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ABSTRACT 

The results of an investigation of the optical spectra 

of four galactic H II regions: NGC 7635, NGC 7538, NGC 2359, 

and NGC 1624 are presented. The nebulae, located in the 

Perseus Arm of the Galaxy at distances ranging from 11 to 

14 kpc from the galactic center (3.5 to 5.0 kpc from the sun), 

were examined using the Intensified Image Dissector Scanner 

(IIDS) on the 2.1-meter telescope at Kitt Peak National 

Observatory (KPNO). 

From the measurement of selected emission-line strengths 

in the XX3700-4100 and XA4600-7400 spectral ranges, the 

relative abundances of He, N, O, Ne, S, and Ar are calcu¬ 

lated with respect to H (log(H) = 12.00) for each nebula. 

Electron densities are derived for the H II regions from 

the ratio of the [S II] line intensities, I (6716)/I (6731) , 

while their temperatures are obtained from the ratio of the 

[N II] line intensities, 1(5759/1(6583). The effects of 

temperature fluctuations on the abundance calculations 

are also discussed. 

The derived chemical abundances are examined in the 

context of possible chemical abundance gradients in the 

Galaxy. Significant radial gradients are found for oxygen 

and nitrogen: dlog(0/H)/dR = -.12+.03 kpc-1 and 

dlog(N/H)/dR = -.16+.03 kpc-1. 



In each nebula several positions were observed. In 

this paper particular attention is given to an examination 

of the condensations in NGC 7635, while an overabundance 

of nitrogen in NGC 2359 is discussed in the context of its 

association with the Wolf-Rayet star HD 56925 (WN5). 
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1. INTRODUCTION 

1.1 The Role of Observational Astronomy 

In 1835 the French philosopher of positivism, Auguste 

Comte, in his Cours de Philosophie Positive wrote regarding 

celestial bodies: 

We conceive of the possibility of deter¬ 
mining their shapes; distances, sizes and 
motions; on the other hand, there is no way 
by which we can ever hope to study their 
chemical composition . . . 

Only twenty-four years after Comte declared the composition 

of the celestial bodies forever unattainable, Gustav 

Kirchhoff put forth his three laws of spectral analysis 

voiding Comte's injunction. This historical note illustrates 

the danger of speculation beyond the bounds of observation. 

Any manner of universe can be constructed in the mind of 

the philosopher or theoretician, but models so constructed 

can be considered viable models of the real universe only 

in as much as they account for existing observations — the 

boundary conditions on speculation. Theories of physical 

phenomena that ignore constraints imposed by observation, 

or that assume constraints where observation is mute, will 

likely lead to a state of Comteian embarrassment for the 

theoretician. 

With the view of observational astronomy as the source 

of boundary conditions on theoretical astrophysics, the 

following data and discussion on the chemical composition 

of selected Perseus Arm H II regions are presented. 
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1.2 Abundance Gradients in Galaxies — Perspective 

Aller (1942) obtained the first observations of H II 

regions in an external galaxy — M33. From visual estimates 

of the emission-line strengths he noted a systematic 

increase with increasing galactocentric distance in the 

intensity of the [0 III] lines (1X4959,5007) relative to 

H$. He attributed this excitation gradient to a supposed 

systematic variation in the temperature of the exciting 

stars — the stars in the outer regions of the galaxy being 

systematically hotter than those in the inner regions. 

More recently Searle (1971) observed H II regions in 

the Sc galaxies M33, M101, and M51. From an examination of 

the emission-line strengths of [N II], [O II], [S II], and 

[0 III] he was able to determine that the H II regions 

near the center of each galaxy were of low excitation with 

the [0 II], [S II], and [N II] lines strong as compared with 

the relatively weak [0 III] lines. He also observed an 

increase in excitation with increasing galactocentric 

distance (R ). Comparing his observational results with 
y 

simple H II region models, Searle was unable to account for 

the observed excitation gradient in terms of variations in 

exciting star temperatures alone. He proposed that there 

existed, in each of the observed galaxies, gradients in 

the abundances of (N/H) and (0/H) across the disks. His 

observations indicated steep negative gradients of (N/H) 
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and (0/H) with increasing R ; the (N/H) gradient was found 
y 

to be steeper than the (0/H) gradient. 

In view of the observational evidence supporting the 

existence of abundance gradients in external spiral 

galaxies, a natural question to ask is: "Does the Milky 

Way Galaxy exhibit similar gradients?" There are a number 

of problems associated with obtaining an answer to this 

question. A primary problem is the wavelength-dependent 

absorption and scattering of the light we receive from 

objects in or near the galactic plane. Even when corrections 

are applied for the interstellar reddening, there still 

remains the problem of determining reliable distances to 

the H II regions. In spite of these difficulties, some 

observational progress has been made. 

Sivan (1976) has reported a gradient in the ratio of 

N to S in the solar neighborhood from observations of 

H II regions, while Torres-Peimbert and Peimbert (1977) , 

Hawley (1978), and Peimbert, Torres-Peimbert, and Rayo 

(1978) have established the existence of gradients in 

(0/H), (N/H), and possibly (He/H). Although the qualitative 

features of the reported gradients are similar, e.g., 

dlog(N/H)/dR exhibiting a steeper slope than dlog(0/H)/dR, 

the actual magnitudes of the reported gradients differ 

significantly from investigation to investigation and vary 

with the type of object observed. A summary of the 

results of recent investigations is given in Table (1-1) 
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after a review paper by Peimbert (1979). 

Table (1-1) 

Abundance Gradients in the Solar Neighborhood 

Object Type • He/H 0/H N/H H/S Reference 

H II -.02+.01 - -.13+.04 - .23+.16 -. 09+.05 (1) 

H II • • • -.05 -.10 • • • (2) 

H II • • • • • • • • • -.04 (3) 

Planetary 
Nebulae 

-.02+.01 - -.06 + . 02 -.18+.04 . . . (4) 

Units for dlog(X/Y)/dR are kpc"1 

(1) Peimbert et al. 1978, (2) Hawley 1977, (3) Sivan 1976, 
(4) Torres-Peimbert and Peimbert 1977. 

If the (0/H) abundance is representative of primary 

mechanisms of nucleosynthesis, and (N/H) is indicative of 

both primary and secondary nucleosynthesis, the gradients 

of these quantities should provide information regarding 

the history of star formation in the Galaxy. Indeed, 

in light of the spiral density wave theory, Jensen et al. 

(1976) argue that (0/H), being a primary product, should 

be proportional to (£2 (R) -£2 ) the rotation frequency minus 

the pattern frequency. 

In view of the information the observed abundance 

gradients may provide concerning predictions of the spiral 

density wave theory, there is a definite need to obtain 

their values as accurately as possible. 
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Whenever a disparity in observational results exists, 

as would seem to be the case with the reported values for 

the abundance gradients in the Galaxy, the only means of 

resolving the issue is to broaden the data base with 

additional observations. In this study observations of 

four Perseus Arm H II regions are reported and abundances 

are determined. Particular attention is given to the results 

in light of current theoretical discussions on the chemical 

evolution of the disks of spiral galaxies. 



2. THE OBSERVATIONS 

2.1 Selection Criteria 

The observations of the H II regions that are reported 

in this study were made at Kitt Peak National Observatory 

on 16/17, 17/18, and 18/19 October, 1976. All of the 

observations were made using the Gold Spectrograph and the 

Intensified Image Dissector Scanner (IIDS) mounted on the 

2.1-meter telescope. 

The H II regions studied were selected according to 

the following criteria: (1) they should represent as large 

a spread in galactocentric distance as possible in the 

anti-center direction; (2) the distances should be 

relatively well known — + 0.7 kpc; and (3) they should be 

bright enough to allow a statistically significant number 

of counts to be recorded for the important emission-lines 

with reasonably brief integration times — c. 500 sec. 

The H II regions were chosen from a list published by 

Y. P. Georgelin and Y. M. Georgelin (1970). Salient 

information on the chosen objects from this source, The 

Revised New General Catalogue of Non-stellar Astronomical 

Objects, and references cited in 2.1.a. are given in 

Table (2-1). 

In addition to the four program objects, several well- 

studied nebulae (IC 418, NGC 6803, and NGC 6884) and 

standard stars (40 Eri B, V Ma 2, and W1346) were observed 

in order to derive the instrumental response of the IIDS. 
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2.1.a. On the Distances 

The distance from the sun adopted for NGC 7635 is an 

average of the two distances given by Georgelin and 

Georgelin (1970). Their value for the kinematic distance 

is 3.53 kpc, while the spectrophotometric distance they 

report is 3.20 kpc. An average value for the distance of 

3.4 kpc will be used here with the uncertainty assumed to 

be +0.5 kpc. 

Reifenstein et al. (1970) derive a kinematical distance 

for NGC 7538 of 4.9 kpc on the basis of the H109a recombina¬ 

tion line, while Georgelin and Georgelin (1970) report a 

value of 4.23 kpc on the basis of the optical observations. 

Another estimate of the distance to NGC 7538 is provided 

by Minn and Greenberg (1975). These investigators located 

a giant dust complex in the Perseus Arm while doing a radio 

survey at 4830 MHz — an H2CO absorption line. They located 

the center of the complex at a right ascension 1 arcmin 

west and declination 6 arcmin south of NGC 7538. In an 

attempt to determine if NGC 7538 is a foreground object 

with respect to the dust complex, they calculated the 

effect it would have had on the antenna temperature if it 

were a background object, given certain assumptions about 

NGC 7538 as a continuum source at 4830 MHz. They did not 

observe the effect and therefore concluded that NGC 7538 

is in front of the dust complex. However, the observations 

reported in this study indicate that NGC 7538 is much more 
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heavily reddened than the nearby (in l11) NGC 7635, which 

would imply that the nebula is behind the dust and hence 

the larger distance estimates are more likely to be correct. 

Therefore, ignoring the distance estimate of Minn and 

Greenberg, a value of 4.6 kpc will be adopted for the 

distance of NGC 7538 from the sun. Again an assumed error 

of +0.5 kpc seems reasonable given the differences in the 

two determinations. 

After Peimbert et al. (1978) a distance of 5.0 kpc 

will be assumed for NGC 2359. In their paper an argument 

similar to the following is given to justify this distance 

estimate. NGC 2359 is apparently ionized by a Wolf-Rayet 

star of type WN5; Smith (1968) assumes Mv = -4.3 as an 

absolute magnitude for this type of star, while Crampton 

(1971) argues that a value of Mv = -3.7 is more reasonable. 

The spectrophotometric distances obtained on the basis of 

these assumptions are 6.9 and 5.3 kpc respectively. Using 

the Schmidt rotation model, Pishmish et al. (1977) obtain 

a kinematical distance estimate of 4 kpc. There have, 

however, been questions raised by Roberts (1972) as to the 

applicability of the Schmidt model in the galactic anti- 

center direction. Owing to the apparent uncertainty in 

the kinematical distance, it was not considered in choosing 

the value used in this study. The spread in the various 

distance determinations suggests that an uncertainty of 

+1.5 kpc in the adopted value is not unreasonable. 
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2.1.b. Positions Observed in Each H II Region 

Several positions were observed in each of the program 

nebulae. The positions and their designations are shown in 

Figure (2-1) and listed in Table (2-2). The positions 

occur in pairs due to the consturction of the spectrograph 

aperatures. Figure (2-2) compares the flux that would be 

received at H(3 if the nebulae were observed above the 

atmosphere; i.e., the atmospheric-extinction-corrected 

flux. The flux levels have been normalized on a scale such 

that the value for NGC 7635 P1W, the brightest position 

observed, has a value of 100. The absolute flux for this 

position is 5.6 x 10-13ergs cm-2 sec-1. Calibration was 

achieved by comparing counts per second at Hf3 for this 

bright knot with counts per second received for the star 

W1346, for which absolute flux levels have been determined 

by Oke (1974). 

The accuracy of the above value for the flux at H3 

for NGC 7635 P1W can be verified by noting that Barlow 

et al. (1976), using a 22 arcsec diameter diaphragm and a 
O 

12.8 A bandpass filter centered on H|3, found a value for 

the extinction corrected flux of 2.27 x 10“12ergs cm-2 sec-1, 

with an aperature positioned such that it took in the 

positions I have designated P1W, P2W, and P3W plus diffuse 

background. In order to compare Barlow's flux determination 

with mine, it is necessary to correct for the different 

aperture sizes and the contribution of the diffuse back- 
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Figure (2-1) 

The numbered positions shown in Figure (2-1) 
are consistent with the numbering scheme of Table (2-2) 
with the exception of position 2 for NGC 7538 and 
NGC 1624. These points show the relative placement 
of the EAST aperture. 
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Table (2-2) 

West Aperture Positions 

NGC Pos. 
Offsets 

Aa 

(TT) 

A6 

Guide* 
Star 

7635 1 15W 64N 1 

2 28W 70N 1 ’ 

3 42W 76N 1 

4 123W 47N 2 

5 10 3W 37S 2 

7538 1 60W 15S 1 

1624 1 . 0- 30S 1 

2359 1 0 138S 1 

2 0 89N 1 

3 15W 2 35S 1 

*Guide stars are designated in Figure (2-1). 

The EAST aperture was 100 arcseconds east of the WEST 
aperture. 
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ground. The area covered by Barlow's aperture was 

380 arcsec2, while the IIDS aperature covered 47 arcsec2. 

The ratio of the areas is 0.12. This value must be 

multiplied by ^2 to correct for the contribution of the 

diffuse background included in Barlow's measurement. This 

gives a value of 0.24 by which the total flux Barlow 

measures must be multiplied. When this is done, a value 

of 5.44 x 10“13ergs cm 2 sec-1 is obtained, which is in 

excellent agreement with my determination of the absolute 

flux at HS for NGC 7635 P1W. This favorable comparison 

attests to the accuracy of the flux values illustrated 

in Figure (2-2). 

2.2 The Functioning of the IIDS 

2.2.a. System Overview 

The greatest advantage of electronic imaging devices 

over conventional photographic methods is the very high 

efficiency with which photoemissive surfaces emit electrons 

when illuminated. The quantum efficiency of such surfaces 

is commonly in the 5% to 25% range, while photographic 

methods obtain only 1% to 3%. The IIDS is such a modern 

imaging device. 

The IIDS is a dual-beam, multichannel spectrometer. 

A detailed description of its operation may be found in the 

KPNO-IIDS Observers Manual. For the work reported in this 
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thesis the scanner was used on the 2.1-meter telescope with 

the Gold spectrograph and cooled RCA (C70021SP2) glass 

three-stage, magnetically-focused image-tube. This 

particular RCA image-tube has an S-20 (NaKSb) photocathode 

and a P-11 (ZnS:Ag) blue phosphor (peak emission at c. 4500 A). 

A pair of rectangular openings was used as the spectrograph 

apertures. With two apertures the spectrograph produces two 

narrow spectra on the image-tube photocathode as shown in 

Figure (2-3). 

The three-stage image-tube greatly intensifies the two 

spectra and images them on the output phosphor. The central 

22mm of each image is then scanned by an ITT (FW 130) image- 

dissector tube (IDT); the scanning aperture of the IDT is 

50 by 250 microns. The dissector is magnetically deflected 

to scan the two spectral images alternately, taking 

0.5 milliseconds to scan each,, for a total cycle time of 

1 millisecond. The scanner electronics divide each spectrum 

into 1024 channels of 16 bits each (65,535 counts per 

channel capacity). 

The scanner is several hundred times more sensitive 

than a single-channel spectrometer because the original 

photoelectrons are amplified several hundred thousand times 

by the image-tube. The total gain is equal to the product 

of the gain of the three stages. Because of this amplifi¬ 

cation, the resulting blue photons are emitted by the 

phosphor over an interval of a millisecond or two; hence, 
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even though the dissector looks at a single channel for 

only about 0.5 microseconds out of each millisecond, it 

still has a good chance of detecting one or more phosphor 

photons for each original photoelectron event. In essence 

the three-stage image-tube acts as a photon amplifier, 

while the final P-11 phosphor before the transfer lens acts 

as a temporary storage buffer. A discussion on the 

phosphor as a temporary storage buffer, and the problems 

associated with persistence, is given by McNall et al. 

(1970) . 

2.2.b. Magnetic Focusing 

When a photoelectron is liberated from the first 

surface of the three-stage image-tube it is accelerated by 

an axial electric field. Upon striking the next photo- 

emissive surface, substantially more photons are liberated 

to strike the photocathode of the next stage and so on, 

thus amplifying the original image. However, a photo¬ 

electron may come off the photocathode with a component of 

velocity parallel to the surface. Unless it is constrained 

in some fashion, the net effect will be to defocus the 

original image. Focusing is achieved by using a solenoid 

to apply an axial magnetic field; the magnetic field 

counteracts any initial transverse velocity of the 

individual photoelectrons by causing them to move in 

helical paths. The condition for focusing is that the 
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electrons complete an integral number of revolutions in 

the time it takes to travel from the photocathode to the 

next image plane. The focusing is not perfect in that not 

all of the photoelectrons come off the cathode with the 

same velocity parallel to the axis. Because of this 

dispersion in the initial velocities, there is a small 

dispersion in the time of flight of the electrons. 

The application of the axial magnetic field, although 

tending to correct the focusing problem, introduces another 

problem. In practice it is difficult to generate the 

electric and magnetic fields precisely parallel to each 

other — particular difficulty arises in the off-axis 

direction. The problem, shown schematically in Figure (2-4), 

is called S-curve distortion. It is produced when a 

component of the magnetic field is perpendicular to the 

electric field. In other words, an E X B drift is 

produced which tends to distort the image in the off-axis 

region of the tube. The only way to compensate for this 

effect is to program the changes in the deflection fields 

of the IDT to follow the curve. Such a routine is built 

into the FORTH software package at KPNO and was used in 

making these observations. 
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Figure (2-4) 



2.3 Spectrograph Parameters 20 

The Gold spectrograph can be configured for a wide 

variety of resolutions, aperture sizes, and etc., depending 

upon the requirements of the observer. The parameters 

used in this investigation are given in Table (2-3). 

For all of the observations reported in this thesis 

the west aperture was placed on the region of interest in 

the nebula — typically the brighter knots and filaments. 

With the parameters of Table (2-3) persistence effects 

were negligible as long as the count rate was under 500 cps 

per channel. This proved to be the case for all of the H II 

Table (2-3) 

Spectrograph Parameters 

Grating Number: 32 

Grating Characteristics : 

1/mm 

blaze 

dispersion 

tilt 

300 

6750 A 

v3.5 A/ch. (RED) 

'V'l. 8 A/ch. (BLUE) 

21?4->X (center) ~ 6400 A 

IIDS Aperture: 

Number Shape 

3 rectangular 

Separation of apertures 

Size 
Size 

(arcsec) 
t 

0.30 x 0.98 mm' 3.8 x 12.4 

in plane of the sky = 99.4 arcsec. 

t Lead dimension is in the X direction. 
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regions examined in this study. It should also be noted 

that a WG3 order separation filter was used to separate the 

second order blue from the first order red. 



3. DATA REDUCTION 

3.1 The Reduction Programs 

In this chapter the techniques used in the reduction 

of the IIDS data will be discussed. Although KPNO has 

developed an extensive FORTH software package for the 

reduction of IIDS data, available in Tucson, it was more 

convenient to perform the reduction in Houston. Through 

an access agreement with NASA, certain facilities at the 

Johnson Space Center (JSC) were made available to me for 

use in the data reduction. Of prime importance in this 

regard was the NASA-JSC version of FORTH, supported on the 

PDP 11/45 computer located in the Environmental Effects 

Office at JSC. Interaction with FORTH was via a Tektronix 

4014 terminal. 

A number of programs were used in the reduction of the 

IIDS data — both FORTH and FORTRAN. The FORTRAN programs 

were fairly simple and straightforward; usually their 

function was to prepare FORTH-compatible data tapes for 

reduction runs at JSC. Brief descriptions of all the 

programs that were used in the data reduction are given in 

Table (3-1). Several of these will be discussed more 

extensively and their use illustrated later in this chapter. 

Following the program descriptions, a flow chart of 

the data reduction procedure is given as Figure (3-1). In 

that figure the two computer systems used in the reduction 
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are represented as blocks on the left and right sides of the 

figure, with interaction between the two systems shown by 

connecting lines. 

Table (3-1) 

Description of the Data Reduction Programs 

( ) = Program written or modified by the author. 

(TAPECON): Tape unpacking routine 

IIDS data is originally stored as 2100 16-bit words 

per data file with counts stored as double-word integers in 
* 

bits 0 to 14 and 16 to 30. The tape format is 7-track 

with odd-parity. In order to utilize the FORTH system at 

JSC it is necessary to write a system-compatible 9-track 

data tape. TAPECON performs this function. 

(IIDS-DISK): Tape reading word. 

This FORTH word allows a data tape created by TAPECON 

to be read and the data stored on one of the PDP 11/45's 

RK05 data disks. IIDS-DISK allows the user to label the 

file upon writing it to disk. 

SP+, SP-, S+K, S-K, S*/K, SP*: Standard file words. 

These FORTH words are a few of the standard data file 

manipulation words. These words perform the following 

functions: co-add two files, subtract one file from another, 
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add a constant to a file, subtract a constant from a file, 

scale a file by a constant, and multiply two files together 

while scaling by a constant. 

x SPECTRUM n RETR WDISP: File display commands. 

This is a standard sequence of FORTH words such as 

would be entered at the Tektronix 4014 terminal to access 

disk file x, retrieve scan line n, and display it according 

to the current Tektronix display format. 

(KPNQ5): Generates a cubic spline coefficient matrix. 

This is a FORTRAN program for fitting a cubic spline 

to 29 points of wavelength versus extinction per unit 

airmass in magnitudes. (The extinction was supplied by 

the KPNO Users Manual.) KPN05 generates a table of cubic 

spline coefficients to be used in the spline evaluation 

program, EXTFILE. 

(EXTFILE) : Generates a file of the form 104(ln(EC))/secz. 

Using the cubic spline coefficient matrix supplied by 

KPN05, this program creates a FORTH-compatible file to be 

used with another FORTH word, EXTCOR, for the channel by 

channel correction of atmospheric-extinction. 
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(AIRMASS): This program calculates the airmass for each 

25 

file given the right ascension (R.A.) and declination (DEC.) 

of the observed object/ local sidéral time at mid-scan, 

and the latitude of KPNO (31.9584 degrees north). 

(EXTCOR) : Generates the atmospheric-extinction-correction 

file. 

Using the extinction file created by EXTFILE, this FORTH 

word is used in an interactive mode at the Tektronix terminal. 

Execution of the word causes the program to prompt the user 

for the value of the airmass (secz). After the value is 

supplied, a channel by channel extinction-correction file 

is calculated and displayed on the Tektronix screen. If 

the calculated file appears correct, it is removed from the 

temporary buffer and stored on the RK05 disk. The data file 

under consideration is then multiplied by this EXTCOR file 

and scaled accordingly. 

EWIDTH: The word used to measure line strengths. 

Using several of the standard display words a plotting 

area is set up on the Tektronix screen. The extinction- 

corrected data file is brought into the buffer and displayed 

on the screen. Execution of EWIDTH enables the scope 

cursors. The user then selects two points to define a 

continuum level by striking any key on the terminal keyboard. 

After entry of the second point, the computer sums the counts 
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in the channels delineated by the two points. A continuum 

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

subtracted to give the net counts for the emission-line under 

examination. 

(DWARFS): Standard star spectrum generation. 

This FORTRAN program calculates the intrinsic flux in 

40 A and 80 A bands for the standard stars that were 

observed for the purpose of the instrumental sensitivity 

determination. The calculations are based on the published 

flux levels of Oke (1974). A short FORTH-compatible tape 

file is created by this program; i.e., the entire observed 

spectral range is compressed into 200 channels instead of 

the full-scale 1024 channels. Other FORTH words are 

available to expand the scale after the file is transferred 

to the PDP 11/45. 

(DWARF, W1346, PTSIN, STAR-LIST, STAR-FIX, SLOPE): 

Standard star spectrum expansion words. 

These FORTH words are designed to expand the short 

Oke files provided by DWARFS. The expansion is done via 

linear interpolation between the points. The net result 

of the use of these words is a spectrum of each standard 

star without the instrumental sensitivity effects. 

Therefore, when these calculated files are aligned with the 

observed files and a division is performed, the resulting 
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file is a curve representing the relative response of the 

IIDS as a function of wavelength. 

GSF, AREAS : Gaussian deconvolution routine for blended lines. 

These routines, designed by Francis Schiffer III after 

Bevington (1969) , perform a chi-square fit on as many as 

20 blended spectral lines. The routine operates in an 

iterative fashion until the value of (y^-y(x^))2(or x2r if 

the a^’ s are provided) changes by less than one percent per 

iteration. Each gaussian is determined by three parameters: 

center x, FWHM, and amplitude. A linear background is 

assumed. Each parameter can be given a weight against 

change, e.g., one may "freeze" the width, thus reducing the 

number of free parameters of the fit. 

(REDCOR): Interstellar extinction correction program. 

This FORTRAN program corrects the measured line 

strengths for the effects of interstellar extinction. This 

correction is done only after the corrections for atmospheric 

extinction and instrumental response have been done. The 

form of the correction is given by I = F x 10**[(f(A)- 

f(Hg)] x C] , where [f(A)-f(H^)] is the relative extinction 

normalized to H^. 



28 

Figure (3-1) 
Data Redution Flow Chart 
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3.2 Reduction of the IIDS data 

3.2.a File Handling and Extinction-Correction 

After the original 7-track data tape had been trans¬ 

lated into a 9-track format compatible with the version of 

FORTH supported by the PDP 11/45 computer at NASA-JSC, the 

first step in the reduction sequence was the co-addition 

of data files and the subtraction of emission features of 

the night sky. 

When the original data tape was made at KPNO, an 

observing log was automatically generated by the FORTH 

program controlling the data acquisition. As each double¬ 

file was written to tape (one for each aperture of the 

spectrograph), pertinent information was directed to the 

line printer. 

The items of information contained in the log entries 

were: record number, lable, total integration time for the 

scan, scan mode, beam position on the phosphor, tape 

status, disk status, local sidereal time (end of scan), 

and the universai time (end of scan). The file numbering 

system for the 7-track tape was used in the creation of the 

9-track tape. This was done so that the observing log 

information would coordinate directly with the 9-track 

tape and thus facilitate the file co-addition. 

A typical observing sequence was as follows: a guide 

star near the nebula of interest was located; the apertures 
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of the spectrograph were offset to a specific point of 

interest in the nebula; integration was performed for a 

predetermined time (usually 300 to 600 seconds); the 

apertures were then offset to a nearby region of dark sky 

(usually 500 to 1000 arcsec away); and the signal was 

integrated for a time equal to that of the first 

integration. The purpose of integrating for an equal time 

on a nearby region of dark sky was to allow a data file 

with only the night sky continuum and emission-lines to be 

created for later subtraction from the object file. The 

major components of the night sky emission spectrum 

contaminating the H II region spectra in the wavelength 

range observed were the [0 I] lines at ÀA5577, 6300, and 

6364 A, and the Na-D lines at AA5890 and 5896 A. It was 

particularly important to subtract the Na-D lines correctly 

since they tend to blend with the He I emission line at 
O 

5876 A — one of the most important lines used in the 

determination of the helium abundance. A typical example 

of night sky contamination is illustrated in Figure (3-2). 

After the file co-addition and night sky subtraction 

had been done for each object, the correction for 

atmospheric-extinction was applied. The KPNO TIPS Reduction 

Manual lists the magnitudes of extinction per unit airmass 

as a function of wavelength. These values, used in a 

cubic spline interpolation routine over the range of 

observed wavelengths, are listed in Appendix A along with 
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the cubic spline coefficient matrix. The cubic spline 

routine was one of the IMSL subroutines supported by the 

Rice University Institute for Computer Services and 

Applications (ICSA) on their IBM 370. 

Once the cubic spline coefficient matrix had been 

established, it was used in the creation of an extinction- 

correction file. The reasoning behind the creation of the 

file is shown as follows. 

In general : 

So: 

ax = exp(x In(a)) 

10X = exp(x ln(10)) 

Now let: x = .4 (secz) (Am) 

.4: (secz) (Am) 
So we have : 

= exp( (.4) (In(10)) (Am) (secz)) 

= EC, which is just the 

. definition of extinction 

correction. 

But: ln(EC) = (0.4) (In(10)) (Am) (secz) 

Therefore : Dividing by secz and multiplying 

by 104 yields the form of the 

file as it is created by 

EXTFILE. 

That is : 104 (ln(EC) )/(secz) = 104((0.4) 

(lnlO)) x (Am) 

The reason this file was created as integer data is 

due to the fact that the version of FORTH running on the 

NASA-JSC PDP 11/45 only handles interger data when 
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performing tape-to-disk read operations. (However, once 

integer data is in core, a software floating-point package 

is available.) To access the extinction file, the 

EXTFILE file was read from tape-to-disk via the word 

IIDS-DISK, and then executed via the word EXTCOR. The 

functioning of EXTCOR is illustrated in Example (3-1) as 

it would apply to a single channel of a data file. An 

exact solution, for a given extinction per unit airmass, Am, 

is compared to the approximation generated by EXTCOR. 

It will be seen that the difference is negligible. 

In this example a value for the airmass of 2.31 was 

assumed. The range of airmass for the observations 

reported in this thesis is from 1.0700 to 1.4338. There¬ 

fore, the errors introduced using the word EXTCOR will 

be even smaller than the example would indicate. The 

envelope of extinction-correction curves is shown in 

Figure (3-3). 

3.2.b. Line Intensity Measurements 

After all of the files were corrected for atmospheric- 

extinction, the total number of counts for the emission¬ 

lines were measured using the word EWIDTH. The functioning 

of EWIDTH is described in Table (3-1). The use of EWIDTH 

is illustrated in Figure (3-4). The important value 

returned by this FORTH word, shown in the figure, is 

AREA-BKG. All of the lines were measured at least five 
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EXAMPLE (3-1) 

Assumptions: Am = .63, secz = 2.31, n = some arbitrary 

channel of an object file is to be corrected. 

An Exact Solution From the Forth Word EXTCOR 

(1) Exact = 10°*4 SeCZ 

i—1 

e 
<3 

(2) Let secz = 2.31 (2) 

(3) Exact = 10(°* 4) (z- 3 1) (0 . S 3) 

(4) Exact = 3.821 (3) 

(5) Multiply channel n by 3.821 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

EXTFILE value is 5802. 

Convert to 5802.00 

Input secz = 2.31 

Multiply: 13402.62 

Divide by 101* : 1.340262 = y 

Find exp(y) : 3.82044 

Multiply by 103 : 3820.044 

Convert to fixed point : 3820 

Store in separate file, EC 

Now multiply the appro¬ 

priate object file by file 

EC and divide by 103 using 

the word SP*. The net 

effect is to multiply 

channel n by the value 3.820 
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times, and an average taken. Multiple measurements were 

performed, since, especially for the weak lines, the 

uncertainty in the choice of the continuum became an 

important factor in the measured value of the total 

number of counts. As can be seen by an examination of 

Figure (3-4), the continuum of this representative spectrum 

is not perfectly smooth. This is due to small scale 

sensitivity variations on the image-tube phosphor. To 

avoid bias in the line intensity measurements, all output 

from EWIDTH was directed to a line printer, as opposed to 

the screen of the terminal, and was not examined until all 

measurements of emission-lines in any given spectrum were 

finished. 

An attempt was made to use a smoothing routine, 

supplied as part of the FORTH system, in order to facilitate 

the choice of the continuum for the line measurements. 

The effects of the smoothing routine are illustrated in 

Figure (3-5). Although the appearance of the spectrum in 

this example is somewhat improved by the smoothing, it was 

found that, in general, for the weak lines, the values 

measured by EWIDTH were consistently too low — sometimes 

by 30 to 40%. Therefore, the line strengths reported in 

this study were those obtained from unsmoothed data. 

One very important aspect of the line strength 

measurments was the deconvolution of the blended lines; the 

most important blends examined were Ha with [N II] at 
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6563 A and the [S II] doublet at 6723 A. The separation 

of these blended lines was important in that: the ratio 

of Ha to H3 was used in determining the amount of correction 

required for interstellar reddening; the [N II] lines at 

6548 Â and 6583 Â were used with another [N II] line at 

5755 A to determine the electron temperature in the nebulae; 

and the ratio of the [S II] doublet provided the electron 

density information. The deconvolutions were done using 

the GSF routine described in Table (3-1). In all cases 

the line widths were frozen to a value determined by a 

gaussian fit to a nearby isolated line; this could be done 

because line widths are primarily a function of the 

spectrograph focus and slit width, and generally may be 

expected to be the same for each component of a blend. 

In addition, the relative positions of the line centers 

were frozen since their separation was known. Therefore, 

the only free parameters of the fits were the amplitudes 

of the blended lines. The end result of the GSF routine 

is illustrated in Figure (3-6) and Figure (3-7), 

representative examples of the blended lines cited above. 

In Figure (3-7) it is interesting to note how the 

ratio of the (S II] doublet lines changes from NGC 7635 P1W 

to P3W. Such a change is indicative of a change in the 

electron density from one region of the nebula to the 

other. For P1W, at a temperature of about 9000°K, the 

ratio implies an electron density of about 15,800 cm-3, 

while for P3W the density is about 4200 cm-3. 
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3.2-c. Instrumental Response Correction 

The instrumental sensitivity (I.S.) was determined as 

described in Table (3-1) for the red portion of the spectrum. 

However, for the second-order blue the technique was 

unworkable due to contamination from the first-order 

infrared; therefore, for the blue region of the spectrum 

several standard nebulae were used to establish the I.S. 

Illustrated in Figure (3-8.) is the superposition of 

the data file for the standard star W1346 with the spectrum 

generated from Oke's observations. Dividing the IIDS file 

by the Oke file establishes the red I.S. as a function 

of channel number (or wavelength). The average I.S. for the 

red portion of the spectrum, using the data from all 

three nights, is shown in Figure (3-9 ). Listed in 

Table (3-2) are the specific values of I.S. used for the 

astrophysically important emission-lines. 

The I.S. was found to be constant from night to night 

to within + 3%. This constancy was determined by dividing 

the data files of the incandescent lamp scans from nights 

two and three by the night one incandescent lamp files. 

If the instrumental sensitivity were constant from night 

to night these ratios should have fluctuated about unity, 

as indeed they did. 

3.2.d. Interstellar Reddening Correction 

Once the instrumental sensitivity was determined, the 
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3727 

3750 

3770 

3798 

3835 

3869 

3889 

3969 

4026 

4069 

4861 

4922 

4959 

5007 

5199 

5518 

5538 

5755 

5876 

6312 

6364 

6548 

6563 

6584 

6678 

6723 

7065 

7136 

7325 
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Table (3-2) 

Relative Instrumental Sensitivity 

(A) West Aperture 

.26 

.27 

.28 

.30 

.32 

.39 

.34 

.39 

.43 

.44 

1.00 

1.02 

1.02 

1.08 

1.04 

.95 

.95 

.88 

.81 

.64 

.61 

.46 

.46 

.46 

.42 

.40 

.26 

.22 

.23 

East Aperture 

.18 

.19 

.21 

.23 

.26 

.34 

.31 

.34 

.43 

.44 

1.00 

1.00 

1.01 

1.06 

1.08 

.94 

.94 

.87 

.80 

.61 

.59 

.47 

.47 

.47 

.44 

.40 

.26 

.22 

.23 
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atmospheric-extinction-corrected data was corrected for 

the instrument response and the line strengths measured 

via EWIDTH were normalized to . These normalized values 

for the flux above the atmosphere were then used as the 

input to the program REDCOR. The function of REDCOR is 

described in Table (3-1). 

Gaseous nebulae emission-line intensities can be 

corrected for interstellar reddening via equation (3-1), 

if the reddening function, [f(X)-f(H^)], is known. 

T T -c[f (X)-f (Hr) ] 
[A/IH ] = [ A/I„ ] 10 * (3-1) 

OBS 

Often, for lack of an empirical estimate, the Whitford 

(or Standard) reddening function is used. The values 

for this function can be generated according to the 

following expressions which were derived from linear fits 

to the [f(A)-f(Hg)] values given by Osterbrock (1974). 

[f(x)-f(Hfl)] = (.650) x - 1.34 , A > 4400 Â (3-2) 
p 

[f(x)-f(H„)] = (. 437) x - .843 , A < 4400 A (3-3) 
p — 

where : x 
10000 

X 

The value of C in equation (3-1) is determined directly 

from the observations. For nebulae that are optically 

thick to Lyman radiation, the observed Balmer decrement 
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in the H II regions should be normal, exhibiting ratios 

relative to as per Brockelhurst (1971). For Brockelhurst's 

Case B, with TQ = 10,000°K and Ne = 100, Ha can be expected 

to have an intrinsic intensity 2.859 times as large as H^. 

If the observed ratio of Ha to H^ were 744, for example, 

and a normal reddening function value of -0.35 is assumed, 

the value of C would be determined by : 

744 = 286 10**^_C^ (~0*35) 

C = 1.19 

(3-4) 

After obtaining the value of C, it is a straightforward 

matter to calculate the corrections for interstellar 

reddening if [f(X)-f(H0)] is known. 
P 

The H II regions that are the subject of this study 

are located in the direction of Perseus wherein the 

extinction law has been shown to deviate from the standard 

curve — notably at wavelengths less than 4400 Â (Nandy, 

1967). Therefore, it may be the case that the standard 

reddening curve is not applicable to these regions. Nandy 

has suggested that the deviations from the normal reddening 

function present at about 4400 A may be explained on the 

basis of scattering particle sizes and surface phenomena 

such as ice mantles. 

The deviation from the standard reddening law in the 

UV was determined by examining the flux value for the H I 
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recombination lines, which were well-observed for NGC 7635 

P1W, and requiring the [f(X)-f(Hg)] to produce the 

theoretical Balmer decrement of Brockelhurst within the 

error bars set by other uncertainties. Once this was done 

for NGC 7635 it was assumed that the same reddening curve 

would apply to NGC 7538 since the difference in 1^ is only 

about 1°. The decision as to whether or not the modified 

curve was applicable to NGC 1624 was made by using the 

ratio of color excesses test — a test sensitive to the 

shape of the extinction curve. NGC 2359 was also examined 

in this fashion. A discussion of the derivation of the 

modified reddening curve and the details of the color 

excesses test will follow. 

In Table (3-3) the values of [f(X)-f(HQ)l in the 
P 

column labeled "NEW f" were the values required to repro¬ 

duce the theoretical Balmer decrement which is listed in 

Table (3-4). 

Table (3-3) 

A Better Reddening Law 

WL (A) Flux Old f Old I New f New I 

3770 2.18 + .65 .316 5.17 .222 + .10 4.00 
3798 2.67 + .67 .306 6.16 .253 + .10 5.33 
3835 4.06 + .81 .294 9.06 .216 + .10 7.53 
3889 13.30 + 2 .0 .279 28.49 • • • * • • 

3969 11.15 + 1 .5 .258 21.56 .148 + .05 15.97 

Data are for NGC 7635 P1W (C = 1.19). 
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Theoretical Balmer Decrement 
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WL (Â) I 

3770 
3798 
3835 
3889 
3969 

4.00 
5.33 
7.34 

10.53 
15.91 

4861 
6563 

100.00 
285.90 

From Brockelhurst (1971). 

In Figure (3-10) the difference between the standard 

reddening curve and the modified curve, as presented in 

Table (3-3), is illustrated. An explicit expression for 

the modified curve was obtained by a linear fit through 

the "NEW f" values of Table (3-3) plus one point on the 

standard curve at 4400 Â — where deviations from the 

standard law usually become evident. The expressions 

referred to as the modified reddening law are given by the 

following two equations : 

[f(x)-f(Hp)] = (. 650)x - 1.34, X> 4400 A (3-5) 

[f(x)-f(Hp)] = (. 2 5 7 )x - .456, X< 4400 A (3-6) 

where x = 
10000 

X 
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It is now possible to discuss the applicability of 

the modified reddening law to NGC 7538, NGC 1624, and 

NGC 2359. In Table (3-5) Ha, Ha, and H are listed for 

the brightest positions observed in each of the program 

nebulae. It should be noted that the intensity of the 

(Ne III] line at 3869 A was divided by 3 and this value 

was then subtracted from the H£/[Ne III] blend to 

correct H£ for [Ne III] contamination; the corrected 

value is (H ) . 
£ G 

Table (3-5) 

Uncorrected Flux Values for Several Bright Balmer Lines 

Object Ha HS 
H£+(Ne III) 

NGC 7635 P1W 744 100 10.66 11.10 
NGC 7538 P1W 2014 100 — — 

NGC 1624 P1W 740 100 10.80 12.20 
NGC 2359 P1W 576 100 14.83 36.10 

By examining the derived color excesses we may 

determine for which of the H II regions the modified 

reddening law is applicable. The color excesses of 

interest are defined by the following three equations : 

E(H£, H0) = 2.5(log(I(H£)/I(Hg)) - Log(F(H£)/F(Hg)) 

(3-7) 
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E(Hg,Ha) = 2.5 (Log(I(Hg)/I(Ha)) - Log(F(Hg)/F(Ha)) 

(3-8) 

E(H ,Ha) = 2.5 (Log(I(H )/I(Ha)) 
C» 0 

- Log(F(H£)/F(Ha)) 

^ - (3-9) 

the ratios, defined as follows, will be computed by: 

R1 = E(H£,Hg)/E(Hg,Ha) (3-10) 

R2 = E(H£,Hg)/E(H£,Ha) (3-11) 

The magnitudes of the color excesses depend on the 

amount of extinction, but the ratios of the color 

excesses depend only on the shape of the reddening curve. 

Therefore, the agreement, or lack thereof, among the color 

excess ratios for the various H II regions indicates to 

what extent the reddening laws are similar from nebula 

to nebula. Table (3-6) displays the relevant information. 

Table (3-6) 

Ratio of Color Excesses Test 

Object E<W E(Hg,Ha) E(H£,Ha) R1 R2 

NGC 7635 P1W 0.434 1.041 1.498 .417 .290 
NGC 7538 P1W — 2.112 — — — 

NGC 1624 P1W 0.422 1.033 1.423 .409 .297 
NGC 2359 P1W 0.077 0.758 0.826 .102 .093 
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Therefore, as regards the applicability of the modified 

reddening function, the following conclusions are 

inferred: (1) for NGC 7635 the modified form is appropriate 

as it was the nebula for which the curve was empirically 

determined; (2) for NGC 7538 the modified form is appro¬ 

priate since this nebula is only 1° away from NGC 7635 in 

l11; (3) for NGC 1624 the modified form will be used on 

the basis of the color excess ratio test? and (4) for 

NGC 2359 the Whitford reddening function will be assumed. 

The results of the full series of corrections 

(atmospheric-extinction, instrumental, and interstellar) 

yield the intrinsic line intensities that are used to 

determine the chemical abundances. The final line 

intensities are presented in the next chapter. 



4. THE SPECTROPHOTOMETRIC RESULTS 

4.1 The Final Line Intensities 

The final emission-line strengths, 1(A), reported in 

this chapter were obtained from the measured raw counts, 

COUNTS(A), by the application of: 

TM\ - COUNTS (A) * EXTCOR ( A ) _ REDCOR (A) * inn K 1 COUNTS(H0) EXTCOR(H0) I.S.(A) 1UU' 
P P 

(4-1) 

This equation explicitly displays the relationship of 1(A) 

to the atmospheric-extinction-correction, EXTCOR(A), the 

reddening correction, REDCOR(A), and the instrumental 

sensitivity, I.S.(A). The values of the last two parameters 

have normalization values of 1.00 at Hc. The raw counts 
P 

were normalized to COUNTS(H^) for each spectrum. 

The three most important sources of error affecting 

the final line intensities were: (1) errors due to 

statistical fluctuation; (2) errors due to the choice 

of continua; and (3) uncertainty in the instrumental 

sensitivity. 

To examine the magnitude of the errors it was found 

convenient to define a quality parameter, Q, that could 

be evaluated for each spectrum. The quality parameter 

(normalized to a value of 100 for NGC 7635 P1W) is defined 
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[ (TOTAL INTEGRATION TIME)* (COUNTS/SEC) ]Hg/ OBJECT 

H " )* ( n / " )]Hg, NGC 7655 P1W * 100. 

(4-2) 

A list of the Q-values for the positions observed in each 

nebula is given in Table (4-1). 

Table (4-1) 

 Q-Values  

Object Q 

NGC 7635 P1W 100 
NGC 7635 P2W 41 
NGC 7635 P3W 20 
NGC 7635 P4W 28 
NGC 7635 P5W 27 
NGC 7635 PIE 5 
NGC 7635 P2E 5 
NGC 7635 P3E 10 
NGC 7635 P4W 2 
NGC 7635 P5W 2 

NGC 7538 P1W 10 
NGC 7538 PIE 4 

NGC 1624 P1W 12 
NGC 1624 PIE 4 

NGC 2359 P1W 7 
NGC 2359 P2W 6 
NGC 2359 P3W 2 
NGC 2359 PIE 2 
NGC 2359 P2E 1 
NGC 2359 P3E <1 

The Q—values can be related to total counts at for 

each position by noting that the total counts at for 

NGC 7635 P1W were 103,000. The utility of the quality 
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parameter is that an approximate expression for the 

percentage error in the line intensities can be derived 

expressed explicitly as a function of Q. The errors 

determined for each emission-line, quoted in Table (4-3), 

are based on the raw counts. 

By examining approximately 2000 separate line 

measurements it was found that the continua were typically 

chosen with a a of about + 5 counts. Typical line widths 

were 8 to 10 channels; therefore, an absolute error in the 

measured value of raw counts for any given line was about 

+ 50. Absolute errors of this magnitude are negligible for 

strong emission features, but are quite important for weak 

lines. The error expression, considering the three major 

sources cited, is given as: 

|% ERROR| = 100 4. 50 

_/TOTAL COUNTS_ 
T 

_(TOTAL COUNTS )_ 
* 100 + 

Statistical Error Continuum Error 

[ I.S.] 

Instrumental 
Sensitivity 
Error 

The form taken by equation (4-3), allowing direct use of the 

Q-values and the values of FLUX listed in Table (4-3), is 

given by: 
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|% ERROR | 
27.87 

'”\|FLüX(X) 

UERROR(A) * IS (A) * Q 

388 

fl 
LE 

FLUX(A) 

ERRQR(A) 
* IS(A) * 

FED 
BLUE 

(4-4) 

Table (4-2) lists the astrophysically important 

emission-lines that are tabulated in Table (4-3). Table 

(4-2) also identifies the atoms and ions responsible for 

the emission-lines (brackets indicate forbidden transitions). 
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Table (4-2) 

Transitions 

Identification Key 

Wavelength (À) 

ls - 
2
D b3/2 3/2,5/2 

(R) 

(R) • 

(R) 

(R) 
5P - XD 

2 2 
(R) 

P - 
1 U2 

(R) 

S — 2P b3/2 j/2 
(R) 

(R) 
3P - XD 
3 1 1 2 

P - D 
4 2 2 2 

S3/2 " °3/2,5/2 
S3/2 " °5/2 

!S3/2 ~ ^°3/2 

°2 - 

S0 
(R) 

XD - 1S U2 ü0 3 z 1 u 

P - D c
 i 

uo 
3 1 ^ JP — XD 
*1 u2 

(R) 

(R) 

P - 
2 2 

S - 2D 
J/2 

U
5/2 

b3/2 U3/2 
(R) 

3727 

3750 

3770 

3798 

3835 

3869 

3889 

3969 

4026 

4069 

4861 

4922 

4959 

5007 

5199- 

5518 

5528 

5538 

5755 

5876 

6312 

6364 

6548 

6563 

6583 

6678 

6716 

6723 

6730 

7065 

Identification 

[O II] 

H12 

Hll 

H10 

H9 

[He III] 

He I/H8 

[He III]/H7 

He I 

[S II] 

Bs 
He I 

[O III] 

[O III] 

[N I] 

[Cl III] 

11 (5518) + 1 (5538) 

[Cl III] 

[N II] 

He I 

[S III] 

[O I] 

[N II] 

Ha 
[N II] 

He I 

[S II] 

11 (6716) + 1 (6730) 

[S II] 

He I 
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Table (4-2) Cont'd 

Transitions Wavelength (Â) 

3 

2 D 3/2,5/2 

7136 

7325 

(R) Indicates a recombination line. 

Identification 

[Ar III] 

(0 II] 
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Listed in Table (4-3) for each nebula are the following 

quantities : the wavelength in Angstroms, the flux at the 

top of the atmosphere, the final intensities, and the 

absolute value of the percentage error. The reddening 

value, C, is also given. Appended to Table (4-3) is it's 

error code, Table (4-3)*. 
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Table (4-3) 

The Emission-Line Intensities 

Table (4-3)* 

Error Code 

Code ± Error (%) 

A 

B 

C 

D 

E 

F 

G 

H 

0 to 5 

5 to 10 

10 to 15 

15 to 20 

20 to 25 

25 to 30 

30 to 40 

40 to 50 
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5. THE ABUNDANCE CALCULATIONS — THEORY AND TECHNIQUE 

5.1 Introduction 

A cursory examination of the emission spectrum of an 

H II region will reveal the presence of several common 

elements such as H, He, 0, Ne, S, Cl, and Ar. Actually 

the dominant emission-lines, although arising from common 

elements, are rather uncommon in the laboratory environment. 

Many of the strongest nebular lines are due to radiation 

from collisionally excited forbidden transitions; e.g., 

the [0 III] lines at AÀ4959 and 5007 A. These quanta are 

copiously produced only in a relatively low density 

environment. Therefore, a quick inspection of the spectrum 

of an H II region provides two items of qualitative 

information — the identity of certain elements in the 

nebula and the fact that the environment must be of fairly 

low density. 

Underlying the strong emission features of an H II 

region specturm is a weak continuum. In the visible 

range, the primary source of the continuum radiation is 

free-bound emission; however, two-photon emission is 

important on the blue side of the confluence of the 

O 

Balmer lines at 3646 A. In the chemical abundance 

calculations, discussed later in this chapter, the emission¬ 

lines are used exclusively; no further mention will be 

made of the continuum radiation. 
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The classic H II region is envisioned as a region of 

ionized gas that derives its energy from hot 0 and B 

stars embedded in it. The gas, mostly hydrogen, is 

optically thick to the abundant UV radiation from the 

star(s). The UV radiation photoionizes the gas, producing 

a sea of free electrons that are quickly thermalized by 

collisions. These electrons may recombine with hydrogen 

or helium ions, creating recombination-cascade radiation. 

Alternately they may collisionally excite heavier-ions 

into metastable states, the subsequent decay of which 

produces radiation that readily escapes the nebula. 

The observed spectrum of an K II region is produced 

by the emissions of a column of gas along the line of 

sight through the nebula as schematically shown in 

Figure (5-1). 

Figure (5-1) 
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Physical conditions, such as temperature and density, 

may vary significantly along this column. Spatial vari¬ 

ations in the temperature introduce complications into 

the abundance calculations because, as will be demonstrated, 

the emission coefficients for some of the ions are very 

temperature-sensitive. Before these complications are 

discussed, a brief digression will be made to define the 

important physical parameters in H II regions, and the 

methods by which they are measured. 

5.2 Measuring Temperautre and Density 

5.2.a. The Electron Temperature 

When a UV photon ionizes an atom of hydrogen, a 

photoelectron is produced with some initial kinetic 

energy. This energy is the difference in the energy of 

the ionizing photon and the ionization potential. Although 

the initial distribution of these electrons is non-Max- 

wellian, they are quickly thermalized because of their 

large scattering cross-sections — on the order of 

10“13 cm2 (Osterbrock, 1974). All other cross-sections 

involved in nebulae are so much smaller than this value 

that the electron distribution function tends to become 

Maxwellian. All atomic processes in nebulae occur at 

rates fixed by the local temperature as defined by this 

distribution. 
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Curiously, the outer regions of nebulae are often 

hotter than the inner regions which are closer to the 

exciting star(s). This may be qualitatively understood by 

plotting the photoionization cross-section 

of hydrogen, aH, as a function of v (Osterbrock, 1974, 

Figure (2.2)). The construction of such a plot demon¬ 

strates than cXg drops off as v~3 not far above the 

threshold, vQ. For neutral hydrogen the value of 

= 3.29 x 1015 sec.-1, which corresponds to a wavelength 
O 

of \ = 912 A. Because of the functional dependence of a„ 
II 

on v, the higher energy photons generally penetrate 

farther into the nebula before they produce a photoioniza¬ 

tion. The implication of this fact is that the photo¬ 

electrons produced in the outer regions of the nebula tend 

to have higher average kinetic energy; i.e., higher 

temperatures. For this reason, there may be spatial 

variations in the temperature along the emitting column of 

Figure (5-1). Therefore, when the temperature is 

determined in the manner outlined below, the following 

questions must be asked: "For what region of the emitting 

column is the measured temperature applicable, and how does 

one correctly allow for temperature fluctuations in the 

abundance calculations?" 

The temperature at each point in the nebula is fixed 

by the equilibrium between the rate at which energy is 

deposited in a unit volume by photoionization and the rate 
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at which energy leaves that volume by the atomic processes 

that produce radiation to which the nebula is optically 

thin. The major cooling mechanisms in a nebula are: 

recombination radiation, free-free radiation, and 

collisionally excited line radiation. The first two 

dominate for hydrogen and helium since these cooling rates 

are proportional to the densities of the ions involved, 

and ions of H and He are the most abundant in H II regions. 

The ions most important in the production of 

collisionally excited forbidden line radiation are 0+, 

0 , and N . The fashion in which these ions contribute 

to the cooling of H II regions may be understood by 

noting that the excitation potentials of their low-lying 

energy levels are typically only a few eV, while the 

temperature associated with 1 eV is T = E/k = 11,600°K, 

a temperature typical in H II regions. To collisionally 

excite neutral hydrogen or helium would require much 

higher temperatures since their excitation potentials are 

on the order of 10 eV from the ground state. Therefore, 

there is almost a complete separation in the modes by 

which hydrogen and helium, as opposed to oxygen and 

nitrogen, enter into the cooling process. H and He 

dominate the recombination and free-free losses, while 

0 and N dominate the collisionally excited radiation 

losses. To determine which mode of energy loss is more 

important in the overall cooling of an H II region, we 
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note that the optical depth is much less for the forbidden 

line radiation than for the recombination lines, 

particularly the Lyman lines of hydrogen. Therefore, it 

is concluded that, in spite of their low abundances 

relative to H and He, the first and second ions of 0 and 

N play the more important role in the cooling of gaseous 

nebulae. 

In practice the temperature of an H II region can be 

measured, in the optical range, by measuring the relative 

intensities of two collisionally excited emission-lines 

arising from different energy levels of a single ion. 

Such observations provide a method of sampling the electron 

velocity at and above two points in the assumed Maxwellian 

distribution — those points in the distribution where the 

electrons are energetic enough to collisionally excite the 

levels in question. For the nebulae of this study the 

only such emission features, in the observed range of 

wavelengths, were those due to the N+ ions. A partial 

Grotian diagram for N+ is shown in Figure (5-2). 

Figure (5-2) 
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The [N II] temperatures were calculated using: 

T[N II] 25,000 

(6548)+1(6583) 
9) *1(5755) 

(1 + 0.31x) 
-oK 

(1 + 0.0006x) 

(5-1) 

where: x = (DENSITY) / (/IF * 100). 

° ++ 
If the 436 3 A emission-line of 0 had been observed 

O 

in addition to its lines at XA4959 and 5007 A, a temperature 

analogous to the nitrogen temperature could have been 

determined for oxygen. 

It is interesting to note that N+ is a low ionization 

ion produced by photons with as little energy, hv, as 

14.53 eV, while the production of 0++ requries the presence 

of photons with energies of 35.12 eV or greater. This 

comparison indicates that a temperature derived for the 

N+ is more representative of conditions in the outer regions 

of a nebula, while the 0 temperature is appropriate for 

the inner regions near the exciting star(s). As indicated 

by the discussion on the photoionization cross-section 

of H as a function of v, the temperature measured from 

Hh 
the N emission-lines should be higher than the 0 

temperature. For a number of well-observed nebulae this 

is often found to be the case; e.g., the Orion Nebula 

(Peimbert and Costero, 1969). Since spatial temperature 

variations do indeed exist in nebulae, a method for 
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examining these fluctuations is needed. 

Peimbert (1967) describes a method for approximating 

the effects of small temperature fluctuations in gaseous 

nebulae. The observed strength of an emission-line is 

given by the integral: 

I = C * / £ (T ) dr d Q (5-2) 

where N and N. are the electron and ion number density 
e l 

respectively. The quantity e(T) is the emission 

coefficient. The constant C represents the various 

atomic parameters. The specific'form of e(T) is different 

from the recombination case to the forbidden radiation 

case, but it is generally possible to treat the effects 

of small temperature fluctuations on the observed fluxes 

by expanding e(T) in a Taylor Series as shown by: 

e(T) 

(5-3) 

If this expression is substituted in equation (5-2) the 

result is : 
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I * C{e(To) // NeNidr dft + (||) fl tyrCT-T^dr dft 

T 
O 

+ \ (—) //N N (T-T )2 dr dft} (5-4) 
z dT e 1 ° 

To 

An average temperature, Tq, is defined as the position- 

dependent temperature TQ(r) weighted by the square of the 

density over the volume being considered. Explicitly 

this is:' 

// N (r) N(xr,r)T (r) dr dŒ 
T =  S , S  (5-5) 

// N (r) N(x\r) dr dft 

The rms temperature fluctuation, t, is defined by: 

t2 =< 
Te(r) - To > 

which, with equation (5-5), assumes the form: 

(5-6) 

. 2 _ 

//[Te (r)-Tq] 2N(X1 ,r)Ne(r) dr dŒ 

T 2 //N(x1,r)N (r) dr dft 
(5-7) 

With these definitions we may now rewrite equation (5-4) 

as : 

I ~ C // N (r)N (xi ,r) drdîî {e(T ) + j t2} 
e d.T2 

o (5-8) 
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This last equation can be used to find expressions 

for the [0 III] and [N II] temperatures in terms of T 
o 

and t2, by using the explicit form of e(T) in equation 

(5-8) . After a series of manipulations and approximations 

described in the original references, the temperature 

derived from the auroral to nebular line ratio for 

either ion, T^, is found to be related to TQ and t
2 

through expressions of the form: 

m S m ri i fAEAURORAL + AENEBULAR t2 (5-9) if i0 
11 + I kâT J I T“ 

From the [0 III] and [N II] lines temperatures are derived 

that are related to T and t via: o 

T [0 III] = T [1 + j (?-°A0..°. _ 3) t
2] (5-10) 

o 

and 

T[N II] = T [1 + j (69^°-0- - 3) t2] (5-11) 
o 

In practice, if temperatures can be measured using 

++ + 
the lines arising from the 0 and N ions, a system of 

two equations and two unknowns results which may be solved 

for TQ and t
2. With explicit expressions of e(T) for 

other ions, equation (5-8) may be used to determine 

relations similar to equation (5-9). Such expressions 
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allow the calculation of "line temperatures", T-^, 

corresponding to each emission-line of each ion. For 

recombination lines the line temperature is given by 

where P is the magnitude of the power dependence for the 

recombination coefficient. Likewise, for forbidden lines 

the line temperature is calculated from: 

where is the energy of the excited level above ground. 

The line temperatures calculated by equations (5-12) and 

(5-13) are the' temperatures that would be used in the 

abundance calculations if TQ and t
2 were known. For the 

nebulae examined in this study TQ and t
2 could not be 

derived, as only the [N II] emission-lines were observed. 

Therefore, the procedures employed in the calculation. 

was to set T[N II] = T and calculate the abundances o 

for three cases of t2: 0.00, 0.03, and 0.05. In Figure 

(5-3) the logical sequence in line temperature 

determination is recapitulated. 

(5-12) 

(E1/kTo)
2-3(E1/kTQ)-3/4 fc2 

(5-13) (E /kT )-1/2 2 
1 ° 
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Figure (5-3) 

5.2.b. The Electron Density 

Another important physical parameter that must be 

obtained from the observations is information on the 

electron density. In practice this is done by measuring 

the ratio of two emission-lines arising from a single ion, 

subject to the condition that the two lines must originate 

from atomic levels whose excitation energies are nearly 

the same. With the imposition of this condition the 

relative excitation rates of the two levels will depend 

only on the collision strengths. If the two levels have 

different radiative transition probabilities or 

collisional de-excitation rates, the relative populations 

of the levels, and the ratio of the line intensities they 

emit, will depend on the density. In this study the 

[S II] lines at 6716 A and 6731 A were used for this 
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purpose. A partial Grotian diagram for S+ is shown in 

Figure (5-4) . 

Figure (5-4) 

On physical grounds it seems intuitively reasonable 

that the [S II] doublet ratio should provide information 

on the density. The mean lifetime of the level that 

produces the 6716 A emission is 2128 seconds, while the 

level producing the 6731 A line has a mean life of only 

556 seconds. The implication is that in an environment 

of given density there is less chance of the 2D3/2 level 

being de-excited by collision prior to a radiative 

transition than the 2D5/2 level being so. In the low 

density limit the ratio of I(6716)/I(6731) should be 

simply the ratio of the excitation rates of the levels, 
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since every collisional excitation is followed by the 

emission of a photon. As the density is increased to 

the point where the mean time between collisions is on 

the order of 2128 seconds, it becomes more likely that 

the 2D5y2 level (producing 1(6716)) will be depopulated by 

collision instead of a radiative transition, while 

collisional de-excitation of the much shorter lived 

2D3/2 level is still insignificant. Hence as the density 

increases, the ratio I(6716)/I(6731) asymptotically 

approaches a value given by the product of the ratio of 

statistical weights and the ratio of the transition 

probabilities. For I(6716)/I(6731) the high density limit 

is (6/4) x (556/2128) =0.39. In this study the measured 

line ratios were compared to the published tables of 

Saraph and Seaton (1970) to obtain the density information. 

5.3 Abundance Determinations 

5.3.a. The General Theory 

The abundances reported in this paper were calculated 

using a program called ABUND (Dufour, Ph.D. Thesis, 1974). 

The general theory behind this program is described in 

the following paragraphs. 

The intensity of emission-lines produced in gaseous 

nebulae can be represented by equations of the form given 

in equation (5-2) and shown again here as: 
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I = C //N^cCT) dr dft (5-14) 

The quantity of significance in this integral is the 

emission coefficient/ e(T). For recombination-cascade 

lines, it has been shown by numerous investigators 

(Aller, Baker, Goldberg, Menzel and others) that the 

form of e(T) is : 

where m is usually on the order of unity. 

For collisionally excited lines, the emission 

coefficient takes on a more complicated and temperature- 

sensitive form, given by: 

The explicit expression for the intenstiy of emission 

lines resulting from recombination-cascade processes, in 

ergs cm”2 sec”1, can be obtained by combining equations 

(5-14) and (5-15) with the constants of proportionality 

included to yield: 

e(T) aT (5-15) 

y -E./kT 
e(T) aT-1/2 e (5-16) 
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where : X the wavelength of the emission-line 

v the frequency of the emission-line 

the number density of ions x1 at r 

the number density of electrons at r 

.the effective recombination 

coefficient for the transition 

from 1 to k 

The integration is performed over the observed solid angle 

and the line of sight through the nebula. In other words, 

the integration is over the volume of the emitting column of 

Figure (5-1). The above form is seen to be reasonable by 

considering the components of the integrand for a simple 

example, such as described by: 

where : Term 1 = the volume of the region actively 

producing the observed radiation 

Term 2 = the number of photons emitted from 

a unit volume per unit time 

Time 3 = the energy carried away from each 

I(H+,4861) = [VOL] [Nh+ Ne a4861] [hv] (5-18) 

1 2 3 

emitted photon 
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In a similar fashion, for radiation produced by 

collisionally excited forbidden transitions we obtain: 

. 8. 63x10"6<fl(k,l) > 
KxSA) =     x ff[N(xx,r)N(r) 

Te_1/2(r) exp("El/kTe(r))bklhv]dr ^ (5-19) 

where : <Q(k,1)> 

g k 

b kl 

the mean collision strength between 

the ground and excited levels 

the statistical weight of the 

ground term 

the branching ratio. The expression 

for the branching ratio is given 

explicitly by 

lk 
kl I <Ank + NAv) 

n>k 
eMnk 

It represents the fraction of 

transitions out of the excited level 

that produces a particular emission¬ 

line. Included in b^ is 

«lk 
8.63x10~6 <fl(k,l)> the 
g±V Te(r) 

deactivation coefficient; it gives 

the effect of collisions in 
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depopulating the excited level. 

In many cases the contribution 

of q^ to the computation of 

b^ is negligible. 

To calculate ionic abundances equations (5-17) and 

(5-19) are solved for the number density of the ion under 

consideration in terms of the line flux, electron density, 

temperature, and the atomic parameters. Examination of 

these two integral expressions shows that if Tg(r) is 

assumed to be a constant for each ion, and if the spatial 

limits are the same (all the lines to be examined 

originating from the same emitting column), the integrals 

may be eliminated. 

5.3.b. Ionic Abundances 

In general the number abundance of an ionic species, 

N(Zn+), in an H II region is calculated with respect to 

the number of ionized hydrogen atoms, N(H+). Usually it 

is assumed that all of the hydrogen in an H II region is 

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

complete ionization of H is a good assumption if it is 

considered that a finite source of UV photons cannot 

ionize an infinite volume; that is, there must be an 

outer edge to the ionized zone. The thickness of the 

zone will be approximately one mean free path, d, of an 
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ionizing photon (Osterbrock, 1974). If the calculation of 

d is done with an assumed hydrogen density of 2 cm-3 and 

an ionization cross-section for hydrogen of a(H) = 

5 x 10"18 cm2, a value of d = (1/(NH a(H)) = 0.03 pc is 

obtained. Since H II regions are typically several 

parsecs across, the transition from ionized to neutral 

is indeed sharp and the assumption of complete ionization 

of H in the emitting region is valid. 

If the ratio of two integrals such as equation (5-17) 

is taken, assuming that we may dispense with the integrals 

as stated in §5.3.a., the resulting expression is 

appropriate for the calculation of the relative abundances 

of two ions for which the observed emission features have 

their origin in recombination-cascade radiation. An 

explicit example is the N(He ;/N(H ) abundance as determined 

from the ratio of I (5876)/I(4861); it is written as: 

This ratio is relatively insensitive to temperature, as 

near unity. The recombination coefficients used in 

ABUND were from Brockelhurst (1971) for H I and Brockelhurst 

(1972) for He I. The coefficients, and expressions for 

a4861 
a5876 

5876 
4861 

(5-20) 

demonstrated by the fact that e(T)Œa(T)“T m, where m is 

their temperature dependence, are listed in Appendix B. 

The ionized helium abundance calculations were 
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performed using equation (5-20). For each H II region, 

line temperatures were calculated for H I and He I using 

equation (5-12) with the power-law dependences given by 

Brockelhurst. The recombination coefficients corresponding 

to the line temperatures were numerically estimated by a 

cubic spline interpolation. 

The ionic abundances for the other elements were 

calculated from the forbidden line intensities. The form 

of the ionic abundance equations for the forbidden-line- 

emitting ions is obtained by dividing the simplified 

(without the integrals) form of equation (5-19) by 

equation (5-17) to obtain: 

N(x1) = 
I(xi'x) WVV72 

N(H+) I(H0) 8.63xl0-s<fi(k,l)> 
P 

(5-21) 

The temperature-sensitivity of these calculations now 

becomes obvious; the expendiency of an expression for 

temperature that allows for fluctuations becomes apparent. 

The accuracy of the calculated abundances for these ions 

is limited by the accuracy of the temperature determinations 

in almost all cases. 

Equations such as equation (5-21) were used to 

*4“ *{**{* H“H** 
calculate the ionic abundances of N , O , Ne , S , and 

Ar++ relative to H+. All of the important atomic parameters 

exp(E^/kT^) 

4861 
kl 
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used in the abundance calculations are listed in 

Appendix B. 

For calculations of the ionic abundances of 0+, S+, 

and Cl++ (for which the observed lines are extremely 

density-sensitive) the results of the most recent 

calculations of Saraph and Seaton (197o) were employed. 

Saraph and Seaton tabulate a volume emissivity function 

(Te,Ne) for prominent lines of the above ions. Since 

the combined line strengths of the two 2D - 4S lines were 

used in these calculations, the sum of the K's were used 

in the program ABUND. The emissivities. for 0+ and S+ 

were modified by the collision strengths of Pradhan (1976). 

The emissitivity function is related to the observed line 

strengths by: 

I(X1, X) = N(X1)Kkl(X
1,Te,Ne)exp(-E1/kTe) (5-22) 

With the usual normalization of the line strengths 

to I(Hg), the ratio of equation (5-22) to equation (5-17) 

obtains the expression for the ionic abuncance of the 

density-sensitive ions, equation (5-23). 

N(X1) _ I(XX,X) 

N(H+) 
I(V 

N o(Hs) 

K, , (Tfxr/N-r exp(ElATU))E(V 

(5-23) 
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5.3.c. The Ionization Correction Factors 

Table (5-1) is a list of ionization potentials from 

Allen (19 73) ; it will be referred to throughout this 

section. 

Table (5-1) 

Ionization Potentials (eV) 

n atom I II III IV 

•i H 13.598 

2 He 24.587 54.416 

7 N 14.534 29.601 47.448 

8 0 13.618 35.117 54.934 

10 Ne 21.564 40.962 63.45 97.11 

16 S 10.360 23.33 34.83 47.30 

17 Cl 12.967 23.81 39.61 53.46 

18 Ar 15.759 27.629 40.74 59.81 

Measurement of the ionic abundances in H II regions, 

as outlined in §5.3.b., does not directly determine the 

total relative abundances of the elements whose ions are 

responsible for the emission-lines. In order to determine 

total abundances, it is necessary to correct for the 

unobservable states of ionization that may be suspected 

to exist in any given nebula under investigation. Aside 

from model calculations, there are two basic methods of 

correcting abundance calculations for the presence of 

unobservable ions: ionization curves and ionization 
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correction factors. The first technique is useful in 

those cases where several successive states of ionization 

are observed for a number of different atomic species. 

An ionization curve is constructed by plotting the 

Log of relative number ratios, such as N(He°/He+), N(0°/0+/ 

0++), etc., against their differences in ionization 

potential. Such a curve can then be used for an element 

with known ionization potentials, but for which only one 

ionization state is observed, to determine the relative 

numbers of atoms of that element in the unobservable states 

of ionization. For H II regions in general, and those 

observed for this study in particular, it was not possible 

to use the ionization curve technique because only a 

limited number of successive ionization states of elements 

appearing in their spectra were observed. Thus there 

were too few points for the construction of an 

ionization curve. 

The method of ionization correction factors (ICFs), 

similar in principle to the ionization curve method, was 

used for the nebulae in this study. The only ionic 

ratios observed for these nebulae were 0+/0++ and S+/S++. 

The ICFs were empirically determined for other elements 

observed in the nebulae by comparing the ionization 

potentials of their various ionization states with those 

of oxygen and sulphur. 
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In all of the H II regions observed for this study 

the [Ne III] line at 3869 A was usually among those lines 

4*+ 
that were observed. Whenever Ne is found in an H II 

region the following ions are probably present also: 

H , He , N , N ,0,0 , Ne , Ne , S , S , S , 01 , 

Cl++, Cl+++, Ar+, Ar++, and Ar+++. Table (5-2) lists 

emission-lines that may be observed for these ions in the 

wavelength range covered in this study. 

Table (5-2) 
Emission From Ions Suspected to Exist 
In Observed Nebulae Where [Ne III] 

Lines are Present 

Element # Unobserved 
States* Ion 

Is Line 
Observed? 

. . . . °. 
Emission Lines (A) 

H 0 H+ yes 3770,3798,3835,3889, 
3969,4861,6563 

4. (R) 
He 0 He+ yes 4026,4472,4922,5876 , 

6678,7065 
(R) 

N 1 N+ yes 5755,6548,6584 

N++ no 

0 0 0+ yes 3727,7325 

0++ yes 4959,5007 

Ne 1 Ne+ no 

Ne++ yes 3869 

S 1 S+ yes 4069,6716,6731 

S++ yes 6312 

s+++ no 
+ + + 

(S is present if 

0++ is present) 
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Table (5-2) 

continued 

Element # Unobserved 
States* Ion Is Line 

Observed? Emission Lines 

Cl 2 Cl+ no 

Cl++ yes 5518,5538 

Cl+++ no 

Ar 2 Ar+ no 

Ar++ yes 7136 

Ar+++ no 

*The number of unobserved states (not including possible 
neutrals) 
(R) indicates recombination lines. 

As can be seen by an inspection of Table (5-2) 

several elements can be expected to exist in more than 

one state of ionization, but only two, oxygen and sulphur, 

are actually observed in more than one state. Therefore, 

as pointed out, these two elements provide the only 

means of estimating the ionization correction factors for 

the unobservable ions of the other elements. The accuracy 

of the ICFs depend on several factors. It is noted, for 

example, that the final abundances derived for Cl and Ar 

may be particularly subject to uncertainty, since their 

observed emission-lines are usually weak and only one 

state of ionization is actually observed for each, even 

though three states are probably present. 
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In the following text the form of each of the 

ICFs is presented and briefly discussed. The wavelength(s) 

of the prime emission-line(s) used in the ionic abundance 

calculations are given in parentheses. 

(a.) ICF (He+) (4472 Â, 5876 A, 66'78 A) 

ICF(He+) = [1 - .35[N(0+)/N(0) ] - .65[N(S+)/N(S)]]"1 

(5-24) 

This ICF for helium was derived by the Peimberts 

and was described as being applicable to regions with 

densities similar to the Orion nebula — 3 to 4 in 

Log(N ). 
e 

(b.) ICF(0+ + 0++) (3727 A, 5007 A) 

ICF(0+ + 0++) = 1 (5-25) 

The ICF for oxygen is probably quite accurate 

since the ionization potential of 0 is high 

(59.4 eV) and is therefore not likely to be present 

in H II regions in any large quantity. The presence 

of 0 is usually inferred by the observation of 

He++ lines in the spectra of H II regions. These 

lines were not observed in any of the program nebulae. 

It is also doubtful that much of the oxygen was in 

the form of 0°, since the [0 I] lines were extremely 

weak or absent. 
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(c.) ICF(N+) (6583 A) 

ICF(N+) = —^ + N(0 ) 
N(0+) 

N (0) 

N(0+) 
(5-26) 

Nitrogen usually exhibits only the [N II] lines 

in H II region spectra. Examination of Table (5-1) 

indicates that: 

(i) N (N) ~ N(N+) + N(N++) 

or 

(ii) 
N(N) 

[ * i + 
n(n!+) 

N(N ) N(N ) 

But the ionization potentials of N+ 

similar, so: 

(iii) 
N(N++) 

i 
~ N(0++) 

N (N ) N(0+) 

The total nitrogen abundance can be 

(iv) 
N (N) - 
N(H) 

N(N) N(N+) 

N(N+) N(H+) 

Substituting (iii) into (ii), (iv) can be rewritten 

as : 

(v) 
N(N) 
N (H) 

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

N(0+) N(H+) 

tN(Q) ] N(N
+) 

N(0+) N(H+) 

which shows the ICF(N+) to be the of the form given 

in equation (5-26). 
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(d.) ICF(S+ + S++) (6716 and 7631 A, 6312 A) 

ICF(S+ + S++) _ N(0) 

N(0+) 
(5-27) 

Since the ionization potentials of S++ and 0+ 

are similar, the same ICF may be used for sulphur as 

for nitrogen. This will allow approximate correction 

for the unseen S 

- ++ 
of 0 

+++ 
which is indicated by the presence 

(e.) ICF(Ne++) 

ICF (Ne++) = (5-28) 
N(0++) 

Table (5-1) shows that the ionization potentials 

of Ne+ and 0+ are nearly the same. Since the 

ionization potential of Ne++ is somewhat higher than 

for 0 the ICF(Ne ) should be somewhat larger than 

the value given by equation (5-28) . This can be 

understood if it is recognized that an exact expression 

for the total number of neon atoms relative to 

hydrogen atoms would be given by: 

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

N (H) N (Ne ) N (H ) 

In fact this expression has been approximated by 
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assuming: 

(ii) ICF (approx) » -(0.1 ~ N(Ne> = ICF (exact) 

N(0 ) N(Ne ) 

since the LHS is more readily determined. Now, 

• . . . ++ +++ 
since it is easier to ionize 0 to 0 than to ionize 

*{*-^*|» "f*Hh 

H e to Ne , N(0 ) becomes large faster than 

N(Ne++). Because of this, ICF(approx) tends to be 

too small, thus underestimating the total neon 

abundance. The application of equation (5-28) may 

be considered to determine a lower bound on the neon 

abundance. 

(f.) ICF(C1++) (5518 A, 5538 A) 

ICF(C1++) = [ÎÜ2L.] [N (s.t). 
N(0 ) N(S ) 

(5-29) 

The only ion of chlorine observed in H II 

regions is Cl++. But as indicated in Table (5-2), 

-J- 
Cl and Cl are probably present also. Therefore, 

the total chlorine abundance may be expressed as : 

(i) 
N (Cl) = N (Cl~l~) + N(C1

++) + N(C1
+++) 

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

By noting that the ionization potentials of Cl+ and 

S+ are nearly identical the amount of Cl++ present 
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may be estimated. Thus: 

Mil N*cl+) = N(S+) 
J 4-4- 4.4. 
N (Cl ) N(S ) 

Further, the ionization potentials of Cl++ and 0+ 

are roughly the same. Therefore: 

(iii) N(C1+++) « N(0++) 
N(Cl+)+N(Cl++) N(0+) 

Combining (i), (ii) , and (iii) yields the expression 

+ + 
for ICF(C1 ) given in equation (5-29). 

(g.) ICF(Ar++) (7136 A) 

ICF (Ar++) ~ ICF (Cl++) (5-30) 

Since the ionization potentials of the first 

three states of ionization of argon are similar 

to those of chlorine, the same ICF is used. 

With the ICF expressions given by equations (5-24) 

through (5-30) , the relative abundances of H, He, N, 0, 

Ne, S, Cl, and Ar were calculated for the observed nebulae. 

The results of those calculations, and the conclusions 

derived from them, are presented in the next chapter. 



THE ABUNDANCES AND CONCLUSIONS 6. 

6.1 The Ionic and Total Abundances 

Using the methods outlined in the last chapter 

chemical abundances were determined for the four H II 

regions observed in this study. Only the brightest 

positions in the nebulae were used in the abundance 

calculations. The values of temperature and density used 

in the calculations are listed in Table (6-1). The error 

estimates in the table were derived from the uncertainties 

in the [N II] and [S II] emission-line measurements for 

the temperature and density values respectively. 

In order to compare the effects of different values 

of t2, Tables (6-2), (6-3), and (6-4) list the ionic 

abundances obtained with assumed values of t2 equal to 

0.00, 0.03, and 0.05 respectively. A moderate value of 

t2 = 0.03 was assumed in the calculations of the 

abundances reported in Tables (6-5) and (6-6). The average 

values of Table (6-6) will be referred to for the discussion 

of the abundance gradients in the Galaxy. 

A relatively reliable estimate of the errors in the 

final reported abundances is obtainable by assuming that 

each nebula is chemically homogeneous, and that the 

fluctuations in the derived abundances from position to 

position in a given nebula reflect the accumulated 

uncertainties. On the basis of this assumption, the 
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indicated errors in the log of the abundances are : 

+ 0.05 for He, + 0.15 for 0, + 0.20 for N, + 0.25 for 

Ne and S, and + 0.30 for Cl and Ar. 

Table (6-1) 

Temperatures and Densities 

Nebula Pos. R(N III Tg(°K) R[S II] N (cm-3) e 

NGC 1624 P1W 66 + 17 10800+1400 1.05+.22 1900 

PIE — (10800)* 1.34+.15 300 

NGC 2359 P1W — (13000)** 1.33+.15 400 

P2W — (13000)** 1.08+.20 1800 

P3W — (13000)** 1.25+.15 800 

NGC 7538 P1W 95 + 31 9100+1200 0.80+.14 4900 

PIE — (9100)* 1.26+.25 600 

NGC 7635 P1W 86+6 8550+ 200 0.56+.0 5 15800 

P2W 103 + 14 8370+ 350 0.62+.06 10500 

P3W 89 + 16 9360+ 625 0.84+.09 4200 

P4W 85 + 14 9410+ 625 0.80+.08 4900 

P5W — (8400)* 1.03+.21 1900 

*This value of temperature was adopted by analogy to 
the other position(s) in the nebula. 

**The values of temperature used for NGC 2359 are from the 
oxygen temperatures determined by Peimbert et al. (1978). 



T
a
b
l
e
 
(6
-2
) 

I
o
n
i
c
 
A
b
u
n
d
a
n
c
e
s
 

(t
2
 
=
 
0
.
0
0
)
 
(
N
(
X
)
/
N
(
H
 

99 

CO CO in CTl c\ in 
+ r4 VO VO a\ 00 o in P 1 
+ vo O OÏ VO co o p o> <j\ rH 00 1 
M 1 « 1 
< w r4 r-4 *H rH 

4- N. O 1 VO 00 1 VO l 1 { 1 l f 
+ 00 CO 1 VO p 1 CO l 1 l 1 ! 1 
rH 1 • 1 • • | « 1 1 1 1 ! 1 
u ^ VO p p <T\ 

4- "—*» r4 CO CM in C\ vo » Cft in 1 
4- VO VO CO p vo VO 00 a\ 1 rH vo 00 \ 
cn i • • • • • • • 1 • • • ! 

ON o in in p in 00 CM p CM 
r-4 

rH LO rH VO 
VO P LO O p 00 CO O vo CO O 

+ vo p CO CM r4 00 00 CO o P CM 
cn i • 

CO in CO rH CM CM 

+ — I l l i » rH 
4* vo 1 1 1 1 1 1 p VO 00 CM 1 
0 i • 1 1 l 1 l | • • • • 1 
£ ^ VO o o> o vo 1 

in in p 

CO co CO 
ro CM o 00 CM VO o p co CM in 

+ VO h» I 
CO p in o 00 i—1 CO rH rH o VO CM 

£ 1 
co CO CM CM rH rH rH rH 

+ — LO LO CO O p CTi 
+ VO P LO <T\ p CM in P CO 00 vo <T\ 
O 1 • 9 

CM i—1 r-4 rH CM rH in a\ LO CM 
rH rH rH rH rH rH 

in 
in <T\ co 

o <Tl p O rH in CM vo G\ 00 <J\ 
H- vo CO <j\ in CM p rH o O rH rH 

° JL 
• • 

VO LO CM CM rH rH rH rH rH 

^î* co o VO CM P in O 
p CM o p •H vo rH LO in 

+ — • t • • • • • • • • • • 

0 CM in in to in CO C\ p <T\ rH CM as 00 
K 1 rH rH 

'w' 
£ £ £ £ £ £ W £ £ £ £ W 

-P r-4 CM 00 in rH rH r4 CM co rH rH 
O CM CM CM CM CM CM CM CM CM CM Oi CM 
0 in in uo LO LO CO 00 o o> o\ 
*m CO CO co CO CO CO CO in in LO CM CM 
-Q VO VO vo vo vo in in CO co CO VO VO 
o p p p p p p p CM CM CM rH rH 

25 £ 23 £ £ 13 23 23 £ 25 £ £ 



T
a
b
l
e
 
(
6
-
3
)
 
,

 
I
o
n
i
c
 
A
b
u
n
d
a
n
c
e
s
 

(t
2
 
-
 
0
.
0
3
)
 
(
N
(
X
)
/
N
(
H
 
))
 

100 

4- — 
4- VO 
u \ 
< — 

4* 
4- co 

*H I 
O — 

4* VO 
+ I 
CO w 

4- vo 
CO I 

+ co 
Q) I 
Z — 

4- in 
Z I 

4- in 
4* l 
O — 

4- 
O 

I 

4* 
d) CM 
K I 

-P 
O 
CD 
-ro 
XI 
O 

in co CO in CO o 
CO o o> co cr> N1 CN in a\ o CN 1 
o o co CO rH CO 00 o> CN a\ 

1 
PH rH rH rH rH 

1 

r- 1 in 00 1 in 1 l l 1 J 1 
co 1 co cn 1 in 1 l l 1 1 1 

• 1 • • | • 1 l l 1 1 l 
CO 

00 CO rH co CN co o I CN CO rH 1 
00 in CO O in in l CN r- 00 1 

« • • • • • • l « • « 1 
00 o> in in r- in 00 CN o CN 

00 CN m OÏ 
o in <T\ CN rH in in CN <j\ CN CN 
a\ in CO CO 00 o> in co i—i 00 CO 

• • 
CO in CO r}* PH CN CN 

o i 1 1 I * I 1 o 1 
rH l 1 1 1 1 1 CO CN 1 

• i 1 1 1 | 1 • • • • 1 
in rH o CN CO 

in VO 

CO CO o CO 
co o O in 00 in rH 
00 CO rH CO CN co rH rH CD CO CO 

ro CO CN CN PH rH rH rH 

CO CO in CO CN CO 
r- in CFv VO CN CO rH If) 00 O 

CN PH rH rH CN rH co O CO CO 
rH H rH PH CN rH 

rH 
rH 

rH • O in in CO O CO VO O in U0 
O 00 CO PH i> rH O rH rH PH 

CO m CN CN iH IH rH rH rH 

<J\ av 00 00 in a\ CO O 
CO rH CTs CO CO o rH O CN 

in m in 00 o\ rH CN CTl 00 
rH rH 

£ £ £ £ £ £ W £ £ £ £ W 
rH CN CO in rH H rH CN co rH rH 
CM CM CM CM CM CM CM CM CM CM CM PM 
LD in in in in CO 00 CPs o> <Ts 
CO co co co CO CO CO uo in in CN CN 
CO co co co co in in CO co co CO CO 

r- r* CN CN CN rH rH 

Z 55 Z 55 55 z Z Z Z z z z 



T
a
b
l
e
 
(
6
-
4
)
 

+
 

I
o
n
i
c
 
A
b
u
n
d
a
n
c
e
s
 

(t
2
 
=
 
0
.
0
5
)
 
(
N
(
X
)
/
N
(
H
 
))
 

101 

p rH CM as CM 
4 — OS CO iH 00 CO P* LO 00 CO LO LO 1 
4 VO O O p H1 

rH 00 en o CM en I 
U 1 9 1 
< rH rH rH H rH iH 

4* CM en CM 1 OS 1 1 1 1 1 
4 00 l <n rH 1 vo [ l 1 1 1 1 
rH i • 1 9 • 1 • 1 1 1 1 1 1 
O w vo P 00 en 

00 rH LO CM p P CO , 00 en 1 
4 vo O CO CM vo co CM l CM 00 p 1 
4 1 • • • • 9 • 9 1 • • • 1 
en w CO OS LO LO VO LO 00 CM P CM 

P' as as as rH 
cn 00 O P- co O P co 00 vo rH 

4- vo as VO LO 00 vo co CM 00 
en i 

CO LO C0 rH CM CM 

4 ^ rH 1 1 1 1 1 [ en 
4 vo CTs 1 1 1 1 ! 1 P LO LO rH 1 

CD 1 9 1 1. 1 1 1 | 9 « • • 1 
x w CM «—l CO VO 1 

LO vo P 

en 
rH «H p CM LO co 00 00 co P LO 

4 m LO en vo CM vo CM co rH rH rH vo CO 
s i • • 

CO CO CM CM 00 iH rH rH rH 

CO CM vo LO CM co 
4 LO p LO O LO co P* CO VO O en rH 
4 1 • • 9 9 • • • • 9 • • • 

O H1 CM «H « 1 1—1 CM rH VO O P C0 
rH rH rH rH CM i—1 

LO 
LO CM 

00 CO O P* 00 P* CO VO rH CO 
4 VO P CM VO O VO i—i o rH rH rH 

O \ 
m LO CM CM rH «H rH H rH 

in LO LO O CM as o vo CO 
4 LO rH en VO CO as rH o CM co P co 

CL) CM • • 
X \ LO LO Kt* LO 00 co P en rH CM en 00 

rH rH 

& 5: £ s & w & £ S S W 
4-> rH CM CO LO H rH rH CM co rH rH 
O 04 eu CH CM CH fH 04 04 04 PM 04 04 
CD LO LO LO LO LO 00 00 en en en 
*ro C0 CO C0 CO CO co co LO LO LO CM CM 
jQ vo vo vo VO vo LO LO CO C0 co vo vo 
O P p P* p P* P p CM CM CM rH rH 

S3 2 X !3 s; X Z S X S3 X X 



102 

Table (6-5) 

Abundances Relative to Log(H) s 12.00 

(t2 = 0.030) 

Object (NGC.) (He) (N) (0) (Ne) (S) (Cl) (Ar) 

7635P1W 11.06 7.57 8.81 7.57 7.14 4.99 6.21 

7635P2W 11.08 7.60 8.78 — 7.19 — 6.22 

7635P3W 11.06 7.44 8.47 — 6.97 5.13 6.07 

7635P4W 11.14 7.37 8.41 — 7.02 5.19 5.96 

7635P5W 11.05 7.15 8.46 — 7.12 — 6.41 

7538P1W 11.06 7.40 8.37 — 7.13 5.36 6.44 

7538P1E 10.94 7.55 8.27 — 7.42 — 6.41 

2359P1W >10.96 

(11.04) 

7.39 8.25 1.15 >5.66 — — 

2359P2W 11.06 7.65 8.32 7.80 7.92 — 7.57 

2359P3W 11.19 7.43 8.44 8.08 7.40 — 6.58 

1624P1W 11.17 6.97 8.21 7.32 6.71 — 6.23 

1624P1E >10.92 

(11.09) 

7.22 8.16 >6.37 

Notes on the Abundances; 
1. ) For NGC 2359 P1W and NGC 1624 PIE the greater than 
symbols (>) are used to indicate that the S++ abundance was 
not determined; it enters into the He calculation via 
ICF(He+). 
2. ) The helium abundances for NGC 2359 P1W was calculated 
using the ICF(He+) of P2W. For NGC 1624 PIE the value of 
ICF(He+) from P1W was used. 
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Table (6-6) 

Average Relative Abundances 

(X)=N(X)/N(H) 

Object 
(NGC) 

(He) (N) (0) (Ne) (S) (Cl) (Ar) 

7635 11.08 7.45 8.62 7.57 7.10 5.11 6.20 

(5) (5) (5) (1) (5) (3) (5) 

7538 11.00 7.48 8.32 — 7.30 5.36 6.43 

(2) (2) (2) (2) (1) (2) 

2359 11.10 7.51 8.34 7.90 7.73 — 7.31 

(3) (3) (3) (3) (2) (2) 

1624 11.13 7.11 8.18 7.32 6.71 — 6.23 

(2) (2) (2) (1) (1) (1) 

Notes on the Average Abundances : 
1. ) The number in parantheses below each reported 
abundance indicates the number of points in the nebula 
that were averaged to yield the value given. 
2. ) In the helium abundances shown for NGC 2359 and 
NGC 1624 the parenthetical values given in Table (6-5) 
have been included. 
3. ) The error estimates were discussed previously in 
the text. 
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6.2 Abundance Gradients in the Context of Theory 

Observations of radio emission from neutral hydrogen 

and the local distribution of H II regions indicate that 

the Milky Way Galaxy is a spiral galaxy. One of the most 

interesting problems in astrophysics today is the 

development of a viable explanation for the origin and 

maintenance of the spiral structures observed to exist in 

flattened disks of differentially rotating stars and the 

correlation of that structure with other properties of 

the systems. 

One of the most successful (but by no means definitive) 

theories of spiral structure to date is the spiral density 

wave theory (SDWT). Spiral density waves as perpetuators 

of the spiral structure seen in many galaxies was first 

suggested by Lindblad (1963), and later formalized 

mathematically by C. C. Lin et al. (1967). The theory 

attempts to account for the global appearance of spiral 

galaxies. 

A few of the basic concepts of spiral density wave 

theory are given below after a review paper by Wielen 

(1974) : 

(1) The spiral arms of a galaxy, at any moment 

of time, represent the local maximum of a density 

wave. 

(2) The density wave is maintained (and presumably 

caused by) purely gravitational effects. 
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(3) The assumption that the density wave rotates 

rigidly with a constant angular velocity, ft , 
P 

excludes any major time variation of the spiral 

structure. 

(4) The quantity (ft(R)-ft ) is the dominant term 
t' 

describing the spiral structure. The quantity ft(R) 

is the angular velocity of the massive bodies and 

depends on the mass distribution in the galaxy under 

consideration. The quantity ft'(R), as a function of 

R , is usually determined from the observed rotation 
y ______ 

curve (R.ft(R) = V =/ G^(R) ) . 
.K 

(5) An important resonance occurs at that radius in 

a galaxy where ft(R) = ft ; this radius is referred 
.r' 

to as the corotation radius. As star formation is 

presumably related to shocks accompanying the 

passage of a density wave, no passage of a wave (the 

case at corotation) implies no shock, which in turn 

implies little or no star formation. The corotation 

radius is often considered to be at the value of R 

where the most distant H II region is located. 

With ft(R) known, and the corotation radius chosen 

as described (for external galaxies), the pattern 

speed is usually treated as a free parameter in 

attempts to model a galaxy. 

It can be seen that abundance gradients in galaxies 

are qualitatively consistent with SDWT by noting that the 
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frequency of passage of a density wave is related to 

(Œ(R)-Q ), which is a function of R . As this quantity 
P g 

varies with R and approaches zero at corotation, a given 
3 

volume of the interstellar medium (ISM) will experience 

SDW shock-induced star formation less frequently. As a 

result, the rate of return of processed material to the 

ISM is lower at large R^., implying that the abundances of 

elements heavier than He, as determined from the observations 

of H II regions for example, would tend to decrease with 

increasing R^. Such trends have been observed in several 

external galaxies — M33, M51, and M101 (Searle, 1971, 

Searle and Shields, 1978, and Smith, 1975). 

The magnitudes of the abundance gradients depend on 

parameters such as found in equations (6-1) (Talbot and 

Arnett, 1971). This expression depends on the SDWT only 

to the extent that the theory is invoked to describe the 

stellar birth rate or other terms. 

dGi 
= -B(t)Xi(t) + B (t-T ) R •( t-T )dm m m mi m 

(6-1) 

o 

where: G = the mass fraction in the form of species i 

B dm = the birth rate of stars in the mass interval m 

m to m+dm 

T = the lifetime of a star of mass m m 
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R . = the fraction of the mass of stars of mi 

mass m which is ejected back into the 

ISM in the form of species i 

= is the mass fraction of species i 

This equation describes the time rate of change of the 

abundance of species i in a volume of the ISM as it 

experiences depletion by star formation and enhancement 

by nucleosynthesis and ejection of processed material. 

Only local processes are considered in equation (6-1). 

Modification could be made to the equation in the form 

of mixing terms between adjacent volumes of the ISM. 

The abundance gradients reported in the next section 

are relatively steep. The existence of steep abundance 

gradients in a galaxy probably indicates that the ISM 

is not well mixed radially. As presented-by Talbot and 

Arnett (1973), the characteristic time scale for diffusive 

mixing, T , , is: 

T . mix 3 12/Xtvt (6-2) 

where L is the diffusion length, Xfc is the mean free path 

for turbulent elements, and vfc is the turbulent velocity. 

Assuming values for the latter two quantities of 100 pc 

and 10 km sec-1 respectively, the expression for T . 
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becomes : 

Tmix * 3 x 107 (L/lOOpc)2 years (6-3) 

If an idealized two-arm spiral with the times between the 

passage of a SDW pattern on the order of 2 x 108 years is 

assumed, the diffusion length is on the order of 0.25 kpc. 

To summarize, there is reason to believe that 

abundance gradients could be established and maintained 

in the Galaxy. 

6.3 The Observed Gradients 

6.3.a. Linear Fitting Technique 

In Table (6-7) are listed the values of Log(0/H), 

(O/H) x 104 , Log(N/H) and (N/H) x 10s that were used in 

the construction of Figures (6-1), (6-2) , (6-3), and 

(6-4). In the tables that follow, abundances listed for 

objects other than the program objects are from Peimbert 

et al. (1978). 

Given a set of data points, such as the relative 

abundance of oxygen to hydrogen plotted against R , it 
y 

is often appropriate to attempt to describe a functional 

relationship between the two variables. This is usually 

done by selecting a fitting function, y(x^), and varying 

the parameters of the function to achieve a "best fit". 

The actual form chosen for the function may be based 
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on some knowledge of the physical relationship between 

the independent and dependent variables, or it may be 

chosen on the basis that the form is suggested by the 

data. The "best fit" is considered to be that set of 

fitting parameters that minimize chi-square, defined as 

X2 = 1 —[y^-y(x^)]2}. If the CK, the uncertainties 

i 

in the data points y^, are the same for all of the points, 

each point is given an equal weight in the fit and the 

minimazation of chi-square is then equivalent to the 

minimazation of x2 = £{[y^-y(x^)]2}, which is called 

least-squares fitting. 

For all of the fitting discussed in this chapter, 

the form chosen for the function was that of a 

straight line, and since the data points were considered to 

be of equal uncertainty the method was least-squares. The 

choice of a linear fit was motivated by two considerations 

the data plots appeared approximately linear and 

discussions of abundance gradients are usually in the 

context of linear fitting. 

The linear fit parameters are reported in Table (6-8) 

they were derived after the fashion outlined in Bevington 

(1969). The uncertainty in the slope has been taken to 

be as defined by Bevington. Figures (6-1) through 

(6-3) will be discussed extensively, while Figure (6-4), 

another form of Figure (6-3), is merely presented for 
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inspection. It is noted here that NGC 2359 was not 

included in the determination of the nitrogen gradient. 

Arguments will be given to support this exclusion on the 

grounds that this object is undergoing active enrichment 

in nitrogen and is not representative of nomral H-II 

regions at its value of R^. 

6.3.b The Oxygen Abundance Gradient 

Utilizing the abundance values of Table (6-7), an 

abundance gradient was determined for oxygen. The value 

for that gradient is : 

d(Log(O/H))/dR = -0.12 + 0.03 kpc-1 (6-4) 
y 

This gradient may be examined in light of the SDWT, which 

should not be considered to be its only possible 

interpretation. 

According to Jensen, Strom, and Strom (1976) the 

primary abundance, represented by oxygen, should be 

proportional to (fi(R)-ftp) if a SDW is indeed the source 

of che spiral structure in the Galaxy. Lin (1971), 

using ft(R) as provided by Schmidt (1965), and a value for 

ft = 13.5 km sec-1 kpc-1, determined a value for the local 

gradient that would be expected for (ft(R)-ft ). It is: 
P 

d(log(ft(R)-ft ))/dR = -0.11 kpc-1 

P u 
(6-5) 
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Table (6-7) 
Oxygen and Nitrogen Abundances as a Function of R 

Oxygen Rg(kpc) Log(0/H) O/HxlO4 Log(N/H) N/HxlO5 

NGC 6523 8.4 8.97 9.33 8.04 11.0 

NGC 3372 9.5 8.50 3.16 7.65 4.47 

NGC 1976 10.4 8.75 5.62 7.76 5.75 

NGC 7635 11.7 8.62 4.17 7.45 2.82 

NGC 7538 12.5 8.32 2.09 7.48 3.02 

NGC 2467 12.5 8.10 1.26 7.02 1.05 

NGC 2359 13.9 8.34 
(8.31) 

2.19 7.51 
(7.63) 

3.24 

NGC 1624 14.1 8.19 1.55 7.11 1.29 

The values in parentheses for NGC 2359 are from 
et al. (1978). 

Peimbert 

Table (6-8) 
Linear Fit Parameters 

Slope ± *b Intercept P.E. 

Log(0/H) -0.12 + 0.03 9.84 0.15 

(O/H) x10 ** -1.081 + 0.31 16.23 1.69 

Log(N/H) -0.16 + 0.02 9.33 0.15 

(N/H)xiO 5 -1.521 + 0.38 21.39 1.21 

The linear correlation coefficients were calculated as the 
square root of the product of the slope of the linear fit 
with R as the independent variable by the slope of the 
linear^fit with Rq as the dependent variable (Bevington, 
Chapter 6). Values for the coefficients are 0.82, 0.83, 
0.88, and 0.83 for the four quantities listed in .the table 
(top to bottom). 
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Figure (6-3) 
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The theoretical value agrees very well with the observed 

gradient in Log(0/H). 

Peiinbert et al. (1978) suggest that, for a flat 

velocity curve, (0/H) « v T(l/R - 1/R ), where 

v^ot * 250 km sec-1 for the solar neighborhood, and T, the 

age of the Galaxy, is about a Hubble time. From these 

assumptions they obtain an expression relating the local 

gradient in (0/H) to R and shown here as: c 

Rc/R0 = [1 + 2.303 RQ dLog(0/H)/dR]“
1]”1 (6-6) 

where : R0 = 10 kpc 

Using the determined value for the oxygen abundance 

gradient and equation (6-6) a value of Rc = 15.7 (+3.6, 

-1.6) kpc is obtained. It is interesting to compare this 

value of R with the value given by Wielen (1974) for c 

the same quantity as determined from a 3DWT model where 

Œ was chosen to be 13.5 km sec-1 kpc-1; that value was 
P 

15.8 kpc. 

The above determination of the cororation radius, 

although using the observational data, is calculated on 

the basis of a model-specific formula. Another estimate 

of R can be made simply by extrapolating the fc>/H) x 104 c 

curve to zero oxygen abundance. Of course, this tacitly 
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assumes the Galaxy began devoid of material 

heavier than He. When extrapolated it is found that 

R = 15.0 kpc. 
c 

An examination of Figure (6-2) seems to indicate 

that the slope of the (0/H) x 104 curve levels off at 

large R^. The average value of (0/H) x 104 for the last 

four points is 1.77. It is interesting to compare this 

value with the average value of the same quantity for 

thirteen SMC H II regions (Dufour, 1975, and Dufour.and 

Harlow, 1977); the average is 1.06. On the basis of a 

simple comparison, it does not seem unreasonable to 

speculate that the Galaxy and the Clouds originated from 

a common pregalactic proto-cloud of more or less 

homogeneous composition and that the observed differences 

are attributable to subsequent dissimilar evolutionary 

histories. 

In Figure (6-5) the observations of (0/H) x 104 

reported here are superimposed on a plot of this quantity 

versus a normalized radial coordinate for M101 and M33 

(Smith, 1975). The observations of Smith are plotted 

with the radius in each case normalized to the Holmberg 

radius — that value of R from'the galactic center where 

the surface brightness drops to 26.6 magnitudes per 

arcsec2. The data displayed for the Galaxy uses the 
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normalization of Rc = 15.7 kpc as an estimate of the 

Holmberg radius for the Galaxy as seen from either M33 or 

M101. The similarity in the (0/H) gradients exhibited 

by these three galaxies is quite striking. 

In summary/ it would seem that the observed abundance 

gradient in the ratio of the oxygen to hydrogen finds one 

satisfactory interpretation in terms of the SDWT. If 

indeed this theory is ultimately shown to be correct/ 

the observations reported in this thesis place constraints 

on the range of reasonable choices for , 

apparently be close to 13.5 km sec-1 kpc-1. 

it would 
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6.3.c. The Nitrogen Abundance Gradient 

The gradient determined from this investigation for 

the ralative abundance of nitrogen to hydrogen is : 

d(Log(N/H))/dR = -0.16 + 0.03 kpc"1 (6-7) 

One of the most striking differences between the calculated 

values for the gradients of Log(0/H) and Log(N/H) is the 

fact that the nitrogen gradient is somewhat steeper. 

The relationship between these two gradients will now be 

examined in terns of possible mechanisms for the 

manufacture of oxygen and nitrogen. 

It is useful to classify the elements according to 

the number of stellar generations assumed to be required 

for their production. Primary elements are those which 

can be made directly from H and He inside stars (e.g., 

C and 0). Secondary elements are those that usually 

require the presence of primary material from an earlier 

generation of stars before they can be produced in any 

quantity. An oft cited example of an element produced 

14 
by secondary nucleosynthesis is N . This isotope of 

nitrogen is usually assumed to be produced in the CNO bi- 

12 16 
cycle of a second-generation star from C and 0 

produced in the helium burning phase of an earlier star. 

14 
The difficulty with the primary production of N , 

according to Clayton (1968), is the tendency for it to be 
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destroyed in advanced phases of burning. If the CO source 

for the N14 production were the same star, then the N14 

would be a primary nucleosynthesis product. Truran and 

Cameron (1971) have suggested a method of producing 

14 12 primary N . The basic idea is that C formed in a 

helium burning shell could be convected up into the hydrogen 

burning shell where the CNO cycles are operative. They 

suggest that this mechanism may be important in stars of 

2 to 4 solar masses. 

From the observational evidence it is possible to 

ascertain the relative importance of primary and 

14 secondary N nucleosynthesis. Talbot and Arnett (1974) 

suggest that by plotting the ratio of nitrogen to oxygen 

versus oxygen to hydrogen, suitably normalized, it is 

possible to draw conclusions about the origin of the 

14 
nitrogen. According to these investigators if N were 

primary in nature, and if the initial mass function (IMF) 

is a universal invariant function, the ratio of N/0 would 

be a fixed constant. If, however, it is secondary in 

14 character, the production of N would depend upon both 

the IMF and the amount of recycling of gas through stars. 

14 
These different scenarios for the production of N 

manifest themselves as either a horizontal line in the 

(N/0) versus (0/H) plot for the first case, or a straight 

line with a 45° slope, assuming simple models, in the 

second case. From the data of Table (6-7) such a graph 
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has been constructed as Figure (6-6). The quantities (A/B) 

are defined, after Talbot and Arnett, as Log(A/B)-Log(A/B) , 

where r stands for the reference object used in the 

normalization, here chosen as M42 — the Orion nebula. 

Shown for reference in the plot is the "secondary 

nucleosynthesis" line. 

The slope of a linear fit through the points of 

Figure (6-6) is +0.06, which is essentially zero. Without 

seeking more sophisticated explanations, the simple 

interpretation of the observations is that nitrogen in the 

H II regions observed for this study is quite possibly the 

product of primary nucleosynthesis. 

6.3.d. Comments on Ne, S, Cl, and Ar 

Inspection of Table 5 of Peimbert et al. (1978) and 

Table (6-6) of this thesis gives the impression that 

there is no substantial gradient, of Ne with R^. It is 

also noted that recent uncertainty has developed (Pagel, 

1978) about the validity of the ionization scheme for 

sulphur. Finally, the uncertainties involved in determining 

the abundances of Cl and Ar from a simple ionization stat 

have prompted Peimbert et al. (1978) to report only the 

ionic abundances for these two elements. For these 

reasons, gradients for Ne, S, Cl, and Ar will not be 

discussed here as they are expected to be indeterminant 

from the available data. 



Figure (6-6) 

0 
H 



124 

6.4 Notes on Several of the H II Regions 

6.4.a. NGC 7635 

NGC 7635, the "Bubble Nebula", is a ring-type or 

shell nebula associated with a large diffuse H II region 

in the Perseus Arm. That the association is real and not 

merely a projection effect was confirmed by Macherat and 

Vuillemin (1973) who showed there were no significant 

radial velocity discontinuities in NGC 7635 and the nearby 

region S162. 

Associated with the "Bubble Nebula" is an 07f star, 

BD+60°2522, which is assumed to be the-source of ionization 

for the nebula. Icke (1973), however, notes the presence 

of bright rims outside the "Bubble" pointing toward the 

central star, and evidently ionized by it; he thus excludes 

the possibility that the "Bubble" itself is an ionization 

front. Icke has proposed as an energy source for this 

peculiar object an explosive or continuous mass ejection 

from the 07f star. He has constructed a model for a point 

explosion in a region of the ISM wherein there exists gross 

spatial variations in density to explain the observed 

structure of NGC 7635. 

One of the most interesting features of the "Bubble" 

is the existence of three bright knots exhibiting very 

high densities. In Table (6-1) it was shown that NGC 7635 

P1W exhibits a density of 15800 cm-3. The radio observations 
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of Group et al. (1973) at 1415 MHz indicate a r.iu.s. 

density of 2860 cm"3 for the region of NGC 7635 containing 

the knots, thus confirming the presence of high densities 

in this nebula. Further substantiating evidence has been 

reported by Sabbadin and Bianchini (1977). These 

observers report densities on the order of 104 cm-3 in 

NGC 7635 from their [S II] observations of several positions 

in the nebula. 

Johnson (1974) also notes the very high densities in 

the condensations of the "Bubble Nebula", and in addition 

draws attention to the exceptionally strong optical 

continuum. He notes that if the continuum were due to 

scattered starlight from dust in the nebula, some of the 

emission or absorption lines of the nearby 07f star should 

be apparent in the spectrum. Such lines were not detected 

by him even when the spectrograph slit was positioned very 

near the stellar image. He concluded whether the continuum 

is atomic or due to dust scattering cannot be clearly 

determined on the basis of the available data. 

Barlow et al. (1976) claim that the optical continuum 

is in fact due to the presence of dust. To support this 

conclusion they note that the whole region undergoes nearly 

uniform extinction except for the knots where the extinction 

is higher. Such variable extinction is supported by the 

observations reported in this thesis. If indeed the 

knots are dusty, then IR observations should be able to 
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provide information as to whether the knots are excited 

from within, perhaps by newly formed stars, or from without 

by the UV radiation from BD+60°2522. Barlow et al. examined 

the knots at 10u and 18y and determined flux levels so 

low that severe contraints were implied on the presence 

of dust emission. Since an internal source of excitation 

in the knots would lead to elevated dust temperatures and 

strong IR emission, they concluded that the knots are 

merely dense regions ionized by the 07f star. 

On the basis of his model, Icke computes an age for 

the "Bubble Nebula" of 2.9 x 10s years, a mass of about 

12 Mg, and an energy required for its creation of 

8.4 x 1038 J. He speculates that the energy source need 

not have been instantaneous; a steady input of energy, 

perhaps in the form of mass ejection from the 07f star, 

would suffice. 

6.4.b. NGC 2359 

A catalogue of Wolf-Rayet stars compiled by Crampton 

(1971) lists seven that fall in the category of WR stars 

with rings, where a ring is constituted by any nebulosity 

around a WR star in one or more arcs. Of these seven, 

three are classified as WN5, two as WN6, one as WN8 and 

one, whose certainty in the category is in doubt, as WN6-C. 

The letter C or N indicates the presence of carbon or 

nitrogen features in the spectra of these objects. 



127 

Some background information on NGC 2359 is provided 

by Johnson and Hogg (1965). Located near the optical and 

radio center of NGC 2359 is a WN5 star, HD 56925. The 

nebula exhibits a relatively complex structure. It has 

an inner ring, fully formed, with distinct filaments 

plus a more diffuse outer feature. They measured the 

radio flux at 1400 MHz and used the flux information with 

an assumed electron density of 100 cm-3, and a distance 

of 2.8 kpc, to obtain an estimate of the mass via 

equation (6-9). The mass they calculated was 44 MQ . 

M /MQ = 2.8 X 10"2 S1400 R
2 Ne”

1 (6-9) 

where : R = the distance in pc 

S1400 = t*ie flux at 1^00 MHz 

N^ = the electron number density 

Using the distance of Table (2-1) and averaging the 

electron density as reported for this object in Table 

(6-1), a correction factor to their value for the mass 

of .34 is implied. The new mass determination is 14.8 MQ. 

At a distance of 5 kpc the angle subtended by NGC 2359, 

about 300 arcsec, corresponds to a diameter of about 

7.3 pc. Therefore, if the ambient density of the ISM 

were 1 cm-3, and the shell were considered to have been 

formed by ejection of material from the WN5 star, the 
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amount of material swept up can be crudely estimated as 

about 10 Mq. SO, the ratio of ejected material to swept 

up material may be estimated as (Me/
M
s)2359 

= (14*8 " 10)/ 

10 = 0.5. 

Examination of Figure (6-4) indicates that NGC 2359 

is overabundant in nitrogen by a factor of approximately 

3.2 relative to H II regions at the same R^. The magnitude 

of the overabundance of nitrogen for NGC 2359 is quite 

similar to the nitrogen overabundance observed in NGC 6888 

reported by Parker (1978) . NGC 6888 is associated with 

the Wolf-Rayet star HD 192163, classified as WN6. 

Parker lists, in his Table 5, the nitrogen abundances for 

several galactic H II regions and planetary nebulae to 

serve as comparisons for NGC 6888. The overabundance of 

nitrogen indicated for NGC 6888 is about 3.9 with respect 

to the average N/H of M42, M8 and M17. Although the 

amount of dilution of the ejected material by the ISM is 

quite uncertain, assumptions such as were made for the 

calculation of (Me/Ms)235g 
lead to a similar ratio for 

NGC 6888 of (M /M ),,000 
= 0.4, where the estimate of the 

G S Oooo 

mass of NGC 6888 was provided from Parker's investigation. 

The similarity of the (M /M ) values indicates that the 

two overabundances may be directly comparable. The 

implication is that these objects are a source of nitrogen 

nucleosynthesis. 
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6.5 Summary of Conclusions 

The following conclusions were arrived at on the basis 

of the empirical evidence : 

(1) The gradients in the Log for the oxygen and 

nitrogen abundances, as determined from the observa¬ 

tions of H II regions in the Galaxy, are -0.12 kpc-1 

and -0.16 kpc-1 respectively. 

(2) The nitrogen observed in the H II regions 

examined in this study is apparently produced by 

primary nucleosynthesis mechanisms. 

(3) The favorable comparison of the oxygen gradient 

and the gradient in the quantity (ft(R)-fl ) predicted 
Jr 

from theory (Lin, 1971) tends to support SDWT as one 

possible explanation of the spiral structure of the 

Galaxy. 

(4) The corotation radius (SDWT interpretation 

assumed) as determined from the oxygen gradient is 

located at R =15.7 (+3.6, -1.6) kpc. 

(5) The similarity in the apparent lower limit of 

(O/H) x 10 ** for the Galaxy and the SMC may suggest 

a common origin for these two galaxies. 

(6) The bright knots of NGC 7635 are unusually 

dense. Current evidence tends to indicate that they 

are not, however, the sites of active star formation. 

It is also noted that the source of the observed 
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continuum radiation has not yet been clearly identified 

(7) NGC 2359, a nebula associated with a WN5 star, 

appears to be overabundant in nitrogen relative to 

H II regions at its galactocentric radius. Another 

nebula associated with a WN star, NGC 6888, has been 

observed by Parker (1978); it too is overabundant 

in nitrogen. The nitrogen-rich nature of these 

nebulae, presumably formed by ejecta from the WN stars 

involved, suggests mixing in the stars of processed 

material before the ejection event(s). 



APPENDIX A: Extinction Coefficients 

A.l Extinction (magnitudes per unit airmass) 

The values of airmass tablulated below (Strom and 

Barnes, 1977) were used in the construction of an 

atmospheric-extinction-correction file. 

Wavelength(A) Extinction Wavelength(A) Extinction 

3200.0 1.0840 4566.0 0.2590 
3250.0 0.9480 4785.0 0.2340 
3300.0 0.8580 5000.0 0.2030 
3350.0 0.7940 5263.0 0.1880 
3400.0 0.7450 5556.0 0.1770 
3450.0 0.7020 5840.0 0.1660 
3500.0 0.6650 6056.0 0.1600 
3571.0 0.6170 6436.0 0.1230 
3636.0 0.5750 6790.0 0.0980 
3704.0 0.5320 7100.0 0.0940 
3862.0 0.4600 7550.0 0.0800 
4036.0 0.3960 7780.0 0.0760 
4167.0 0.3520 8090.0 0.0800 
4255.0 0.3250 8370.0 0.0700 
4464.0 0.2790 

A.2 Cubic Spline Coefficient Matric 

The extinction values given above were used to 

generate the cubic spline coefficient matrix given below. 

The matrix was generated and interpolation values 

evaluated via the ISML subroutines ICSICU and ICSEVU. 



0.8579053E 07 0.2934468E 02 0.0 

0.2291039E 02 0.1286859E 04 0.6095621E 07 

0.1461353E 02 0-3725139E 05 0.1961179E 08 

0.1103548E 02 0.3430962E 05 0.1920036E 07 

0.9044542E 03 0.5509055E 06 0.6763749E 08 

0.7986354E 03 0.1565469E 05 0.7855078E 09 

0.7010016E 03 0.3872056E 06 0.5051799E 09 

0.6536583E 03 0.2796023E 06 0.2525297E 08 

0.6493181E 03 0.2128310E 06 0.6798910E 08 

0.5939468E 03 0.1174147E 05 0.2293817E 08 

0.3847068E 03 0.8686644E 07 0.5861239E 10 

0.3491498E 03 0.1174731E 05 0.1233694E 09 

0.324723IE 03 0.6898892E 07 0.1528164E 08 

0.2770787E 03 0.4724245E 06 0.9558746E 09 

0.2048661E 03 0.1269094E 06 0.2088877E 08 

0.1655576E 03 0.5122874E 06 0.1267457E 08 

0.1235412E 03 0.3204323E 06 0.1043764E 08 

0.1165829E 03 0.3527960E 06 0.4805125E 09 

0.3072200E 04 0.2632870E 07 0.1040828E 10 

0.4346999E 04 0.1717981E 07 0.1192318E 09 

0.2437786E 04 0.8440571E 07 0.463637IE 09 

0.5280897E 04 0.2160314E 06 0.2599203E 09 

0.10 43953E 03 0.8027808E 07 0.4273429E 10 

0.3149254E 04 0.1256619E 06 0.2119242E 09 

0.1467996E 04 0.7142773E 07 0.7758676E 10 

Continued on next page 



0.3183092E 04 

0.3825539E 05 

0.6672752E 05 

0.3331439E 07 

0.1217139E 06 

0.1555795E 06 

0.1281152E 

0.29 81646E 

0.1832136E 
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The electron temperatures in the H II regions were 

derived from the line intensity ratio of the nebular 

(1D - 3P) and auroral (1S - *D) transitions of [N II]. In 

the temperature calculations the cross sections of Seaton 

(1975) were used. 

The electron densities were determined from the ratios 

of the (4S - 2D) doublet of [S II]. The measured line 

ratios, I(6716)/I(6731) — determined from a Gaussian 

deconvolution of the blend, were compared with the 

published tables of Saraph and Seaton (1970) (without 

corrections) to obtain the density information. 

The He+ concentrations relative to H+ were derived 

using the recombination coefficients (a's) for H I and 

He I from Brockelhurst (1971, 1972) . The collision 

strengths and A-values used in the abundance calculations 

are essentially those tabulated by Osterbrock (1974) 

+ + 
except for O and S , where Pradhan's (1976) new strengths 

+ + ++ 
were used. The abundances of 0 , S , and Cl relative 

to H+ were calculated using the emission coefficients of 

Saraph and Seaton (1970). The coefficients for 0+ and S+ 

were corrected for the new collision strengths of Pradhan. 

On the following pages are listed the recombination 

coefficients, emissivities, and collision strengths 

used in the program ABUND. 



APPENDIX B: Atomic Parameters Used in ABUND 

B.l Recombination Coefficients (cm3 sec-1) 

The recombination coefficients (d’s) for hydrogen 

and helium, and expressions for their temperature 

dependences, are given below. 

1 
| 

Hydrogen ! 
i 

Helium 

T (°K) 
I 
I 
a(Hg) a(5876) a(4471) 

\ 

i 
a (6678) a(4686) 

5000. 
1 

1 
I 

5.44-14 10.44-14 2.64-14 
1 
1 

3.42-14 6.92-13 

10000. 3.04-14 4.9 7-14 1.37-14 
1 
| 
1.62-14 3.49-13 

20000. 1 
1 
_L 

1.61-14 2.25-14 6.63-15 
1 

1 

_L 

7.24-15 1.69-13 

Hydrogen : 

a(Hg) = 9.732 X 10-11 T~0.878 

a(5876) = 1.310 X 10"9 
T-1.017 

a(4471) = 1.299 X H*
 

O
 1 o
 

T~0.997 

Helium: 

a (6678) = 4.797 X 10“10 T“1•120 

a(4686) = 4.022 X 10“9 T
-
1.017 

Note : 

All temperatures are in °K. 
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B.2 Volume 

(ergs 

Emissivities 

cm”3 sec”1) 

Log io 

(K(X)) for 0+, 

[K(X) ] 

S+, and Cl 

logiox t = .5 1.0 2.0 

-4.00 -1 8. 82 -18.79 -18.76 

-3.00 -17.82 -17.79 -17.76 

-2.00 -16.82 -16.80 -16.30 

-1.00 -15.88 -15.86 -15.86 

- .50 -15.48 -15.47 -15.49 

0+ .00 -15.18 -15.18 -15.24 

.50 -15.01 -15.02 -15.11 

1.00 -14.94 -14.96 -15.06 

2.00 -14.91 -14.92 -15.04 

3.00 -14.90 -14.92 -15.04 

-4.00 -18.74 -19.02 -18.64 

-3.00 -17.74 -17.69 -17.64 

-2.00 -16.74 -16.69 -16.64 

-1.00 -15.75 -15.71 -16.16 

- .50 -15.28 -15.25 -15.2.4 

S+ .00 -14.86 -14.86 -14.89 

.50 -14.52 -14.56 -14.64 

1.00 -14.31 -14.39 -14.52 

1.50 -14.18 -14.29 -14.46 

3.00 -14.16 -14.27 -14.45 

-3.00 -17.49 -17.49 -17.52 

-2.00 -16.49 -16.49 -16.52 

-1.00 -15.50 -15.50 -15.54 

-0.50 -15.01 -15.03 -15.06 

Cl++ - .00 -14.56 -14.58 -14.64 

Continued on next page.... 
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log xio t = .5 1.0 2.0 

Cl 
++ 

Continued 

0.50 -13.84 -13.89 -14.01 

1.00 -13.66 -13.73 -13.88 

1.50 -13.58 -13.66 -13.83 

3.00 -13.54 -13.62 -13.80 

where : t = 10"1* 

N 
X = 

(îoo) /"T: 
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B.3 Mean Collision Strengths 

Ion (Â) Mean Collision Strengths 

N+ 6583 2.68 

0++ 5007 2.36 

Ne++ 3869 1.14 

S+ 6312 1.34 

Ar++ 7136 3.92 
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