0.05 -15.47 

0.00 -15.18 

0.50 -15.02 

1.00 -14.96 

2.00 -14.92 

3.00 -14.92 

-4.00 -19.02 

-3.00 -17.69 

-2.00 -16.69 

-1.00 -15.71 

-0.50 -15.25 

0.00 -14.86 

0.50 -14.56 

1.00 -14.39 

1.50 -14.29 

3.00 -14.27 

where: N 

(100) VI. 
x 
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Appendix A6 

Mean Collision Strengths 

Ion Wavelength (A) Mean Collision Strengths 

.++ 

Ne ++ 

6583 

5007 

3869 

6312 

2.68 

2.36 

1.14 

1.34 



Appendix A7 

References for Table 6.2 

1. This Study 

2. Lequeux, J., Peimbert, M., Rayo, J. F., Serrano, A., and Torres - 

Peimbert, S. 1979, Astr. and Ap., 80, 155* 

3. Talent, D. L., 1980, Ph.D. Thesis, Rice University, P83. 

4. Osmer, P. S. 1976, Ap. J., 203, 352. 

5. Dufour, R. J., and Killen, R. M. 1977, Ap. J., 211, 68. 

6. Webster, B. L. 1981. 

7. Aller, L. H., and Czyzak, S. J. 1979, Astrophys. Space Sci., 60, 

59. 

8. Osmer, P. S. 1976,- Ap. J., 203, 352. 

9. Dufour, R. J., and Killen, R. M. 1977, Ap. J., 211, 68. 

10. Webster, B. L. 1978, I.A.U. Symposium No. 76, Planetary Nebulae, 

ed. Y. Terzian (Dordrecht: Reidel), Pll. 

11. Dufour, R. J. 1975, Ap. J., 195, 315. 

12. Peimbert. M., and Torres-Peimbert. S. 1974, Ap. J., 193, 327. 

13. Peimbert, M., and Barker, T. 1978, I.A.U. 

14. Talent, D. L., and Dufour, R. J. 1979, Ap. J., 233, 88. 

15. Peimbert, M., and Torres-Peimbert, S. 1977, M.N.R.A.S., 179, 217 

Ross and Aller. 1976, Ap J, 132, 129. 16. 
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