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ABSTRACT 

The tables of non-LTE line profiles and equivalent widths published by Mihalas and his collabo­

rators (33], [7], [35] have been revised and extended to four different values of the abundance ratio 

He/H. Bolometric corrections have been calculated for V magnitudes. The theoretical line profiles 

have been fit to echelle spectrograms of 22 galactic O stars by x2 minimization. It is found that the 

stars with the lowest surface gravities are fitted best by theoretical spectra with unexpectedly high 

helium abundances (He/H ~ 0.50), while the stars with higher surface gravities are fitted best by 

theoretical spectra with He/H~ 0.10, the accepted cosmic ratio. This suggests a systematic failure 

of conventional non-LTE, plane-parallel models for the more luminous O stars, probably as a result 

of the neglect of geometrical dilution. 

The formula, log He/H = 1.1234-0.4791 logg, gives a good fit to. the relation between the 

apparent helium abundance and log g. Using this relationship, the apparent abundances have been 

reduced to what are probably true abundances relative to the normal cosmic abundance. It is found 

that there is no significant difference in the average helium abundances of the associations observed. 

However, the stars HD 12993, HD 242908, and HD 193595 may be blue stragglers with moderately 

enhanced helium abundance (He/H ~ 0.19). 

Relative carbon abundances have been determined empirically by comparison of the CIV 5812A 

and Hell 4542A equivalent widths. It is found that the association Cyg OB2 is overabundant in 

carbon by ~ 50%. Likewise, the blue straggler HD 236894 is underabundant in carbon by a factor 

of two. 

The estimated effective temperatures of the sample are compared to the previously accepted 

calibration of MK spectral types to the effective temperature. Estimates of the radii and masses 

of the stars in the sample have been calculated from their physical parameters and their absolute 

visual magnitudes. 
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1. INTRODUCTION 

The evolution of very young stellar populations is of great interest, since these stars have a 

decisive influence on the interstellar medium and the chemical evolution of the universe and are 

generally believed to be the precursors of Type II supernovae. 

However, while young, massive stars are bright and easily observed, the observations are difficult 

to interpret. This is unfortunate, since recent developments in the theory of stellar evolution have 

led to detailed predictions of the evolution of the stellar parameters and surface chemical abundances 

of such stars [14], [30] that beg to be confirmed observationally. 

This situation is changing. Advances in computational methods and capacity have made it 

possible to calculate efficiently model stellar atmospheres in which the approximation of local ther­

modynamic equilibrium (LTE) is not made [27]. Since departures from LTE give rise to many of 

the difficulties in analyzing the spectra of very hot stars, the new computational methods promise 

to revolutionize the interpretation of such spectra. 

In addition, advances in instrumentation have made it possible to observe large numbers of 

moderately bright objects in a short time. Faint objects that were previously inaccessible may now 

be observed. For example, the McCarthy echelle spectrograph at the Palomar 2m telescope [29] can 

obtain spectrograms of 12th magnitude stars with a moderately high signal-to-noise ratio ( ~ 100) 

in the best orders in less than two hours. Thus, one can build up statistics by observing a large and 

varied sample. 

1.1 MASS LOSS AND EVOLUTION OF YOUNG POPULATIONS 

In a recent review [14], Chiosi and Maeder have summarized the results of recent theoretical 

calculations of the evolution of massive stars in which both convective overshoot and mass loss have 

been taken into account. They come to the following important conclusions: 

l. Convective overshoot in the cores of evolving main sequence O stars results in the availability 

of significantly more hydrogen for core burning than previously thought. This results in the observed 
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extension of the main-sequence band to supergiants of type AO (11], (32]. 

2. Mass loss explains the large numbers of red supergiants observed in the initial mass range 

from 20 to 50 M0 and the absence of any red supergiants brighter than Mbol < -9.5 (24] and 

may explain the compositional peculiarities of Wolf-Rayet stars that are not contact binaries. The 

statistics on red supergiants vs. blue supergiants are given in Table 1 . 

They find that models calculated with a moderate degree of overshooting and average observed 

mass-loss rates have the following properties: 

l. For stars initially more massive than 60 M0 , the mass-loss rates are so great that the outer 

layers of the stars are entirely peeled away, resulting in a bare helium core, quasi-homogeneous 

evolution, and no red supergiants. The stars pass through a luminous blue variable (LBV) phase 

and become Wolf-Rayet stars. 

The abundance changes associated with this evolutionary scheme are very marked: The surface 

hydrogen abundance is reduced by a factor of 2 by the time the star reaches its lowest surface 

temperature of about 11000K, and hydrogen disappears completely as the star returns to the left 

side of the color-magnitude diagram. Later, triple-a products appear, and the surface helium mass 

fraction is reduced by a factor of two at the end of the carbon-abundant Wolf-Rayet (WC) phase. 

2. For stars with initial masses in the range of 25 to 60 M0 , the evolution of the star is sensitive 

to the exact rate of mass loss at different evolutionary phases. Mass loss on the main sequence favors 

the formation of red supergiants by suppressing the intermediate convection zone and thus reducing 

the amount of core hydrogen available. Mass loss during the red supergiant phase, on the other 

hand, shortens the red super giant phase. If mass loss during the red supergiant phase is sufficiently 

great, the star becomes a Wolf-Rayet star. 

During the evolution from O star to red supergiant, CNO-processed material comes to the 

surface; the carbon-to-nitrogen ratio thus goes from the cosmic value of 4 prior to the red supergiant 

phase to the CNO equilibrium value of 0.025 after the star returns to the left side of the color­

magnitude diagram. The surface hydrogen abundance drops abruptly to zero halfway through 
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Table 1. Theoretical Luminosities and Lifetimes (in units of 106 years) 
Fraction of Fraction of 

Initial He phase at He phase at 
mass H-burning He-burning log Tef J > 4.2 log Tej J < 3.8 

(M/M0 ) logL/Lr.. lifetime lifetime (%) (%) 
15 4.25 11.582 2.344 1 55 
25 4.85 6.624 1.222 16 38 
40 5.34 4.530 0.856 58 14 
60 5.70 3.708 0.707 93 0 
85 5.98 3.253 0.760 100 0 
120 6.23 2.810 0.840 100 0 

After Chiosi and Maeder [14] 
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the nitrogen-abundant Wolf-Rayet (WN) phase, accounting for the transition from WN stars with 

hydrogen (WNL) to WN stars without hydrogen (WNE). Finally, triple-a- products appear very 

abruptly, the helium abundance goes to zero, and the star becomes a WC star. 

3. Less massive stars always become red super giants, but if the mass-loss rates are low, the star 

makes a blueward loop during the red supergiant phase and may cross the Cepheid instability strip 

repeatedly. Larger mass-loss rates tend to suppress this loop. 

As with more massive stars, CNO-cycled material appears during the red supergiant phase and 

produces marked abundance changes. However, for stars of 15 M0 or less, the C/N ratio does not 

drop below 1 during the first red supergiant phase and equilibrium CNO abundances are not yet 

established during the blueward loop. 

1.1.1 Observational Consequences 

The theoretical predictions described by Chiosi and Maeder may be checked observationally on 

several points. First, one may look for the surface abundance changes predicted for the more massive 

stars. For the most massive, one may expect to see a significant increase in the helium content while 

the star is still near the main sequence. At lower masses, an increase of the helium abundance will 

be evident when the star returns to the left side of the color-magnitude diagram. Unfortunately, the 

high excitation of the optical helium spectrum makes it impossible to trace the helium abundance 

during the cooler phases of the star's evolution, as we would otherwise wish to do. 

The carbon-to-nitrogen ratio should change markedly at the same evolutionary phases at which 

the helium abundance changes. Unfortunately, although molecules of both elements are visible in 

red supergiants, the molecular data and model atmospheres are in a very primitive state at present 

and one cannot hope to trace accurately the abundances at cooler temperatures. One is restricted 

to an analysis of the atomic spectra at the same temperatures at which the helium abundance may 

be studied. 

Finally, one may attempt to determine the stellar parameters Te/ f, log g, and Mbol with suf-
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ficient accuracy to make a reasonable estimate of the stellar radii and masses. One then detects 

the effects of mass loss in the same way that one detects mass exchange in binary systems: The 

stars that have experienced mass loss will be overluminous for their masses. However, since both 

the bolometric magnitude Mbol and log g are difficult to determine accurately, this procedure is of 

limited usefulness. 

The determination of TeJ J and log g for a sufficiently large sample of stars also permits an 

accurate calibration of the mapping of the (TeJ J, log g) plane to the two-dimensional MK spectral 

types. This is of value for studies in which the observed spectral types are used to construct 

theoretical temperature-luminosity diagrams for OB associations with known distance moduli [24], 

[25]. 

1.2 THE ANALYSIS OF O STARS USING SIMPLE NON-LTE MODELS 

Rapid progress is being made in the computation of self-consistent models of radiation-driven 

stellar winds [2], [16] and in the application of the effects of wind blanketing to photosphere models 

[1], [12], [47]. Likewise, the new computational techniques are making possible an attack on the 

difficult problem of line blanketing in non-LTE model atmospheres [5], [48]. One may anticipate 

that it will soon be possible to calculate efficiently non-plane-parallel non-LTE models as well. 

These refinements have the unfortunate effect of greatly increasing the computational cost 

of analyzing a particular star. Not only does each model computation take more computer time 

than one for a plane-parallel, unblanketed, non-LTE model, but the fact that such models require 

additional parameters prevents the computation of a master model grid for use in the analysis. 

One must perform a series of computations for each individual star analyzed. Since preliminary 

indications are that the effects of blanketing (both wind- and line-) and of departures from plane­

parallel geometry are small for many O stars, it is reasonable to investigate what can be learned, 

using a grid of the simpler non-LTE models. 

With these motivations, a sample of O stars stars selected from a number of galactic OB 
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associations [24] has been observed with the McCarthy echelle at the Palomar 2m telescope. The 

observed line profiles have been compared with a grid of theoretical line profiles calculated at the 

San Diego Supercomputer Center, using non-LTE model atmospheres with a range of effective 

temperatures, surface gravities, and helium abundance fraction. The method of x2 minimization 

has been used to determine the choice of stellar parameters, giving the best fit of theoretical profiles 

to the observed profiles for each star. 
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2. OBSERVATIONS 

2.1 OBJECT SELECTION 

A sample of 36 stars from eight galactic associations was chosen for study. The particular OB 

associations sampled were selected to cover a range of ages (based on the relative numbers of O, B and 

M supergiants known to be members of each association) and galactocentric distances [24]. Table 2 

lists the associations and stars selected for study. Figure 1 gives the theoretical H-R diagrams for 

the selected associations. In the diagram at upper left, circles represent members of Cyg OB2 and 

triangles, members of Aur OB2. In the upper right diagram, circles represent members of Cyg OBI 

and triangles denote members of Cep OB2. In the lower left diagram, circles denote Gem OBI and 

triangles denote Per OBI. The final diagram is a composite for all the associations observed. In all 

diagrams, filled symbols indicate stars for which parameters were eventually derived by the method 

of analysis described here. Parameters for other stars are taken from the paper by Humphreys [24]. 

The stars analyzed all fall in the region of moderate-luminosity O stars; cooler objects and Of stars 

were not observed or were dropped from the sample. The associations themselves appear to be of 

slightly different ages, with Aur OB2 and Cyg OB2 being the youngest and Per OBI and Gem OBI 

being the oldest. 

The stars selected for analysis included no known binaries, and where estimates of v sin i were 

available, no stars with v sin i > 160 km/sec. However, such data are scanty, and a number of the 

objects selected were found to have excessive v sin i and were not included in the final analysis. 

Likewise, stars showing strong Of characteristics were eventually dropped from the sample because 

the plane-parallel models described later were found to be completely inadequate to describe such 

stars. Those O stars observed but not analyzed are indicated in italics in Table 2. 

Spectroscopic binarity is a more difficult problem, since for most companions bright enough 

to affect the measurements, the spectra of the two components would be nearly indistinguishable 

unless separated by large orbital Doppler shifts. Thus, it is possible that a number of spectroscopic 
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Table 2. 0 Stars Observed 
Star I Spectrum I V I B-V I Mv I Remarks 

Per OBI R=ll.73kpc 
236894 08 V 9.37 0.19 -3.9 
12993 O6.5V 8.95 0.20 -4.4 
13022 09.5 11-111 8.76 0.32 -4.9 
13268 07: 8.18 0.13 -5.0 Large vsin i 

Aur OB2 R=l3.14kpc 
242908 04 V 9.04 0.28 -5.3 NGC 1893 
242926 O7V 9.35 0.34 -5.1 NGC 1893 
242935 O7V 9.43 0.20 -4.6 NGC 1893 
35619 O7V 8.55 0.24 -5.6 

Gem OBI R=ll.49kpc 
42088 06.5 7.55 0.07 -4.5 

254755 09 Vp 8.84 0.60 -4.8 
256035 O9Vp 9.16 0.55 -4.3 Large vsin i 

Cyg OBI R=9.71kpc 
193514 O7 lbf 7.40 0.45 -6.2 Of 
193595 07 8.72 0.36 -4.6 
193682 05 8.41 0.51 -5.4 Large vsin i 
194094 09 III 9.02 0.59 -5.0 
194280 OC9.7 lab 8.39 0.76 -6.1 
228841 06.5 V 8.94 0.56 -5.0 Large vsin i 
229234 09.5 III 8.92 0.77 -5.6 NGC 6913 

+36 4063 O9.5 lb 9.71 1.14 -5.9 Confused 
Cyg OB2 R=9.85kpc 

#1 09 V 11.09 1.42 -5.4 Large vsin i 
#3 09: 10.22 1.61 -6.8 Large vsin i 
#4 07111 10.22 1.17 -5.6 +40 4219 
#6 O8V 10.67 1.22 -5.2 Large vsin i 
#7 03 If 10.50 1.44 -6.1 Of 

# BA O6 lb 8.98 1.29 -7.2 +40 4227 Large v sin i 
# 8B 08: 10.31 1.35 -6.0 
#BC 05 III 10.08 1.35 -6.2 Large vsin i 
#9 05 If 10.80 1.93 -7.3 Of 

# 10 09.5 Ia 10.04 1.43 -6.5 +41 3804 
#11 05 If 10.04 1.43 -6.5 +41 3807 Of 

Cep OB2 R=l0.21kpc 
204827 09.5 V 7.95 0.81 -5.0 Tr 37 
207198 09 lb-II 5.96 0.31 -5.5 
207538 09.5 V 7.31 0.33 -4.2 
209975 O9.5 lb 5.11 0.09 -5.7 19 Cep 

Miscellaneous 
9 Sgr O4V 5.97 0.03 -6.1 
,\ Ori 08 3.66 -0.19 -5.2 
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binaries have crept into the sample. 

The selection of stars with a low v sin i will bias the sample towards slow rotators. Since the 

ultimate objective of this research is to test the models of Chiosi and Maeder [14], in which rotation 

is neglected, this bias may actually be advantageous. 

2.2 DATA COLLECTION AND REDUCTIONS 

The sample of stars was observed with the McCarthy echelle spectrograph on the Palomar 2m 

telescope [29]. This instrument covers the entire optical spectrum from about 3650.A to 8000.A, 

with partial coverage to 10000.A. Each order covers from 100A (in the near infrared) to 50.A (in the 

violet). The detector is a Texas Instruments 800 x 800-pixel charge-coupled device (CCD) cooled 

with liquid nitrogen. It is routinely soaked in oxygen and flooded with ultraviolet light prior to use 

to improve the quantum efficiency at short wavelengths. 

For each observation, the signal-to-noise ratio for the optimal orders, those covering the wave­

length range from about 5850A to 6550.A, was better than 100. The signal-to-noise ratio usually 

decreased rapidly farther towards the blue, both because of the decreased sensitivity of the CCD 

detector and because most of the objects observed show significant reddening from interstellar dust. 

The stars from OB2 Cyg were particularly difficult in this respect, with a typical reddening of 

E(B - V) ~ 1.5, or greater. In most cases it was impossible to obtain a high signal in the blue 

orders without saturating the red orders and ruining the exposure. As a result, the analysis was 

restricted to lines longward of the H, line at 4342.A. 

Flat fields for calibration were prepared by summing frames obtained by exposing the echelle 

to a diffuse incandescent source through a series of broad-band filters. This made it possible to 

obtain a satisfactory exposure level in the blue orders of the echelle without overexposing the orders 

in the red. A thorium-argon lamp was used to obtain a comparison spectrum for the wavelength 

calibration. 

The spectrograms were reduced using the echelle routines in the FIGARO data processing 
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package [29]. The flat field, comparison, and object spectrograms were first remapped to remove 

curvature from the orders (using the FIGARO routine CDIST). A normalized flat field was then 

obtained by dividing the raw flat field by a copy of the flat field that had been smoothed in the 

direction parallel to the orders; this ensured that the flat field was close to unity everywhere (while 

retaining pixel-to-pixel variations and interference fringes), so that noisier, low-signal rows in each 

order were not artificially amplified when the flat field was used to calibrate the object spectra. 

After the observed spectrograms were divided by the normalized flat field, the rows making up each 

order were summed and an estimate of the crosstalk between orders was subtracted from each order 

(using the FIGARO routine ECHTRACT). 

The profiles of the hydrogen and helium lines were obtained by fitting a polynomial to the two 

orders adjacent to each order containing a line of interest; the central order was then divided by the 

average of the two polynomials. This provided a way of estimating the continuum level even in the 

presence of very strong wings, as illustrated by the profile obtained this way for H,8 in Vega (Figure 

2 ). Unfortunately, the results were rarely this good for the spectrograms of O stars presented here; 

the Stark wings are much shallower in O stars, and confusion from stellar and interstellar lines and 

bands resulted in some uncertainty in the continuum level. 

2.3 DATA QUALITY AND SYSTEMATIC ERRORS 

The chief source of uncertainty in the observations is ambiguity in the continuum level, rather 

than Poisson noise. The technique of interpolating the continuum from adjacent orders is most 

effective for the Balmer lines, with their strong wings. The much narrower neutral and ionized 

helium lines are much more sensitive to small, local errors in the continuum-level determination. 

Such errors arise primarily from two sources: imperfect flat-field calibration and confusion with 

stellar or interstellar lines and bands. The former effect is noticeable for the Hel 4471.A. line and for 

the red wing of the H, Balmer line (which is located near the end of an echelle order). Here one 

sees that the local continuum level is not flat. The effect is reproducible from night to night despite 



OJ 
0 

(D 

0 

"1-
0 

N 
0 

0 

4830 4840 4850 4860 4870 4880 4890 4900 

Figure 2. Conti11uum-flattened data for H,B in Vega. The line profile has been normalized to the continuum level 

interpolated from the adjacent two echelle orders. 

.... 
~ 



13 

the fact that fresh flat fields were obtained and used each night. 

The second effect is seen, e.g., with the HeI 6678A line and the Balmer lines. In the case of 

HeI 6678A, a diffuse feature (probably intrinsic to the star rather than an interstellar feature) badly 

confuses the red wing of the line. Likewise, stellar OU lines confuse the already uncertain calibration 

of the red wing of H-y. 

In general, the effects of poor flat-field calibration are more troublesome than the effects of 

interstellar bands. Future work on these objects would best be done on an instrument with superior 

photometric characteristics, even at the expense of a lower signal-to-noise ratio and/or resolution. 

However, the confusion from lines and bands sets an ultimate limit on the quality of observational 

line profiles. 

Another uncertainty in the data is the absolute wavelength calibration. The FIGARO software 

for carrying out the calibration is computationally expensive; since little information about the 

physical parameters is contained in the wavelength of the line centers, it was decided to use a 

single wavelength calibration for all spectrograms. However, thorium-argon comparison spectra 

were obtained each night for possible future use in determining radial velocities. 

Finally, a particular difficulty with echelle spectrograms is the problem of removing crosstalk 

between orders and accounting for scattered light in the instrument. The McCarthy software [29] 

for reducing echelle data does an excellent job of accounting for both effects for spectra that are well 

focused on nights of fair-to-excellent seeing. It is unlikely that such background light has significantly 

affected the line residual intensities. 

2.4 OBSERVED EQUIVALENT WIDTHS 

Although profiles were used in the fit of theory to data described in Chapter 4, the equivalent 

widths of helium lines contain useful information in a concise form. Table 3 gives equivalent widths 

(in mA) for lines of neutral and ionized helium, along with equivalent widths of the prominent CIII 

emission line at 5696A and the CIV absorption lines at 5801A and 5812A. Some qualitative analysis 
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Table 3. Equivalent Widths of Helium and Carbon Lines 
Object I Hel 4471 I 4713 I 4922 I 5016 I 5876 I 6678 

Per OBI 
236894 770 ± 30 160 ± 50 598 ± 50 267 ± 10 893 ± 30 679 ± 50 
12993 522 133 271 171 827 209 
13022 695 230: 582 296 1022 733 

Aur OB2 
242908 287 < 20 50 25: 514 < 22 
242926 574 94 315 128 714 246: 
242935 448 74 444 126 572 179 
35619 532 115 242 126 800 299 

Gem OBI 
42088 411 63 169 117 663 233 

254755 577 175 464 226 911 527 
Cyg OBI 

193595 606 197 294 238 916 509: 
194094 567 225 402 311 952 658 
194280 672 200 495 331 1035 787 
229234 616 226 397 303 1027 660: 

Cyg OB2 
#4 425 106 200 197 892 544: 

# BB 347 < 60 < 26 116: 722 -
# 10 583 234 444 283 900 692 

Cep OB2 
204827 801 186 540 292 780 634 
207198 763 264 394 313 1101 721 
207538 885 246 548 294 826 726 
209975 822 245 405 312 1064 761 

Miscellaneous 
9 Sgr 182 < 20 < 20 < 20 330 470: 
A Ori 589 149 254 238 974 490 
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Table 3. (Cont.) 
Object I Hell 4542 I 4686 I 5412 I CIII 5696 I CIV 5801 I 5812 

Per OBl 
236894 273 ± 70 466 ± 100 471 ±40 < 20 ± 20 72±80 45± 50 
12993 567 660 863 -123 285 225 
13022 143 284 224 < 20 59 28: 

Aur OB2 
242908 608 688 820 -92 278 240 
242926 430 660 759 -111 214 170 
242935 295 471: 509 -63 219 141 
35619 382 643: 871 - 276 189 

Gem OBl 
42088 479 683 715 -109 340 258 

254755 318 259 433 -145 239 166 
Cyg OBl 

193595 651 756 903 -170 306 230 
194094 251 509 388 -61: 161 115 
194280 99: 232 209 56 46: 47 
229234 230 439 371 88 204: 206: 

Cyg OB2 
#4 446 439 741 -302 490: 422 

# 8B 445 105 745 -401 638: 476 
#10 117 151 237 -166 - 266 

Cep OB2 
204827 173 357: 252 < 80 64: 53: 
207198 298 359: 511 -302 231 175 
207538 125: 385 223 90 38 < 13 
209975 224 230 372 -235 175 137 

Miscellaneous 
9 Sgr 625 630 909 -32 161 132 
A Ori 389 484 624 -211 349 257 
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of the carbon features is presented in Chapter 5. The detectability limit for weak lines was ~ 80 

mA for the stars with v sin i > 100 km/sec and ~ 20 rnA for stars with v sin i ~ 60 km/sec. 

The equivalent widths were measured using the FIGARO routine GAUSS. This routine de­

termines the continuum level by fitting a polynomial to the continuum with iterative rejection of 

outlier points. Equivalent widths may then be obtained both by simple integration and by fitting of 

Gaussian profiles. The values quoted here were obtained by simple integration and compared with 

the results from fitting Gaussian profiles to estimate the uncertainties in the values. This allows for 

the effects of imperfect continuum normalization and blends and the uncertainty in the wings of the 

Stark-broadened ionized helium lines. 

The Balmer lines, since they are dominated by the shallow _6.v- 5 ·2 Stark wings, are difficult to 

measure equivalent widths for. It was quite common to measure values for the equivalent widths that 

were up to a factor of 2 smaller than those of the theoretical profiles that best matched the observed 

profiles. Hence, no observed equivalent widths for the Balmer lines are presented here. The profiles 

are presented later, along with the helium line profiles and the corresponding best theoretical fits. 
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3. THEORY 

3.1 BACKGROUND 

It is generally recognized that model atmospheres and synthetic spectra for hot stars cannot 

be approximated usefully under the assumption of local thermodynamic equilibrium (34]. The 

calculation of non-LTE model atmospheres is considerably more difficult than the calculation of 

LTE model atmospheres, primarily because of the detailed dependence of the source function at 

each frequency on the radiation field at all frequencies. 

An LTE calculation may be thought of as a very restricted scattering problem in which the source 

function at each frequency is uniquely determined by a single weighted integral of the radiation field, 

the constraint of radiative equilibrium, which is characterized by a single quantity, the temperature. 

That is, at each depth point, 

S(v) = B,,(T) (1) 

subject to the condition 
00 

j(J,, - B,,(T))K,,dv = 0. (2) 

0 

(Convective energy transport is negligible in the atmospheres of O stars.) Thus, it is relatively easy 

to organize the transfer equations describing the model atmosphere by frequency in such a way 

that the resulting computational algorithm scales linearly with the number offrequencies [41]. One 

determines ( to first order) the perturbation to the single integral of interest, the condition of radiative 

transfer, resulting from the perturbation of the radiation field at each frequency and depth: Since the 

condition of radiative equilibrium is only approximately satisfied by the starting model atmosphere 

(obtained by a gray atmosphere calculation or some other simple analytic approximation), one sets 

the perturbation in the condition of radiative equilibrium equal to the opposite of the current value 

of this integral (which should be, but is not yet, equal to zero): 

00 00 00 

J o o o o /< /< 8B,, ) - (J,, - B,,(T ))K,,dv = A J,, - B,,(T))K,,dv = AJ,, - BT AT K,,dv, (3) 

0 0 0 
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which, after the integral is replaced by a quadrature sum, has the form 

A= LWNdJv - LXNdT, (4) 
N N 

where A, WN, and XN are scalars. These coefficients are calculated for each depth point, requiring 

of order ND operations ( where N is the number of frequency points in the quadrature sum and D 

the number of depth points). Here the opacity is assumed to be constant; this approximation may 

be dropped ( as was done for the actual calculations) without changing the form of the last equation. 

The transfer equation may then be used to determine the perturbations in the radiation field 

resulting from a perturbation to T; one gets equations of the form 

(5) 

The scalar coefficients YD are calculated for each frequency, and dJv is eliminated from Equation 

4; this takes of order N D3 operations. One is left with the system of equations 

A=MAT, (6) 

where A and d T represent vectors over all depths and M is a D x D matrix [34]. This system is 

solved for the corrections to T ( and thus the source function at each depth) in of order D3 operations. 

The computational cost is dominated by the calculation of the coefficients to Equation 5 so that the 

calculation time scales as N D 3 • 

In the case of a non-LTE calculation, on the other hand, the source function is defined by a 

very large number of radiation field integrals, each with a different weighting function, in addition 

to the temperature; that is, 

S(v) = Sv(T, NL), (7) 

subject to the same constraint of radiative equilibrium (Equation 2), and additional constraints of 

the general form 

NL ( L AL,L' /
00 

JvKv,LHL'dv + CL.,_.L'(T)) 
L'f:L 0 
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Here L represents the number of atomic levels and NL represents the occupation numbers for these 

levels, which characterize the constraint equations. The quantity CL,,_.L(T) includes spontaneous 

radiative de-excitation or recombination. 

If one attempted to proceed as with the LTE calculation, organizing by frequency, one would 

eventually end up with equations of the form 

A=MaN, (9) 

where A and .6. N represent vectors over all depths and all constraints and M is the corresponding 

square matrix. M will have~ 500-5000 rows and columns (since for a typical non-LTE calculation, 

there will be ~ 50 depth points and ~ 10 - 100 constraints), and the computational cost becomes 

astronomical. 

Thus, one cannot organize the problem by frequency, and one is forced to organize it by depth; 

the resulting equations have the form 

(10) 

at each depth point d [33]; here 1/; represents a vector over all frequencies and constraint equations 

at a single depth point. The only full matrices that must be inverted are (N + L) x (N + L) 

matrices. Thus, the computation time scales as (N + L)3D. Although this is much more practical 

than the organization by frequency, it puts a severe limit on the number of frequencies and atomic 

levels that may included in the calculation. The models calculated by Mihalas, Auer, and Heasley 

[36] (hereafter MAH) were restricted to 105 frequencies and 11 atomic levels and were expensive to 

compute even for such a simple description of the radiation field and atomic physics. 

Recently Anderson [6] has pointed out that it should be possible to sum many transfer equations 

describing the same line or continuum into a single equation, approximately describing the total 

radiative energy density in that line or continuum. Thus, the number of equations linearized is 

greatly reduced, since many quantities .6.Jv are reduced to a few quantities .6.Eb representing the 
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total energy density in a "block" of frequencies describing one line or continuum. In addition, the 

presence of both the occupation numbers ( each characterizing a constraint equation) and the energy 

densities in the solution vector t/; is redundant, since the corrections to the one are given by the 

corrections in the other (to the same order of approximation as the overall computation); thus, 

the large solution vector t/; containing corrections to all frequencies and occupation numbers may 

be replaced by a much smaller vector t/; And containing only corrections to the temperature and a 

few energy densities Eb. The temperature could, in principle, be eliminated as well, since, like the 

other variables of constraint, it is uniquely defined by the radiation field; but since its presence 

would introduce non-linearities into the subsequent calculation of the new values for the constraint 

variables (through collision terms), it is treated explicitly. 

The actual numerical approximation made is that the detailed distribution of the radiation field 

in a particular block of frequencies dominated by a single line or continuum and formed at similar 

depths is fixed. One then solves (to first order) for the factor by which all the mean intensities 

in each frequency block should be multiplied in order to better satisfy the transfer and constraint 

equations. The resulting equations are similar in form to Equation 10. These are solved and the mean 

intensities in each block are multiplied by the correcting factor for that block. The level populations 

are then revised using the modified mean intensities and temperatures, the transfer equations for all 

frequencies are solved using the resulting source function, and the distribution of the radiation field 

in each frequency block is updated. The whole procedure is iterated to convergence. 

The resulting method converges linearly rather than quadratically ( as is characteristic of the 

complete linearization procedure), but the convergence rate is acceptable for moderate error toler­

ances. It typically requires less than fifteen iterations to reach a tolerance of 0.01 % in the surface 

flux. The number of operations per iteration scales as DB3 , where B is the number of frequency 

blocks. 
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3.2 MODEL ATMOSPHERE AND SYNTHETIC SPECTRUM CALCULATIONS 

The calculation of theoretical line profiles proceeds in several steps. A gray model atmosphere 

is first calculated, using an approximate T-r relationship. This model is then used as the starting 

approximation for an LTE model atmosphere code. The resulting LTE model is then used as the 

starting approximation for a non-LTE code employing the Anderson algorithm. 

At this point, the temperature and electron density at each depth in the model atmosphere 

is fixed. However, an effort is made to improve the accuracy of the hydrogen and helium level 

populations further by carrying out a calculation in which the level populations of one element are 

refined while holding the populations of the other element and the temperature and electron density 

fixed. This permits an approximate treatment of a larger number of transitions for each element, 

using more detailed line profiles. 

Finally, profiles for selected lines are calculated, using the most accurate available theoretical 

line broadening data. 

The whole set of computer codes is written in FORTRAN 77 for use on a CRAY or other 

compatible vector processor. The codes proved to be well suited for vector optimization, and it 

was usually possible to vectorize by frequency index rather than by depth index (the number of 

frequencies being much greater than the number of depths). 

3.2.1 Approximations 

The chief approximations made in the theoretical calculations are (1) the approximation of 

plane-parallel geometry; (2) the neglect of metallic line blanketing; and (3) the approximations in 

the atomic physics. 

The use of plane-parallel models has a number of practical advantages. First, it is considerably 

more difficult and computationally expensive to calculate models with spherical symmetry than to 

calculate plane-parallel models, because one is obliged to use many more angle points in the moment 

sums. Second, the use of spherical models introduces an additional physical parameter, since Tef f 
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and log g are replaced by the total luminosity, mass, and radius at the base of the atmosphere. Since 

the plane-parallel models described here already have three physical parameters, the introduction of 

a fourth would make ~t impractical to calculate a grid of models, and one would be forced to make 

calculations for individual stars. 

In any case, an analysis using spherical geometry would need starting estimates of the stellar 

parameters, and these would be best provided by the plane-parallel analysis described here. 

It cannot be denied that atmospheric extension and stellar winds have important effects. The 

most obvious effect is that opaque transitions will arise from a larger radiating area, resulting in 

greater flux in the line. This is generally recognized as the mechanism whereby the prominent 

emission lines of supergiant stars, including the Of stars, originate. In particular, it will be seen 

later that the Hell 4686A line is much weaker in most of the observed spectra than in the theoretical 

spectra calculated here. 

The other important effect of atmospheric extension is the geometric dilution of the radiation 

field in the outer regions of the atmosphere. This has the effect of reducing the source function in 

strong lines. In particular, as was first pointed out by Ghobros (18], the population of the 23 S level 

of neutral helium is most strongly overpopulated relative to a non-LTE plane-parallel model. Voels 

et al. (47] find that the the 6678A, 5876A, and 4471A lines are all suspect. It will be seen later 

that the 5876A line reproduces poorly the observational material presented here, but that the fits 

to the other two lines seem satisfactory ( except for the 6678A line at higher TeJ J). 

The effects of neglecting winds are difficult to estimate at present. Although rapid progress is 

being made in the theory of radiation-driven stellar winds, practical computations of stellar spectra 

(such as, e.g., Voels et al. (47]) use an assumed value for the mass-loss rate. This, in turn, must be 

estimated from observations of P Cygni profiles of ultraviolet resonance lines that are not available 

for the bulk of the stars observed here. Two of the five stars studied in detail by the Colorado 

group (12], (47] show significant effects from wind blanketing: ( Pup, spectral type 04f, and a 

Cam, spectral type 09.5 Ia. For the other objects (( Ori A, spectral type 09.7 lb; 6 Ori, spectral 
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type 09.5 II; and AE Aur, spectral type 09.5 V), the effects of wind blanketing were found to be 

negligible. Thus, for the most luminous supergiant and Of stars, the neglect of wind blanketing may 

be serious, while for less luminous objects, the effects are not important. 

The second approximation, the neglect of metallic line blanketing, is made for the same reasons 

as the approximation of plane-parallel geometry. Non-LTE metallic line blanketing greatly increases 

the computational cost of a model and introduces at least one additional free parameter, the metal­

licity. The main physical consequences of metallic line blanketing in non-LTE models are a slight 

reduction in the effects of departures from LTE (because the mean thermalization depth in ionization 

continua is reduced) and heating of the atmosphere through backscattering. Since backscattering 

by stellar winds has a similar effect, the neglect of metallic line blanketing may be no worse an 

approximation than the neglect of spherical geometry. 

Werner [48] has calculated plane-parallel non-LTE model atmospheres that treat detailed line 

blanketing by hydrogen, helium, and carbon. Although his models cover a somewhat different 

temperature range than those described here (60000K to 100000K), his general conclusions may be 

relevant. He finds that the optical lines of hydrogen and helium are only marginally affected, the 

changes in the line profiles being limited to the line cores. The models with line blanketing show 

shallower line cores for the combined H,B /Hell and H-y /Hell lines and the Hell 4686A line and deeper 

line cores for all other lines. The effects, however, are not great. 

The atomic data used are somewhat uncertain. Although the radiative rates are generally 

reliable (those for hydrogen and ionized helium being exact, and those for neutral helium being 

excellent approximations), the collision rates are uncertain even for the hydrogenic atoms because 

of the difficulty of the theoretical calculation. Those for the lowest levels ( n :5 3 for hydrogen and 

neutral helium and n :5 5 for ionized helium) are from fairly sophisticated theoretical calculations 

and/or laboratory measurements. Those for higher levels are much more uncertain. However, since 

the collision rates are important mainly for determining the thermalization depth of line transitions, 

the uncertainty in these rates is unimportant when the thermalization of the corresponding lines 
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is dominated by the overlapping continuum absorption (for which the cross sections are reliable). 

This is certainly the case for infrared transitions, since the continuum absorption increases rapidly 

towards lower frequencies. 

3.2.2 The Gray Atmosphere Calculation 

The gray atmosphere program, GRAY, is a highly modified version of the MAH code written 

for the same purpose. The main differences are in the formats of the input and output files and in 

the neutral helium bound-free cross sections used. The file format was developed with the intention 

that it be as general as possible, so that models calculated with different approximations, e.g., LTE 

vs. non-LTE, could be represented in the same format (Table 4 ). 

The neutral helium bound-free cross sections for the lowest states are represented as Kramers' 

cross sections modified by· Gaunt factors. The Gaunt factors were approximated by fitting rational 

functions to values calculated from the tables of Stewart [44), Jacobs [26], and Steward and Webb 

[45]. The resulting approximations are quite good close to the absorption edge, but are less accurate 

at higher frequencies where autoionization levels give a complex structure to the cross section. Since 

the lowest autoionizing state has a rather high excitation (55.4 eV), no autoionizing states have been 

included in the neutral helium model atom, and the structure these levels give to the photoionization 

cross sections are probably of little importance. The relative contribution of the radiation field at 

such high frequencies to the bound-free rates for neutral helium is small. 

The program GRAY optionally includes negative hydrogen ion opacities [17], [19], although 

these were not used for the O star models described here (since they are negligible at temperatures 

characteristic of O star atmospheres). 

3.2.3 The LTE Calculation 

The gray model atmospheres are used as starting approximations for an LTE atmosphere code 

(LTE), which uses the highly efficient Rybicki method described above [34], [41]. This LTE 

calculation improved the convergence of the subsequent non-LTE calculation by providing a first 
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Table 4. Format of Machine-Readable Model Atmospheres 
FORTRAN Format I Explanation 
(A80) Model title-not used by programs 
(2F9.0, F8.2, F8.8, F8.5, 415) TeJJ, Tiine, Log g, He/H, Z, control switches 
(8F10.6) Log abundance (relative to H=l2.0) for 92 

elements. 

(215) 

(5El5.7) 

(215) 

(215) 

(15) 

Number of depth and frequency points 

Frequency grid 

Frequency quadrature rule and grid point: 
first value is 2 for trapezoid rule and 3 for 
Simpson's rule, second value gives the grid 
point for which the rule applies. The final 
line has zero for both values. 

First value flags use of negative hydrogen ion 
opacities; second flags inclusions of lines 

Atomic number of an element whose model and 
occupation numbers are given by the succeeding 
lines. The final line has zero as the value. 

21+ (1615) Gives number of levels and lines for each ion of 
the particular element being described, starting 
with the negative ion. 

22+ (5El5.7) 

23+ (215) 

24+ (5El5.7) 

Ionization frequency of each level starting with 
those of the negative ion; a new line is started 
for each ion. 

Lower and upper state of each line transition 

Occupation numbers of all levels of all ions at 
each depth in the atmosphere, listed in that 
order without any breaks. 
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approximation with an accurate temperature and electron-density stratification at large optical 

depths. The continuum opacities used are identical with those in the gray model calculation, and 

line opacities have been added to the calculation. The line profiles used are depth-dependent Doppler 

profiles. It is assumed that microturbulence is negligible. 

3.2.4 The Non-LTE Calculations 

The MAH non-LTE model atmosphere code was modified to use the Anderson algorithm and to 

treat many more transitions and continua. Whereas the original calculations were made with model 

helium ions with only two levels and with six hydrogen line transitions (and none of helium), the 

modified code handles ten hydrogen levels, all neutral helium levels with a principal quantum number 

of five or less, and fifteen ionized helium levels. In addition to continuum radiative transition rates, 

the program handles ten hydrogen line transitions and fourteen neutral helium line transitions ( all 

those connecting levels with principal quantum number n $ 5) and ten ionized helium transitions 

(all those connecting levels with principal quantum number 2 $ n $ 6). More transitions are 

used for neutral helium than hydrogen because of the non-degeneracy of the nl levels of the two 

spin systems. The code includes an automatic scheme for allocating frequency blocks; the criteria 

described by Anderson [6) are used to determine the frequency block assignment. Since the resonance 

lines of ionized helium are extremely opaque [22), they are assumed to be in detailed balance; the 

lines arising from the first excited level are treated as if they were resonance lines for purposes of 

determining block assignment. 

As a test of the algorithm, a continuum-only model (non-LTE, no lines) was calculated, us­

ing complete linearization and compared with one calculated by the Anderson algorithm using an 

identical frequency grid and identical atomic data. The resulting level populations were identical to 

within the tolerance of the calculations. 

The opacities used in the non-LTE calculations were identical with those used in the gray 

and LTE calculations. The collisional excitation rates for transitions between the lower states of 
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hydrogen were taken from Aggarwal [3]. Collisional excitation rates for transitions between lower 

states of neutral helium were taken from Aggarwal et al. [4] and Berrington et al. [10]. Collision 

strengths for ionization from lower states of hydrogen, neutral helium, and ionized helium are from 

Lennon et al. [28]. All other collisional rates were identical with those of the original code. These 

are represented as the product of a Boltzmann term, exp(#), a power of T (usually r-112), and 

a rational function of T determined by a least-squares fit. 

Ge~erally, model convergence was reasonably rapid. However, for a small number of models 

( roughly 10% of all those calculated), it was necessary to employ a radiative/ collisional switching 

method [23]. The calculations using the switching method were carried out after normal calculations 

had been attempted for all points in the model grid, and it was later discovered that the switched 

calculations had inadvertently been made with a slightly modified set of ionization frequencies for 

the upper states of neutral helium. This did not appear to have had any significant effect on the 

calculations, which is not surprising, considering that the associated continua are very weak. 

With a suitable grid of models, the next step was to refine the individual line spectra for hy­

drogen and helium by carrying out a more detailed calculation for each spectrum while holding 

the temperature, electron density, and level populations of the other element fixed. The hydrogen 

spectrum code replaces the Doppler profiles with more accurate line profiles that include the Stark 

effect, and allows for the effects of the overlapping ionized helium lines. Ten transitions are in­

cluded explicitly, and the rates of all other transitions connecting the first ten levels of hydrogen are 

estimated at the start of the calculation using the equivalent two-level atom approach [34]. 

A similar calculation is used to refine the helium lines. The line profiles used are Voigt profiles 

with a damping width that is the sum of the natural damping width and the quadratic Stark 

damping width [20]. The effects of the overlapping hydrogen lines are taken into account for the 

ionized helium lines. 

For the model at Tef f = 30000K, log g = 3.0, He/H=0.20, the equivalent widths of the Hell 

4686A and Hel 5016A lines were vanishingly small. In the case of the Hell 4686A line, this was due 
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to a flux in the line wings that exceeded the continuum flux; the profile itself appeared reasonable. 

The tiny equivalent width for the Hel 5016A line reflected the actual line profile. All other lines 

for this model were consistent with those of the adjacent models in the grid. The reasons for this 

inconsistency in the two lines is unclear, although it may have something to do with the low gravity 

of the model ( close to the Eddington limit for this effective temperature). The equivalent widths 

and line profiles of these two lines were interpolated from adjacent models for use in the tables and 

fits presented here. 

3.2.5 Line Synthesis 

For the final line synthesis, the Balmer line profiles are calculated using theoretical absorption 

profiles from the tables of Vidal, Cooper, and Smith [46]. The ionized helium line profiles are taken 

from the very recent unified-theory calculations of Schoning and Butler [43]. For neutral helium, 

the Voigt profiles are replaced by unified-theory profiles for the lines with forbidden components 

(the 4471.A and 49-22.A lines) at densities in excess of 1013 electrons/cm2 [8], [9]. 

3.2.6 Computational Costs 

The gray model computation is extremely fast and represents a negligible fraction of the total 

computation cost. The LTE calculation takes less than a minute of processor time on the CRAY to 

complete a model calculation. The non-LTE code is somewhat more expensive, taking slightly less 

than one minute per iteration for a total of up to 12 minutes per model. The code for refining the 

hydrogen populations takes less than a minute per model, but that for helium is quite expensive (more 

than 10 minutes per model) and is also expensive in memory usage. In light of the computational 

cost, the benefits of the refined population codes are probably insufficient to warrant their use for 

future calculations. They are included here primarily to rule out the possibility that discrepancies 

between theory and observation arise from too simplistic a model atom. 
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3.3 RESULTS 

Figure 3 gives the profile of the H,B line for a model with TeJ J = 35000, log g = 4.0, and 

[He/H]=0.10 at each stage of the calculation. The profiles, in order of increasing depth, correspond 

to the gray model, the LTE model, the non-LTE model, and the non-LTE model with refined 

treatment of the hydrogen spectrum. It is evident that the effects of departures from LTE are 

sizable, as was noted two decades ago by Auer and Mihalas [7]. However, the more refined non-LTE 

calculation has little effect outside the line core. 

The temperature structure for the same model is given in Figure 4 , along with the temperature 

structure of the Mihalas model with the same effective temperature, surface gravity, and helium 

abundance fraction [33]. It is evident that while the structures are identical at depth, the tempera­

ture is significantly higher in the outermost layers of the atmosphere in the new model. Since heating 

by photoionizations from the ground state of hydrogen largely determines the temperature structure 

in the upper atmosphere [34], it is likely that the higher temperature results from the additional 

transitions included in the model hydrogen atom. These permit electrons to cascade freely into the 

ground state. Although the change in the temperature structure is pronounced, it does not have a 

large effect on the calculated line profiles, the effects being restricted to the cores of the stronger 

lines. 

3.3.1 Theoretical Equivalent Widths and Profiles 

The equivalent widths of the synthesized optical lines are found in Table 5 . Since the equivalent 

widths of the hydrogen Balmer lines are of limited practical value, complete profiles have been given 

in Figure 5 for He/H=0.10, the normal cosmic abundance. (The hydrogen lines themselves are 

not very sensitive to composition, although the overlapping ionized helium lines are.) These are in 

general agreement with the results of the MAH calculations, the greatest differences being at the 

highest effective temperatures modeled and for the ionized helium lines. 
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Table 5-1. Theoretical Equivalent Widths of H,8 
logg Teu He/H=0.05 He/H=0.10 He/H=0.20 He/H=0.50 
4.5 30000 4502 4537 4531 4375 

32500 3991 4030 4036 3916 
35000 3604 3623 3700 3644 
37500 3360 3368 3356 3311 
40000 3202 3186 3128 3001 
45000 3022 2986 2909 2760 
50000 2926 2878 2792 2622 

4.0 30000 3465 3510 3540 3473 
32500 3157 3203 3236 3187 
35000 2986 3007 3022 3005 
37500 2882 2889 2865 2781 
40000 2823 2811 2765 2643 
45000 2735 2705 2637 2492 
50000 2687 2643 2588 2403 

3.5 30000 2561 2610 2667 2686 
32500 2467 2490 2522 2537 
35000 2426 2462 2482 2448 
37500 2382 2348 2417 2357 
40000 2308 2324 2325 2261 

3.0 30000 1736 1801 1867 1932 
32500 1614 1730 1869 1970 
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Table 5-2. Theoretical Equivalent Widths of H-y 
logg Terr He/H=0.05 He/H=0.10 He/H=0.20 He/H=0.50 
4.5 30000 4061 4083 4066 3923 

32500 3589 3625 3623 3517 
35000 3208 3247 3315 3280 
37500 2955 2961 2949 2915 
40000 2792 2772 2715 2600 
45000 2614 2579 2510 2378 
50000 2519 2476 2403 2263 

4.0 30000 3223 3262 3284 3219 
32500 2885 2943 2984 2950 
35000 2664 2687 2713 2732 
37500 2527 2524 2500 2436 
40000 2438 2424 2387 2294 
45000 2325 2305 2263 2161 
50000 2247 2224 2184 2075 

3.5 30000 2356 2420 2487 2520 
32500 2185 2222 2279 2340 
35000 2088 2118 2138 2144 
37500 2006 2005 2054 2033 
40000 1920 1949 1969 1946 

3.0 30000 1470 1543 1635 1758 
32500 1331 1461 1589 1725 
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Table 5-3. Theoretical Equivalent Widths of Hell 5413A 
logg Ten He/H=0.05 He/H=0.10 He/H=0.20 He/H=0.50 
4.5 30000 9 14 22 38 

32500 62 92 125 173 
35000 208 298 393 491 
37500 418 574 742 910 
40000 607 771 943 1128 
45000 780 939 1082 1239 
50000 813 973 1105 1222 

4.0 30000 30 43 58 82 
32500 130 175 223 275 
35000 298 413 536 639 
37500 506 647 801 975 
40000 631 780 944 1081 
45000 732 900 1040 1189 
50000 739 925 816 1207 

3.5 30000 83 108 131 156 
32500 216 280 351 413 
35000 385 512 665 797 
37500 531 568 831 984 
40000 597 737 906 1048 

3.0 30000 164 218 255 278 
32500 332 444 528 684 
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Table 5-4. Theoretical Equivalent Widths of Hell 4543A 
logg Ten He/H=0.05 He/H=0.10 He/H=0.20 He/H=0.50 
4.5 30000 10 16 26 44 

32500 60 96 139 201 
35000 187 302 434 593 
37500 365 556 794 1099 
40000 544 783 1052 1387 
45000 731 982 1230 1516 
50000 738 987 1230 1497 

4.0 30000 32 48 68 99 
32500 129 191 260 341 
35000 279 411 569 757 
37500 440 623 835 1107 
40000 559 757 970 1231 
45000 627 831 1036 1276 
50000 605 803 1010 1241 

3.5 30000 91 127 163 201 
32500 205 290 387 496 
35000 328 460 623 812 
37500 423 527 744 957 
40000 458 609 778 991 

3.0 30000 139 197 257 324 
32500 228 308 418 571 
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Table 5-5. Theoretical Equivalent Widths of Hell 4686A 
logg Teff He/H=0.05 He/H=0.10 He/H=0.20 He/H=0.50 
4.5 30000 50 73 101 149 

32500 163 220 283 381 
35000 404 477 605 720 
37500 585 700 834 990 
40000 702 830 9792 1150 
45000 815 947 1085 1208 
50000 846 976 1099 1228 

4.0 30000 76 103 138 189 
32500 246 309 379 463 
35000 435 519 611 722 
37500 549 649 774 9267 
40000 616 728 859 1017 
45000 675 784 906 1045 
50000 698 804 1050 1035 

3.5 30000 144 184 227 281 
32500 305 363 423 494 
35000 400 472 580 689 
37500 434 507 639 777 
40000 441 520 628 779 

3.0 30000 177 228 272 321 
32500 121 189 289 444 



37 

Table 5-6. Theoretical Equivalent Widths of Hel 6678A 
logg Ten He/H=0.05 He/H=0.10 He/H=0.20 He/H=0.50 
4.5 30000 507 569 696 909 

32500 519 576 705 910 
35000 499 570 753 946 
37500 417 493 647 874 
40000 313 362 490 675 
45000 49 18 110 220 
50000 -201 -328 -265 -188 

4.0 30000 497 556 659 840 
32500 509 579 686 868 
35000 463 547 687 881 
37500 369 449 581 771 
40000 240 312 403 544 
45000 -87 -64 21 126 
50000 -207 -359 -342 -276 

3.5 30000 504 568 652 795 
32500 471 564 682 832 
35000 382 479 643 793 
37500 235 364 400 576 
40000 228 131 252 353 

3.0 30000 431 532 634 777 
32500 237 366 506 721 
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Table 5-7. Theoretical Equivalent Widths of HeI 5876A 
logg Ten He/H=0.05 He/H=0.10 He/H=0.20 He/H=0.50 
4.5 30000 538 619 749 978 

32500 566 635 763 976 
35000 615 670 812 1000 
37500 642 719 849 1044 
40000 632 700 816 982 
45000 531 573 653 758 
50000 382 424 493 574 

4.0 30000 500 568 663 844 
32500 559 618 709 872 
35000 618 688 787 931 
37500 636 705 807 962 
40000 611 665 748 863 
45000 479 525 590 665 
50000 282 353 427 504 

3.5 30000 509 561 619 737 
32500 589 647 701 796 
35000 627 692 760 888 
37500 608 654 725 821 
40000 536 594 657 728 

3.0 30000 566 597 635 665 
32500 561 634 687 776 
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Table 5-8. Theoretical Equivalent Widths of Hel 4922A 
logg Tell He/H=0.05 He/H=0.10 He/H=0.20 He/H=0.50 
4.5 30000 863 783 1038 1439 

32500 888 724 964 1341 
35000 804 659 926 1085 
37500 474 555 762 926 
40000 324 427 588 814 
45000 108 152 251 382 
50000 -32 -43 5 84 

4.0 30000 724 621 821 1154 
32500 709 588 783 1107 
35000 667 522 711 1017 
37500 503 415 567 801 
40000 212 279 396 557 
45000 -9 20 94 191 
50000 -40 -73 -79 -45 

3.5 30000 390 497 650 913 
32500 352 455 610 865 
35000 281 367 511 716 
37500 172 224 353 481 
40000 26 97 181 290 

3.0 30000 280 372 478 680 
32500 184 251 359 543 
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Table 5-9. Theoretical Equivalent Widths of Hel 4471A 
logg Teff He/H=0.05 He/H=0.10 He/H=0.20 He/H=0.50 
4.5 30000 918 1190 1540 2088 

32500 844 1091 1419 1927 
35000 785 1012 1334 1813 
37500 719 925 1191 1601 
40000 626 798 1010 1308 
45000 394 497 635 822 
50000 193 261 352 477 

4.0 30000 689 905 1181 1641 
32500 657 860 1121 1548 
35000 620 809 1051 1439 
37500 550 710 913 1220 
40000 450 570 723 946 
45000 244 312 399 524 
50000 81 131 195 279 

3.5 30000 517 680 885 1247 
32500 500 653 845 1176 
35000 450 578 731 1036 
37500 369 420 560 765 
40000 270 339 418 541 

3.0 30000 376 452 584 838 
32500 325 400 491 701 
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Table 5-10. Theoretical Equivalent Widths of Hel 5016A 
logg Te11 He/H=0.05 He/H=0.10 He/H=0.20 Ile/H=0.50 
4.5 30000 213 251 317 433 

32500 204 236 296 401 
35000 197 228 297 389 
37500 182 214 266 342 
40000 160 189 232 289 
45000 82 107 145 187 
50000 13 21 49 88 

4.0 30000 193 222 269 355 
32500 194 221 264 345 
35000 193 223 265 327 
37500 179 212 255 308 
40000 146 183 220 265 
45000 44 73 115 163 
50000 4 5 18 49 

3.5 30000 184 207 238 296 
32500 193 220 249 292 
35000 187 224 271 303 
37500 151 185 233 280 
40000 81 131 182 231 

3.0 30000 181 207 219 249 
32500 149 198 241 282 
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Table 5-11. Theoretical Equivalent Widths of Hel 4713A 
logg Tet J He/H=0.05 He/H=0.10 He/H=0.20 He/H=0.50 
4.5 30000 188 234 298 414 

32500 181 224 284 389 
35000 178 220 279 371 
37500 171 213 266 344 
40000 154 194 240 298 
45000 88 121 160 203 
50000 30 48 75 113 

4.0 30000 167 205 251 338 
32500 172 209 254 330 
35000 177 218 262 324 
37500 169 212 257 312 
40000 140 182 224 271 
45000 53 83 122 169 
50000 11 20 37 67 

3.5 30000 161 197 229 287 
32500 178 218 249 292 
35000 177 225 263 314 
37500 141 172 234 287 
40000 74 122 174 231 

3.0 30000 175 211 242 261 
32500 136 208 264 316 
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3.3.2 Bolometric Corrections 

A very useful quantity is the bolometric correction, which, for stars of known Te/ I and log g, 

permits one to convert the visual magnitude Mv to the bolometric magnitude Mbol • 

Code et al. [15] give the following formula for calculating the bolometric correction: 

(

00 ) 
J f>..Sv(>.)d>. 

B.C. = 2.5 log O 
00 + 0.958, 
I f>.d>. 
0 

(11) 

where the zero point constant 0.958 has been determined empirically. The sensitivity function Sv 

is given by Matthews and Sandage [31]. 

Table 6 gives the bolometric corrections obtained using this formula for the models calculated 

here. One finds that the bolometric correction is rather insensitive to log g and quite insensitive to 

He/H; the values quoted here are for He/H=0.05, which differ by less than 0.06 magnitude from the 

values for He/H=0.50. These values show good agreement with the values obtained empirically by 

Code et al. [15] for stars with effective temperatures in the range of the theoretical calculations 

presented here. 
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Table 6. Bolometric Corrections 
logg Teff B.C. 
4.5 30000 -2.86 

32500 -3.00 
35000 -3.16 
37500 -3.34 
40000 -3.53 
45000 -3.90 
50000 -4.24 

4.0 30000 -2.81 
32500 -2.97 
35000 -3.16 
37500 -3.35 
40000 -3.55 
45000 -3.92 
50000 -4.27 

3.5 30000 -2.78 
32500 -2.98 
35000 -3.19 
37500 -3.42 
40000 -3.64 

3.0 30000 -2.84 
32500 -3.16 
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4. DETERMINATION OF STELLAR PARAMETERS 

4.1 THE FITTING OF LINE PROFILES BY x2 MINIMIZATION 

The parameters of each star observed were determined by the method of x2 minimization. The 

x2 parameter is a weighted sum of the squares of the differences between the observed data D(A) 

and theoretical profiles T(A), which are characterized by the parameters Teff, logg, He/H, and the 

projected rotational velocity v sin i. The values of the parameters for which the value of x2 is a 

minimum is found using the implementation of the Levenberg-Marquardt algorithm given by Press 

et al. (40]. 

The chief advantage of this method of fitting is that it eliminates most of the personal bias 

that unconsciously creeps into any fit obtained by simple inspection of the observational profile 

superimposed on a grid of theoretical profiles. Some personal bias remains, since the user specifies 

which wavelength regions are too contaminated by blends or continuum errors to be included in the 

fit; but it is felt that this is much less than the personal bias in a fit by inspection. 

Another advantage of the x2 minimization is that it allows information from all parts of all the 

line profiles to be taken into account simultaneously. The human eye and brain cannot do this for 

eleven detailed line profiles, and so the human observer must pick a subset of lines sensitive to each 

parameter and estimate each parameter iteratively from a limited subset of the data. 

As a result of the uncertainty of the continuum level and wavelength calibration, the actual fit of 

theoretical profiles to the observed profiles must allow a certain amount of flexibility in the assumed 

continuum level and wavelength zero point. This is introduced through three free parameters for 

each line that are allowed to vary with the physical parameters in the fit by x2 minimization. If 

T0 (A) is the theoretical profile of a given line, the profile used in the actual fit has the form 

where it is assumed that a ~ 1.0 and b and c are small. 



60 

Some justification for this use of a rather large number of "fudge parameters" is in order. The 

parameter c destroys the information contained in the central wavelength of each line. Since the 

central wavelengths are only very weakly dependent on the physical parameters, the information 

contained in the wavelength scale is swamped by noise resulting from the imperfect wavelength 

calibration. It is therefore reasonable to eliminate both the signal and noise by permitting the zero 

point of the wavelength scale for each line to be a free parameter in the x2 minimization. The 

continuum flux level (and the information in it) have already been eliminated by the normalization 

of the line profiles to the continuum level. This normalization is ''fine-tuned" by the parameter a 

with no loss of information. 

The hydrogen and ionized helium line profiles are symmetric through the properties of the linear 

Stark effect; the neutral helium line profiles are approximately symmetric for all but the lines with 

forbidden components (the 4471A and 4922A lines), and these are approximately symmetric after 

convolution with the rotational and instrumental profiles. Thus, an expansion of the line profiles 

about their centers is dominated by even terms, whereas local errors in the continuum normalization 

may be expected to be dominated by a linear term. The parameter b eliminates the noise from the 

lead term in the continuum level with little loss of information about the line profile. 

The use of the line-fitting program, SPECTRUM, is as follows. SPECTRUM first prompts for 

a video-display device name, which is passed to the PGPLOT graphics library [39] initialization 

routines. The user then gives the names of the files containing the observed profiles. SPECTRUM 

plots the data and prompts the user for limits on the shoulders of the profile and the profile center; 

these are used to fit a Gaussian to the line profile and to obtain good starting values for a, b, and c. 

The user then supplies the program with starting estimates of the physical parameters TeJ J, log g, 

and He/H. For the stars analyzed here, the starting estimates of TeJ J and log g were obtained from 

the calibration of Humphreys [24], and He/H was assumed to be equal to 0.11, close to the cosmic 

ratio. The program then determines which grid points enclose the starting estimates and reads 

the corresponding eight theoretical profiles from disk libraries. The user then gives the estimated 
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v sin i for the object, and SPECTRUM calculates the convolution of the theoretical profiles with a 

rotational profile. Mihalas and Auer (35] have shown that because of the reduced limb darkening 

in non-LTE atmospheres, this is a sufficient approximation of the effects of rotation. 

The user then instructs SPECTRUM to carry out iterations of the x2 minimization. After 

each iteration, SPECTRUM returns the current value of x2 and asks the user whether to make 

another iteration. When the user is satisfied that the minimum has been found, SPECTRUM uses 

the covariance matrix from the minimization to give a conservative estimate of the uncertainty of 

the fit. The user may try a different set of initial values for the parameters (if, for example, the 

minimum that has been found lies outside the mesh in parameter space enclosing the initial guess) 

or may make a revised estimate of the value of v sin i. Since the latter parameter is very insensitive 

to the estimates of the three physical parameters, it is not included in the x2 minimization. 

When the user is satisfied with the fit, SPECTRUM prompts for a hardcopy- device type and 

produces plot files of the final fit. 

4.2 RESULTS FOR THE SAMPLE OF O STARS 

Estimated parameters for the objects observed are given in Table 7 . Figure 6 gives the actual 

fits obtained. It seems clear from these profiles and fits that the introduction of the three continuum 

variables was necessary. In most cases the resulting fits are quite good, particularly for the ionized 

helium lines, indicating that the Schoning-Butler ionized helium profiles are satisfactory. 

The values of the projected rotational velocity v sin i include the effects of the instrumental 

profile; given the lowest values of v sin i measured, it appears that rotational velocities less than 

about 50 km/sec are not resolved. 

It is important to determine the ambiguity of the fit (i.e., the range of parameters over which the 

fit remains good). SPECTRUM quotes errors calculated by determining the change in the parameters 

that would increase the value of x2 by 30%. These errors appear to be much too conservative; this 

is understandable, since most of the data points will be insensitive to one or more of the physical 



62 

Table 7. Estimated Parameters of Objects Observed 

Star I Teff I logg I He/H I vsin i I (He/H)0 

Per OBl 0.11 ± 0.03 
236894 36600 ± 1600 3.97 ± 0.46 0.16 ± 0.07 132 0.10 
12993 42900 ± 1100 3.78 ± 0.13 0.36 ± 0.05 101 0.17 
13022 30400 ± 500 3.07 ± 0.09 0.35 ± 0.04 124 0.08 

Aur OB2 0.09 ± 0.02 
242908 47900 ± 1100 3.82 ± 0.11 0.34± 0.10 110 0.17 
242926 40800 ± 1400 4.02 ± 0.24 0.12 ± 0.02 75 0.08 
242935 41000 ± 800 4.22 ± 0.20 0.08 ± 0.03 60: 0.06 
35619 40600 ± 610 4.07 ± 0.14 0.11 ± 0.03 66 -0.13 

Gem OBl 0.11 ± 0.04 
42088 42900 ± 700 3.91 ± 0.21 0.25 ± 0.09 80 0.14 
254755 37900 ± 900 4.15 ± 0.25 0.11 ± 0.03 82 0.08 

Cyg OBl 0.08 ± 0.02 
193595 41300 ± 500 3.77 ± 0.20 0.39 ± 0.05 66 0.19 
194094 36900 ± 1800 4.11 ± 0.54 0.16 ± 0.04 77: 0.11 
194280 28500 ± 800 2.71 ± 0.10 0.77 ± 0.11 114 0.12 
229234 33200 ± 1800 3.35 ± 0.29 0.30 ± 0.09 117 0.09 

Cyg OB2 0.09 ± 0.02 
#4 42700 ± 1900 4.15 ± 0.36 0.18 ± 0.05 101 0.13 

# 8B 43900 ± 1500 3.76 ± 0.35 0.13 ± 0.02 109: 0.06 
#10 28500 ± 1200 2.67 ± 0.11 0.53 ± 0.27 108 0.08 

Cep OB2 0.10 ± 0.02 
204827 33500 ± 1600 3.80 ± 0.32 0.14 ± 0.09 85 0.07 
207198 35400± 1100 3.60 ± 0.29 0.24 ± 0.11 89 0.10 
207538 32500 ± 600 3.70 ± 0.10 0.23 ± 0.03 52 0.10 
209975 32000 ± 1000 3.25 ± 0.12 0.49 ± 0.15 97: 0.13 

Miscellaneous 
9 Sgr 50500 ± 2300 4.44± 0.05 0.10 ± 0.06 92 0.10 
.\ Ori 40000 ± 1300 4.00 ± 0.17 0.18± 0.11 74 0.11 
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parameters and since the continuum parameters are held fixed. Another approach is to hold one 

parameter fixed at a value somewhat different from that for the best fit, and to recalculate the 

minimum with all other parameters allowed to vary. This method has been used to determine the 

errors quoted here, with v sin i being the parameter held fixed at a non-optimal value. The resulting 

change in x2 is used to estimate the change in v sin i that would significantly degrade the fit, and 

the corresponding change in the best fit for the physical parameters is quoted as the error. 

Generally, the errors so obtained are close to the scatter one sees in the values of the physical 

parameters when the fit is repeated for different choices of the portion of the line spectra to fit. 

Occasionally, the errors seem not to be conservative enough; in these cases, the error is taken from 

the scatter in repeated fits, using different portions of the line profiles. 

It must be emphasized that the quoted uncertainties are from the ambiguity of the fit alone; 

uncertainties arising from the theory are not included. 
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5. CONCLUSIONS 

5.1 COMPARISON OF THEORY TO OBSERVATION 

In examining the fits for individual lines, one sees that two of the lines are not well reproduced 

by the theoretical calculations. The Hell 4686A line is found in emission in the Of stars, and Auer 

and Mihalas [7] showed that this could not be explained by fluorescence arising from the overlap 

of the hydrogen Balmer and helium Pickering series. They concluded that the emission was likely a 

result of atmospheric extension. The analysis here shows that the theoretical calculations produce 

a line that is too strong even for normal O stars. 

Auer and Mihalas also noted that the Hel 5876A line was somewhat stronger in their small 

sample of stars than was predicted by their theoretical work, although the extent and severity of 

the discrepancy was unclear. The analysis here confirms the discrepancy. It is found that the 

effect is strongest in the cooler and more luminous stars in the sample; it is most pronounced in 

BD +41 ° 3804, HD 13022, HD 194280, HD 229234, HD 194094, HD 207198, and 19 Cephei, all of 

which have Teff < 36000K and log g < 3.7. This discrepancy probably arises from the geometrical 

dilution effect described by Ghobros [18], as noted by Voels et al. [47]. However, the effect seems 

not to be significant for other neutral helium lines. As a check, a second fit to the observed profiles 

for BD +41 ° 3804 was made with the Hel 6678A, 5876A, and 4471A lines omitted. The change in 

the fit parameters was not significant. 

Because the theory poorly reproduces the Hell 4686A and Hel 5876A lines, these were given 

one-tenth the normal weight in the x2 fit. 

Another discrepancy between theory and observations is that the theory predicts emission lines 

of Hel 6678A and 4922A in the hottest stars that are not observed. This is most evident for 9 Sagit­

tarii, which is slightly hotter than 50000K. Since 9 Sagittarii appears to have a rather high surface 

gravity, this discrepancy probably does not arise from the assumption of plane-parallel geometry. 
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5.2 HELIUM ABUNDANCES 

One disturbing tendency in the fitted parameters is the almost perfect correlation between low 

gravity (or high luminosity) and high He/H (Figure 7 ). Although the more luminous stars lose mass 

at a great rate, so that they are the most likely members of the sample to show a large He/H, it 

seems very unlikely that all the high-luminosity stars should show large He/H, since the associations 

chosen are not all of the same age. These fitted abundances most likely reflect a systematic failure 

of the theory rather than the actual compositions of the stars involved. 

However, such a failure of the theory is not suggested by the quality of the fits, which are 

generally quite good. In this respect, the "normal" 0 stars analyzed differ from the Of stars that 

were dropped from the sample; attempts to analyze the Of stars by the method described yielded 

obviously poor fits, with, e.g., indications that the cores of the Balmer lines are much shallower in 

the observed profiles than in any of the theoretical profiles. 

It is of note that Voels et al. [47] do not find a large value for He/H for the O supergiants 

they have analyzed ( although two of their objects, ( Pup and a Cam, show somewhat enhanced 

He). The only substantial difference between their models and the models used here is the inclusion 

of the effects of wind blanketing. It is surprising that neglect of wind blanketing should result in 

systematic overestimates of He/H, particularly since some of the O supergiants for which Voels et 

al. find cosmic He/H show negligible effects from the wind blanketing. Unfortunately, there is no 

overlap between their sample of objects and the sample of objects analyzed here, which makes a 

direct comparison difficult. Likewise, they do not present tables of profiles and their illustrations 

containing profiles do not have labels on the Y-axis. Thus no direct comparison is possible. 

A final point that should be raised is that many of the objects with low values for logg are 

off the original model grid, and the values for the stellar parameters are extrapolated. In the case 

of the two lowest-gravity objects, HD 194280 and BD +41 ° 3804, the model grid was extended to 

Teff=28000K and logg=3.75 for He/H of0.20 and 0.50, to reduce the amount of the extrapolation. 

The result was that the estimated value of He/H actually increased, which would seem to rule 
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out the extrapolation of the theoretical profiles as the cause for the overestimation of He/H. (The 

parameters given for these objects are those obtained with the extended model grid.) 

5.2.1 Semi-Empirical Helium Abundances 

If the correlation of He/H with log g is, in fact, the result of a failure of the theory, we may 

account for this failure by fitting a curve through the plotted points in the (logg, He/H) plane and 

using it to reduce all values for He/H determined by our method of analysis. The data shown are 

well represented by the formula, log(He/H) = l.1264-0.4791logg. The reduced helium abundances 

calculated using this formula and assuming a cosmic He/H of 0.10 are given in the table of estimated 

parameters under the column labeled "(He/H) 0 ," along with association averages. Figure 8 plots 

these corrected values against effective temperature. 

When this reduction is made, we find that there is no object in the sample with an obviously 

high value for (He/H) 0 • The three stars near log g = 3.8, He/H=0.4, HD 242908, HD 12993, HD 

193595, are the likeliest candidates for a moderate helium overabundance ((He/H)0 ~ 0.19). It may 

be significant that HD 12993 is certainly a blue straggler, while the other two stars are also possibly 

blue stragglers (being the hottest objects in each of their respective associations). Although this 

apparent helium overabundance may be a temperature effect, the normal abundances for HD 40800, 

HD 242935, HD 35619, HD 42088, #4 OB2 Cyg, and A Ori argue against this. 

One may also conclude from the plotted points and association averages and probable errors 

that there is no significant difference in the primordial helium abundance between the associations 

studied. This agrees with the results obtained by Wolf and Heasley [50]but does not agree with 

those of Nissin [38]. 

5.3 RADII AND MASSES 

If one knows Tef f, log g, and the bolometric magnitude Mbol for a star, one can derive the radii 

and masses. Although the analysis here has not determined these quantities with high precision, one 

can at least make rough estimates of the values of these parameters. These are given in Table 8 . 
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Table 8. Radii and Masses of the Stars in the Sample 

Object B.C. Mbol Radius (R0) Mass (M0) 
Per OBl 
236894 -3.28 -7.2 6 20 
12993 -3.76 -8.2 7 11 
13022 -2.89 -7.8 12 6 
Aur OB2 
242908 -4.12 -9.4 10 23 
242926 -3.61 -8.7 10 37 
242935 -3.60 -8.2 8 36 
35619 -3.59 -9.2 13 67 
Gem OBl 
42088 -3.76 -8.3 7 16 
254755 -3.38 -8.2 9 42 
Cyg OBl 
193595 -3.65 -8.2 8 12 
194094 -3.30 -8.3 10 47 
194280 -2.65 -8.8 21 8 
Cyg OB2 
#4 -3.75 -9.4 12 79 
# 8B -3.84 -9.8 14 42 
# 10 -2.78 -9.7 32 17 
Cep OB2 
204827 -3.08 -8.1 11 28 
207198 -3.23 -8.7 13 25 
207538 -2.98 -7.2 8 11 
209975 -3.02 -8.7 16 17 
Miscellaneous 
9 Sag -4.27 -10.4 14 197 
A Ori -3.55 -8.8 11 42 
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The visual magnitudes M., and bolometric corrections used in this calculation are those reported by 

Humphreys [24]. Since Te/ I is well determined, the uncertainty in the radii depends mainly on the 

uncertainty in the absolute bolometric magnitudes and is probably of order 30%. The uncertainty 

in the masses is greater, as it depends on the uncertainty of both the bolometric magnitude and 

the surface gravity, and is probably as large as a factor of two. Although the radii and masses seem 

generally to be of the right order of magnitude, some of the individual values are highly questionable. 

In particular, the mass for 9 Sgr is unacceptable. It is likely that logg for this object has been badly 

overestimated. The sensitivity of the hydrogen and helium lines to log g is not great at high Te/ I. 

Stars that have lost particularly large fractions of their mass should be overluminous. However, 

since an overestimate of the luminosity of a particular star leads to an overestimate of the mass as 

well, a much more accurate determination of the luminosities is needed than is available for the stars 

in this sample or, indeed, for any O star. A plot of Mbol vs. the logs of the masses would show far 

too much scatter to permit any conclusions about the presence or absence of overluminous stars. 

Voels et al. [47] also estimate masses spectroscopically for their sample of O supergiants. They 

find values ranging from 19 to 36 M0 , in rough agreement with the values found here but with less 

scatter. 

5.4 THE MAPPING OF SPECTRAL TYPES TO PHYSICAL PARAMETERS 

Figure 9 shows the (Te/ l, log g) diagram of all the stars in the sample. The MK 'spectral 

class, or closest estimate, is given for each star. The estimated temperature calibration for MK 

spectral types is given in Table 9 .For comparison, the calibration employed by Humphreys [24] 

is also listed. There is considerable discrepancy, particularly near spectral types 07 and 08, with 

the new calibration giving a considerably higher effective temperature. Unfortunately, because of 

the scantiness of the data, our calibration is probably not much more reliable than the Humphreys 

calibration. 
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Table 9. Calibration of TeJ J to MK Spectral Type 

Temperature Class Luminosity Class I-II Luminosity Class III-V 
09.7 28500 

09.5 30300 32400 
31000 32000 

09 35400 37400 
32000 33000 

08 40200 
34000 

07 41280 
35400 

06.5 42900 
37500 

04 49200 
50000 

Upper value is from the analysis here; lower value is the calibration given 
by Humphreys [24]. 
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5.5 CARBON AND NITROGEN FEATURES 

Although no detailed analysis of carbon is attempted here, it is worth noting that the CIV 

5801A and 5812A features are stronger for the three members of the Cyg OB2 association than 

for stars of similar spectral type belonging to other associations. Figure 10 shows the correlation 

between the equivalent width of a prominent ionized helium line, Hell 4542A, and the equivalent 

width of one member of the C IV doublet at 5812A. (This member of the doublet was chosen because 

it is less confused with diffuse interstellar bands than the component at 5801A.) The open points 

corresponding to the three stars analyzed from Cyg OB2 definitely lie above the average curve for this 

correlation, indicating a carbon overabundance for this association. The carbon line is roughly .35 

dex stronger than normal for these stars. If we assume that the carbon line equivalent widths obeys 

the well-known square-root law for a strong line with a Voigt absorption profile, this corresponds to 

an approximate carbon overabundance of 50%. 

Since the carbon overabundance is detected in three quite dissimilar O stars in Cyg OB2, it 

must be regarded as a primordial carbon enrichment. Charles et al. [13]find that the entire region 

around Cygnus OB2 is disturbed, and they attribute this to the explosion of 30-100 supernovae in 

the last few million years. These supernovae might account for the local carbon enrichment. 

It should also be pointed out that HD 236894 is clearly carbon-deficient, the carbon abundance 

indicated by the line strength being about half normal. It would be very interesting to estimate the 

relative nitrogen abundance of this object, as this might confirm that the carbon underabundance 

is evolutionary. Such an estimate could not be made with the echelle spectrograms presented here, 

since the only detectable nitrogen lines are too close to the blue for accurate measurements. It would 

be interesting to examine the nitrogen abundances of the stars in OB2 Cyg as well. 

It is probably worthwhile to mention the findings of Schild and Berthet [42]. Three of the 

objects for which they present nitrogen spectra are included in the analysis here. These are HD 

42088 and HD 254755, for which they report enhanced nitrogen, and HD 12993, for which they 

report moderately enhanced nitrogen. HD 12993 is one of the three blue stragglers in the sample for 
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which a helium overabundance is suspected. No helium overabundance is suspected for the others, 

but this is not incompatible with the nitrogen overabundance; evolutionary changes in the nitrogen 

abundance may be expected to appear before changes in the helium abundance. It should be kept 

in mind that the helium overabundance of HD 12993 is only suspected and must be confirmed by 

a more careful analysis, using the best possible data and the most accurate available atmospheric 

models. 

5.6 SUMMARY 

Although reasonable values for the effective temperatures and gravities of O stars may be 

obtained by an analysis of their line spectra, using non-LTE, plane-parallel models, the helium 

abundances so obtained show a strong correlation with log g; the stars with higher log g show an 

abundance ratio near the accepted cosmic value (He/H ~ 0.10), but at lower gravities the ratio 

increases to unreasonable values (He/H ~ 0.50). This failure of the theory probably arises from the 

approximation of plane-parallel geometry. The correlation is well fit by the relation log He/H = 
1.1234-0.4791 logg. 

If this correlation is divided out of the fitted helium abundances, one obtains "corrected" abun­

dances that probably correspond to the true helium-to-hydrogen ratio. It is found that there is no 

systematic difference in the helium abundance from association to association. However, the stars 

HD 12993, HD 242908, and HD 193595 may be blue stragglers with an enhanced helium abundance 

(He/H~0.19). The enhanced helium abundance would arise from the same mixing that explains 

their status as blue stragglers. 

A strong correlation exists between the equivalent widths of the CIV 5812A line and the Hell 

4342A line. Using this correlation, it is possible to estimate the approximate carbon abundance of 

different O stars relative to the average cosmic value. It is found that the association Cyg OB2 

is carbon-rich by ~ 50%. This carbon enrichment may be a result of heavy supernova activity in 

the Cygnus Superbubble [13]. The blue straggler HD 236894, on the other hand, is found to have 
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roughly half the normal carbon abundance. 

The calibration of physical parameters to the MK spectral classification is still very uncertain, 

with discrepancies between previous calibrations and the calibration given here being as great as 

6200K. Many more MK-classified stars must be analyzed before an improved calibration can be 

given. 
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Appendix. Selected Listings of Computer Programs 

The following pages list portions of the FORTRAN source codes used to carry out the calcula­

tions described in this dissertation. Wherever possible, this code has adhered strictly to the ANSI 

1977 standard. The listings are not complete; omissions are noted in the introduction to each code 

and in certain places in the code listings themselves. Readers interested in obtaining the full listings 

in machine-readable format are encouraged to contact the author at the following address: 

Kent G. Budge 

Organization 1531 

Sandia National Laboratory 

Albuquerque, NM 87185 



147 

A. Program GRAY 

GRAY is listed in its entirety. 

The program takes an input file in standard atmosphere format, but no lines after the opacity 

specification line are used. The output file is also in standard atmosphere format, and includes the 

LTE populations of hydrogen and helium for standard model ions. It may be read directly into the 

program LTE if the default number of iterations (15) is acceptable, as is usually the case. 

The subroutines LINK and EXIT are CRAY FORTLIB routines to create a dropfile and initial 

I/O links and to exit the program. EXIT(n) is equivalent to a Fortran STOP n statement, while 

LINK has no normal FORTRAN equivalent. 
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PROGRAM GRAY 

COMMOI BLOCK MACROS FOR ALL GLOBAL DATA II PROGRAM 
(CRAY PRECOMPILER) 

COMMOI PARAMETERS: 

MIDEPTH 
MIJ 
MQH 
MQHE1 

ILH 
ILHE1 
ILBE2 

HK 
MHYD 
SIGE 

MAXIMUM IUMBER OF PHYSICAL DEPTHS II MODEL 
MAXIMUM IUMBER OF FREQUEICIES 
MAXIMUM HYDROGEI LEVELS FOR PARTITIOI FUICTIOI 
MAXIMUM HELIUM LEVELS FOR PARTITIOI FUICTIOI 
BELIUM-2 USES MQB•2 FOR PARTITIOI FUICTIOI 
IUMBER OF BYDROGEI LEVELS TREATED EXPLICITLY 
IUMBER OF IEUTRAL HELIUM LEVELS TREATED EXPLICITLY 
IUMBER OF SIIGLY-IOIIZED HELIUM LEVELS TREATED EXPLICITLY 

PLAIK'S COISTAIT OVER BOLTZMAll'S COISTAIT 
1./AVOGADRO'S IUMBER = MASS OF BYDROGEI IUCLEUS 
TBOMPSOI CROSS-SECTIOI FOR FREE ELECTROIS 

COMMOI VARIABLES: 

IDEPTH 
IJ 

CBI 
FF 

FREQ 
FRQB 
FRQBE1 
FRQHE2 
GB 
GHE1 
GHE2 
GRAV 
M 
MU 
MU1 
I 
IE 
IBE1 
IHE2 
IHE3 
IPROT 
ITOT 
SIG 
SIGHE1 
SIGHE2 
SUMB 
SUMHE1 
SUMHE2 
TEMP 
WT 
y 

IUMBER OF DEPTH POIITS 
IUMBER OF FREQUEICY POIITS 

EXTIICTIOI COEFFICIEIT 
FREE-FREE CUTOFF FREQUEICY 

THIS ALLOWS FOR IEARLY-FREE BOUID STATES 
FREQUEICY GRID 
BYDROGEI IOIIZATIOI FREQUEICIES 
IEUTRAL HELIUM IOIIZATIOI FREQUEICIES 
IOIIZED HELIUM IOIIZATIOI FREQUEICIES 
BYDROGEI LEVEL STATISTICAL WEIGHTS 
IEUTRAL HELIUM LEVEL STATISTICAL WEIGHTS 
IOIIZED HELIUM LEVEL STATISTICAL WEIGHTS 
SURFACE GRAVITY 
MASS GRID (DIFFEREICES) 
MEAi MOLECULAR WEIGHT 
IUCLEI PER PROTOI 
BYDROGEI IUMBER DEISITY 
ELECTROI IUMBER DEISITY 
IEUTRAL HELIUM IUMBER DEISITY 
IOIIZED HELIUM IUMBER DEISITY 
DOUBLY-IOIIZED HELIUM IUMBER DEISITY 
IOIIZED BYDROGEI IUMBER DEISITY 
TOTAL PARTICLE IUMBER DEISITY 
BYDROGEI PBOTOIOIIZATIOI CROSS-SECTIOIS 
IEUTRAL HELIUM PBOTOIOIIZATIOI CROSS-SECTIOIS 
IOIIZED HELIUM PBOTOIOIIZATIOI CROSS-SECTIOIS 
PARTITIOI FUICTIOI OF BYDROGEI 
PARTITIOI FUICTIOI OF IEUTRAL HELIUM 
PARTITIOI FUICTIOI OF IOIIZED HELIUM 
ELECTROI TEMPERATURE 
QUADRATURE WEIGHTS FOR FREQUEICY GRID 
IUMBER RATIO OF HELIUM TO BYDROGEI 

CLICHE PLIST 

IITEGER MIDEPTB, MIJ, MQB, MQHE1, ILH, ILHE1, ILBE2 
REAL DELQUAD, BK, MBYD, SIGE 
PARAMETER (MIDEPTB=1OO, MIJ=1O5, MQB=16, MQHE1=31, ILB=1O) 
PARAMETER (ILBE1=25, ILBE2=15, DELQUAD=O.6, HK=4.79864E-11) 
PARAMETER (MHYD=1.66O58E-24, SIGE=O.664E-24) 

C POIITERS FOR STATE MATRIX 
C 

IITEGER IJIHE2, IIHE3, IIPROT, IITOT, MIii 
C 

C 

C 

C 

PARAMETER (IIHE2=1, IIBE3=2, IIPROT=3, IITOT=4, M111=4) 

EIDCLICBE 

CLICHE BLAIK 

REAL CBI(MIJ) 

COMMOI //CHI 

EIDCLICHE 



C 

C 

C 

C 

C 

C 

C 

C 

CLICHE ROOT 

IITEGER IDEPTB, IJ 
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REAL FF(MIJ,3), FREQ(MIJ), GRAV, M(MIDEPTB), MU, MU1 
REAL IE(MIDEPTB), l(ILB,MIDEPTB), IBE1(1LBE1,MIDEPTB) 
REAL IBE2(1LBE2,MIDEPTB), IBE3(MIDEPTB) 
REAL IPROT(MIDEPTB), ITOT(MIDEPTB), SIGBM(MIJ) 
REAL SIG(ILB+1,MIJ), SIGBE1(1LBE1,MIJ), SIGBE2(1LBE2,MIJ) 
REAL SUMB(MIDEPTB), SUMBEi(MIDEPTB), SUMBE2(MIDEPTB) 
REAL TEFF, TEMP(MIDEPTB), WT(MIJ), Y 
LOGICAL RULE(2) 

COMMOI /ROOT/IDEPTB, IJ, FF, FREQ, GRAV, M, MU, MU1, I, IE, 
: IBE1, IHE2, IBE3, IPROT, ITOT, SIG, SIGBE1, SIGBM, 
: SIGBE2, SUMB, SUMBE1, SUMBE2, TEFF, TEMP, WT, Y, RULE 

EIDCLICBE 

CLICHE ROOTI 

REAL FRQBM, FRQH(MQB), FRQBE1(MQBE1), FRQBE2(2•MQH) 
REAL GB(MQB), GHE1(MQBE1), GBE2(2•MQB) 

COMMOI /ROOTI/FRQBM, FRQB, FRQHE1, FRQHE2, GB, GBE1, GBE2 

EIDCLICBE 

PROGRAM GRAY 

C CREATE A GRAY MODEL ATMOSPHERE FOR USE AS FIRST APPROIIMATIOI 
C II MORE SOPHISTICATED CODES 
C 

C 

C 

IMPLICIT IOIE 

PLIST 
ROOT 

C LOCAL VARIABLES 
C 

C 

REAL ERR, FLUX, KAP1, KAP2, M2(70), MASS(99), MEID, MSTART, MSTEP 
REAL TAU(99), TEID, TSTART, TSro(70), TSTEP 
LOGICAL SECOID, STDGRID 
IITEGER I, IO, J, 10 

C STAIDARD GRID 
C 

C 

C 

DATA TSTD/1.000E-07, 3.162E-07, 1.000E-06, 1.334E-06, 1.778E-06, 
2.371E-06, 3.162E-06, 4.217E-06, 5.623E-06, 7.499E-06, 1.000E-05, 
1.334E-05, 1.778E-05, 2.371E-05, 3.162E-05, 4.217E-05, 5.623E-05, 
7.499E-05, 1.000E-04, 1.334E-04, 1.778E-04, 2.371E-04, 3.162E-04, 
4.217E-04, 5.623E-04, 7.499E-04, 1.000E-03, 1.334E-03, 1.778E-03, 
2.371E-03, 3.162E-03, 4.217E-03, 5.623E-03, 7.499E-03, 1.000E-02, 
1.334E-02, 1.778E-02, 2.371E-02, 3.162E-02, 4.217E-02, 5.623E-02, 
7.499E-02, 1.000E-01, 1.334E-01, 1.778E-01, 2.371E-01, 3.162E-01, 
4.217E-01, 5.623E-01, 7.499E-01, 1.000E-00, 1.334E-OO, 1.778E-OO, 
2.371E-OO, 3.162E-OO, 4.217E-OO, 5.623E-OO, 7.499E-OO, 1.000E+01, 
1.334E+01, 1.778E+01, 2.371E+01, 3.162E+01, 4.217E+01, 5.623E+01, 
7.499E+01, 1.000E+02, 1.334E+02, 1.778E+02, 1.780E+02/ 

DATA MASS/10.000E-08, 1.259E-07, 1.585E-07, 1.995E-07, 2.512E-07, 
3.162E-07, 3.981E-07, 5.012E-07, 6.310E-07, 7.943E-07,10.000E-07, 
1.259E-06, 1.585E-06, 1.995E-06, 2.512E-06, 3.162E-06, 3.981E-06, 
5.012E-06, 6.310E-06, 7.943E-06,10.000E-06, 1.259E-05, 1.585E-05, 
1.995E-05, 2.512E-05, 3.162E-05, 3.981E-05, 5.012E-05, 6.310E-05, 
7.943E-05,10.000E-05, 1.259E-04, 1.585E-04, 1.995E-04, 2.512E-04, 
3.162E-04, 3.981E-04, 5.012E-04, 6.310E-04, 7.943E-04,10.000E-04, 
1.259E-03, 1.585E-03, 1.995E-03, 2.512E-03, 3.162E-03, 3.981E-03, 
5.012E-03, 6.310E-03, 7.943E-03,10.000E-03, 1.259E-02, 1.585E-02, 
1.995E-02, 2.512E-02, 3.162E-02, 3.981E-02, 5.012E-02, 6.310E-02, 
7.943E-02,10.000E-02, 1.259E-01, 1.585E-01, 1.995E-01, 2.512E-01, 
3.162E-01, 3.981E-01, 5.012E-01, 6.310E-01, 7.943E-01,10.000E-01, 
1.259E-OO, 1.585E-OO, 1.995E-OO, 2.512E-OO, 3.162E-OO, 3.981E-OO, 
5.012E-OO, 6.310E-OO, 7.943E-00,10.000E-OO, 1.259E+01, 1.585E+01, 
1.995E+01, 2.512E+01, 3.162E+01, 3.981E+01, 5.012E+01, 6.310E+01, 
7.943E+01,10.000E+01, 1.259E+02, 1.585E+02, 1.995E+02, 2.512E+02, 
3.162E+02, 3.981E+02, 5.012E+02, 6.310E+02/ 

C EITERIALS 
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C 
REAL EXIT, FIT, LIIK, MASIIT, PUTOUT, SETUP, STATE 
EXTERIAL EXIT, FIT, LIIK, MASIIT, PUTOUT, SETUP, STATE 

C 
C CRAY DROPFILE LIIK FUICTIOI 
C 

C 

CALL LIIK("UIITS=(input,OPEI, TEXT) ,UIIT12= 
:(output,CREATE,TEXT),UIIT6=TERMIIAL//") 

C PREPARE MASS DIFFEREICE GRID 
C 

M(1)=MASS(1) 
DO 10 I=2,99 

M(I)=MASS(I)-MASS(I-1) 
10 COITIIUE 
C 
C READ II PARAMETER/WAVELEIIGTB FILE AID PREPARE FOR COMPUTATIOI 
C 

CALL SETUP 
C 
C CALCULATE SURFACE BOUIDARY COIDITIOIS 
C 

FLUX=S.6697E-S•TEFF••4/2.99792E10 
TEMP(1)=FIT(O.) 
SECOID=.FALSE. 
10=99 

20 ITOT(1)=GRAV•M(1)/(1.38E-16•TEMP(1)) 
30 CALL STATE(1,KAP1) 

C 

TAU(1)=KAP1•M(1) 
TEMP(1)=FIT(TAU(1)) 
ERR=ITOT(1) 
ITOT(1)=MAX(ITOT(1)•.1,M(1)•(GRAV-KAP1•FLUX)/TEMP(1)/1.3806E-16) 
ERR=ABS((ERR-ITOT(1))/ITOT(1)) 
IF (ERR.GT •. OOOS)GO TO 30 

C IITEGRATE OVER DEPTH GRID 
C 

KAP2=KAP1 
IDEPTB=70 
DO SO I=2,IO 
. TEMP(I)=TEMP(I-1) 

ITOT(I)=ITOT(I-1) 
40 TAU(I)=TAU(I-1)+.S•(KAP1+KAP2)•M(I) 

TEMP(I)=FIT(TAU(I)) 
CALL STATE(I,KAP2) 
ERR=ITOT(I) 
ITOT(I)=ITOT(I-1)+M(I)•(GRAV-.S•(KAP1+KAP2)•FLUX)/TEMP(I)/ 

1.3806E-16 
ERR=ABS((ERR-ITOT(I))/ITOT(I)) 
IF (ERR.GT •. OOOS)GO TO 40 
KAP1=KAP2 

50 COITIIUE 
IF (SECOID)GO TO 80 

C 
C FIRST CYCLE--CALCULATE MASS GRID CORRESPOIDIIG TO DEPTB GRID 
C 

CALL MASIIT(TAU,MASS,99,TSTD,M2,IDEPTB) 
DO 60 I=1,IDEPTB 

MASS(I)=M2(I) 
60 COITIIUE 

M(1)=MASS(1) 
DO 70 I=2,IDEPTB 

M(I)=MASS(I)-MASS(I-1) 
70 COITIIUE 

C 

SECOID=.TRUE. 
IO=IDEPTB 
GO TO 20 

C SECOID CYCLE COMPLETE--WRITE OUT GRAY MODEL 
C 
80 CALL PUTOUT 

CALL EXIT(O) 
EID 

SUBROUTIIE MASIIT (TO,MO,IO,T1,M1,11) 
C 
C IITERPOLATE TO DEFIIED AT POUTS MO TO Tl DEFIIED AT POIITS Ml 
C ADAPTED FROM AUER/MIBALAS CODE 
C 

REAL TO(IO), 110(10), T1(11), M1(11) 



IF (T0(1).GT.T1(1))GO TO 40 
IF (TO(IO).LT.T1(11))GO TO 40 
IID=2 
DO 30 I1=1,11 

DO 10 ID=IID,10 
IF (TO(ID).GT.T1(I1))GO TO 20 

10 COITIIUE 
20 IID=ID 

ID=IID-1 
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llt(It)=IIO(ID)+ 
(IIO(IID)-IIO(ID))•(T1(I1)-TO(ID))/(TO(IID)-TO(ID)) 

30 COITIIUE 
RETURI 

40 WRITE (8,*) 'IITERPOLATIOI TABLE TOO SIIALL: T0(1)=',T0(1), 

STOP 
EID 

•, TO(IIAX)=•, TO(IO) 

SUBROUTIIE FllE(SKK,ID) 
C 
C CALCULATE FREE-FREE CROSS SECTIOIS 
C ADAPTED FROII AUER/MIHALAS CODE 
C 

C 

C 

IMPLICIT IOIE 

PLIST 
ROOT 

C LOCAL VARIABLES 
C 

IITEGER ID, IJ 
REAL SKK(4,IIIJ) 
REAL EX, EXT, EXGF, EXGFT, GF, GFT, HKT, BKTF, HKTFT, SRT 

C 
C EXTERIAL PROCEDURE 
C 

C 

C 

REAL GFREE, HMFREE 
EXTERIAL GFREE, HMFREE 

SRT=1.0/SQRT(TEIIP(ID)) 
HKT=BK/TEIIP(ID) 
DO 10 IJ=1,IJ 

C HYDROGEI COITRIBUTIOI 
C 
C THE EXPOIEITIAL TERN REFLECTS THE UPPER-STATE BOUID-FREE 
C COITRIBUTIOIS (BOTH HERE AID BELOW, FOR HELIUM). 
C 

C 

BKTF=HKT•FF(IJ,1) 
EX=EXP(BKTF) 

C GAUIT FACTOR 
C 

C 

GF=GFREE(FREQ(IJ),TEIIP(ID)) 
EXGF=EX+GF-1. 0 
SKK(1,IJ)=SIG(ILB+1,IJ)•SRT•EXGF 

C SIIGLY IOIIZED HELIUM COITRIBUTIOI 
C (10 GAUIT FACTOR USED.) 
C 

C 

HKTF=BKT•FF(IJ,2) 
EX=EXP(HKTF) 
SKK(2,IJ)=SIG(ILB+1,IJ)•SRT•EX 

C IOIIZED HELIUII COITRIBUTIOI. 
C (10 GAUIT FACTOR USED.) 
C 

C 

BKTF=HKT•FF(IJ,3) 
EX=EXP(BKTF) 
SKK(3,IJ)=4.0•SIG(ILH+1,IJ)•SRT•EX 

C IEGATIVE BYDROGEI IOI FREE-FREE 
C 

SKK(4,IJ)=BMFREE(TEIIP(m),FREQ(IJ)) 
10 COITIIUE 

RETURI 
EID 
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REAL FUBCTIOI G!UBT(ll,QF) 
C 
C RETURIS G!UIT FUICTIOIS OF HYDROGEIIC !TOMS 
C ADAPTED FROM !UER/MIH!L!S CODE 
C 

IMPLICIT IOIE 
C 

C 

C 

REAL C0(11) 
DAT! C0/1.2302628,1.1595421,1.1450949,1.1306695,1.1190904, 

:1.1168376,1.1128632,1.1093137,1.1078717,1.1052734,1./ 
REAL C1(11) 
DAT! C1/-2.9094219E-3,-2.0735860E-3,-1.9366592E-3,-1.3482273E-3, 

:-1.0401085E-3,-8.9466573E-4,-7.4833260E-4,-6.2619148E-4, 
:-S.4837392E-4,-4.434157E-4,0./ 
REAL C2(11) 
DAT! C2/7.3993579E-6,2.7033384E-6,2.3572356E-6,-4.6949424E-6, 

:-6.9943488E-6,-8.8393133E-6,-1.0244504E-5,-1.1342068E-5, 
:-1.2157943E-5,-1.3235905E-5,0./ 
REAL C3(11) 
DAT! C3/-8.7356966E-9,0.,0.,2.3548636E-8, 

:2.8496742E-8,3.4696768E-8, 
:3.8595771E-8,4.1477731E-8,4.3796716E-8,4.7003140E-8,0./ 
REAL Cit ( 11) 
DAT! Cl1/-S.5759885,-1.2709045,-.55936432,-.31190730,-.16051018, 

:-.13075417,-9.5441161E-2,-7.1010560E-2,-5.6046560E-2, 
:-4.7326370E-2,0./ 
REAL Cl2 ( 11) 
DAT! Cl2/12.803223,2.1325684,.52471924,.19683564,5.5545091E-2, 

:4.1921183E-2,2.3350812E-2,1.3298411E-2,8.5139736E-3,6.1516856E-3, 
:0./ 
REAL Cl3(11) 
DAT! C13/0.,-2.0244141,-.23387146,-5.4418565E-2,-8.9182854E-3, 

:-S.5303574E-3,2.2752881E-3,-9.7200274E-4,-4.9576163E-4, 
:-2.9467046E-4,0./ 

IJITEGER II, I 
REAL QF,I 

I=QF/0.299793E15 
l=Mil(ll,11) 
G!UIT=CO(l)+I•(C1(1)+I*(C2(1)+X*C3(1)))+(Cl1(1)+(Cl2(1)+ 

: Cl3(1)/X)/X)/X 
RETURI 
EID 

REAL FUBCTIOI GFREE(FRQ,T) 
C 
C CALCULATES HYDROGEIIC FREE-FREE G!UIT FACTORS 
C IDEITICAL WITH !UER/MIH!L!S CODE 
C 

IMPLICIT IOIIE 
REAL FRQ, T, THET, X, Ct, C2, C3, C4 
THET=5.040E3/T 
IF (THET.LT.4.0E-2)THET=4.0E-2 
I=FRQ/0.299793E15 
IF (X.GT.1.0)GO TO 10 
IF (X.LT.0.2)X=0.2 
GFREE=(1.0823+2.98E-2/THET)+(6.7E-3+1.12E-2/THET)/I 
RETURI 

10 C1=(3.9999187E-3-7.78622889E-S/THET)/THET+1.070192 
C2=(6.64628601E-2-6.1953813E-4/THET)/THET+2.6061249E-1 
C3=(1.3983474E-5/THET+3.7542343E-2)/THET+5.7917786E-1 
C4=3.4169006E-1+1.1852264E-2/THET 
GFREE=((C4/X-C3)/X+C2)/X+C1 
RETURI 
EID 

REAL FUBCTIOI HEG!UBT(IL,!) 
C 
C IEUTR!L HELIUM BOUID-FREE G!UIT FACTORS APPROXIMATED FROM 
C STEWART (1978), JACOBS (1974), !ID STEWART AID WEBB (1963) 
C 

IMPLICIT IIOIE 
C 

C 

IIITEGER IL 
REAL !,X 
REAL RYD, CUT(25), CM2(5), CM1(5), CO(S), CP1(5), CP2(5) 



C 

C 
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PARAMETER (RYD=3.2880E15) 

DATA CUT/32.0, 4•2.40, 20*1.E38/ 
DATA CK2/51.15909,3.077759,-.022590913,-.2224690,.071927741/ 
DATA CM1/-66.45061,-15.39484,.1931397,.6149698,-.4675104/ 
DATA C0/26.40076,25.32980,-1.213830,1.033202,2.053274/ 
DATA CP1/.1051292,-12.04806,6.418941,-.1599973,-1.610076/ 
DATA CP2/-.0058184229,4.235189,-1.472744,.060324013,.3983392/ 

X=Mil(CUT(IL),A/RYD) 
IF (IL.LE.S)THEI 

HEGAUIT=CO(IL)+(CM1(IL)+CK2(IL)/X)/X+X•(CP1(IL)+X•CP2(IL)) 
ELSE 

HEGAUIT=i.00 
EIDIF 
RETURI 
EID 

REAL FUICTIOI HMFREE(T,FREQ) 
C 
C IEGATIVE HYDROGEI FREE-FREE OPACITY FORMULA FROM GIIGERICH (1969) 
C 

C 
REAL LAMBDA 

THETA=5040./T 
LAMBDA=2.99792E16/FREQ 
C0=0.005366+THETA*(-0.011493+THETA*0.027039) 
C1=1.E-6•(-3.2062+THETA*(11.924-TBETA•S.9390)) 
C2=1.E-9•(-0.40192+THETA•(7.03SS-THETA*0.34592)) 
HMFREE=1.E-26•(CO+LAMBDA•(C1+LAMBDA*C2))*T*1.3806E-16 
RETURI 
EID 

REAL FUICTIOI HMIIUS(FREQ) 
C 
C IEGATIVE HYDROGEI BOUID-FREE OPACITY APPROXIMATED FROM TABLE 
C OF GELTMAI (1962) 
C 

REAL LAMBDA 
C 

LAMBDA=2.99792E16/FREQ 
HMIIUS=1.E-17•LAMBDA*(1.1038237109E-3+LAMBDA*(2.7762168339E-2+ 

LAMBDA•(1.68296722E-4+LAMBDA•(S.5730765568E-S+LAMBDA* 
(-1.7683406278E-6+LAMBDA•(2.3013577770E-8+LAMBDA* 
(-1.5666829428E-10+LAMBDA•(S.4465497521E-13-LAMBDA* 
7.5598187662E-16)))))))) 

RETURI 
EID 

SUBROUTIIE IURATE(LHS,RHS,ID) 
C 
C CALCULATE THE RATE MATRIX FOR LTE GIVEI TEMPERATURE 
C AID ELECTROI DEISITY. 
C 

C 

C 

C 

C 

C 

IMPLICIT IOIE 

PLIST 
ROOT 
ROOTI 

IITEGER I, ID, IL, J, L, U 
REAL LHS(Mlll,MIII), RHS(MIII) 
REAL SUM, T, VI, VIT 

REAL SB, SBHE1, SBHE2 

SB(I,T)=2.0706E-16*GH(I)*EIP(HK*FRQH(I)/T)/T/SQRT(T) 
SBHE1(I,T)=2.0706E-16•GHE1(I)*EIP(HK*FRQHE1(I)/T)/T/SQRT(T)/2. 
SBHE2(I,T)=2.0706E-16•GHE2(I)*EIP(HK*FRQHE2(I)/T)/T/SQRT(T) 

C START OF EXECUTABLE STATEMEITS 
C 
C PARTITIOI FUICTIOIS 
C 

SUMH(ID)=O.O 
DO 10 IL=1,MQH 

VX=SB(IL,TEMP(ID)) 



SUMB(ID)=SUMB(ID)+VI 
10 COITIIUE 

SUMBE1(ID)=0.0 
DO 20 IL=1,MQBE1 

VX=SBBE1(IL,TEMP(ID)) 
SUMBE1(ID)=SUMBE1(ID)+VI 

20 COITIIUE 
SUMBE2(ID)=0.0 
DO 30 IL=1,IIQB•2 

VX=SBBE2(IL,TEMP(ID)) 
SUMBE2(ID)=SUMBE2(ID)+VI 

30 COITIIUE 
DO SO I=1,MHI 

RBS(I)=0.0 
DO 40 J=1,MIII 

LBS(I,J)=O.0 
40 COITIIUE 
SO COITIIUE 
C 
C PARTICLE COISERVATIOI 
C 

C 

RBS(4)=-IE(ID) 
LBS(4,IITOT)=-t. 
LBS(4,IIPROT)=MU1•(1.+IE(ID)•SUMB(ID)) 

C CHARGE COISERVATIOI EQUATIOI 
C 

C 

RBS(3)=1E(ID) 
LBS(3,IIPROT)=1.0 
LBS(3,IIBE3)=2.0+IE(ID)•SUMBE2(ID) 

C STATISTICAL EQUILIBRIUM 
C SIIGLY IOIIZED HELIUM 
C 

C 

LBS(1,IIBE3)=-SBBE2(1,TEMP(ID))•IE(ID) 
LBS(1,IIBE2)=1.0 

C HELIUM ABUIDAICE EQUATIOI 
C 

LBS(2,IIBE2)=1E(ID)•SUMBE1(ID)+1.0 
LBS(2,IIBE3)=1E(ID)•SUMBE2(ID)+1.0 
LBS(2,IIPROT)=-Y•(1.0+IE(ID)•SUMB(ID)) 
RETURI 
EID 

SUBROUTIIE GEIER(ID) 
C 
C CALCULATES LTE OPACITIES 
C 

C 

C 

C 

C 

IMPLICIT IOIE 

PLIST 
ROOT 
BLOK 
ROOTI 

IITEGER I, ID, IJ, IL, IT, J, L, U 
REAL C, E, SIGMA, T, VI, XO 
REAL EX(MIJ), BKT 
REAL SKK(4,MIJ), SRT, X1 

REAL FRE 
EXTERIAL FRE 
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REAL SB, SBBE1, SBBE2, SBBM 
SB(I,T)=2.0706E-16•GB(I)•EXP(BK•FRQB(I)/T)/T/SQRT(T) 
SBBE1(I,T)=2.0706E-16•GBE1(I)•EXP(BK•FRQBE1(I)/T)/T/SQRT(T)/2. 
SBBE2(I,T)=2.0706E-16•GBE2(I)•EXP(BK•FRQBE2(I)/T)/T/SQRT(T) 
SBBM(T)=2.0706E-16•0.S•EXP(BK•FRQBM/T)/T/SQRT(T) 

C 
C START OF EXECUTABLE STATEMEITS 
C FREQUEICY-IllDEPEIDEIT CALLS OD STATEMEJITS 
C 

BKT=BK/TEMP(ID) 
CALL FRE(SKK,ID) 
DO 10 IJ=1,IJ 

CBI(IJ)=0.0 
EX(IJ)=EXP(-BKT•FREQ(IJ)) 

10 COITillUE 
DO SO IL=1 ,ILBE1 



DO 40 IJ=1,IJ 
C=SIGHE1(IL,IJ)•IBE1(IL,ID) 
CBI(IJ)=CBI(IJ)+C 

40 COITIIUE 
SO COITIIUE 

DO 90 IL=1,ILHE2 
DO 80 IJ=1,IJ 

C=SIGBE2(IL,IJ)•IBE2(IL,ID) 
CBI(IJ)=CBI(IJ)+C 

80 COITIIUE 
90 COITIIUE 
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DO 130 IJ=1,IJ 
C=SKK(2,IJ)•IE(ID)•IE(ID)*IBE3(ID)*SUMBE2(ID) 
CBI(IJ)=CBI(IJ)+C 
C=IHE3(ID)•IE(ID)*SKK(3,IJ) 
CBI(IJ)=CBI(IJ)+c 
C=IPROT(ID)*IE(ID)*SKK(1,IJ) 
CBI(IJ)=CBI(IJ)+c 

130 COITIIUE 
C 
C IEGATIVE BYDROGEI IOI 
C 

IF (RULE(1))TBEI 
DO 140 IJ=1,IJ 

CBI(IJ)=CBI(IJ)+SKK(4,IJ)•l(1,ID)*IE(ID) 
CBI(IJ)=CBI(IJ)+l(1,ID)*IE(ID)*SBBM(TEMP(ID))*SIGBM(IJ) 

140 COITIIUE 
EIDIF 
DO 200 IL=1,ILB 

DO 190 IJ=1,IJ 
C=SIG(IL,IJ)•l(IL,ID) 
CBI(IJ)=CBI(IJ)+C 

190 COITIIUE 
200 COITIIUE 

DO 240 IJ=1,IJ 
CBI(IJ)=CBI(IJ)•(1.-EX(IJ))+IE(ID)*SIGE 

240 COITIIUE 
RETUIUI 
EID 

SUBROUTIIE PUTOUT 
C 
C WRITE OUT A COMPLETED MODEL TO DISK 
C 

C 

C 

IMPLICIT IOIE 

PLIST 
ROOT 
ROOTI 

C LOCAL VARIABLF.S 
C 

C 

C 

LOGICAL LIIF.S 
IITEGER I, ID, IL 
REAL ABUID(92) 
REAL T 
IITEGER LOWERB(10),UPPERB(10),LOWERBE1(14),UPPERBE1(14) 
IITEGER LOWERBE2(10),UPPERBE2(10) 

DATA LOWERB/1,1,1,1,2;2,2,3,3,4/ 
DATA UPPERB/2,3,4,5,3,4,5,4,S,S/ 
DATA LOWERBEi/1,1,2,2,3,3,4,4,4,4,S,S,S,S/ 
DATA UPPERBE1/S,11,4,8,S,11,6,10,12,16,7,9,13,15/ 
DATA LOWERBE2/2,2,2,2,3,3,3,4,4,S/ 
DATA UPPERBE2/3,4,S,6,4,S,6,S,6,6/ 

C START OF EXECUTABLE STATEMEITS 
C 
C PREVIOUS OUTPUT LIIES WERE ALREADY TAKEI CARE OF II SETUP 
C 

WRITE (12,1007)(M(ID),TEMP(ID),ITOT(ID),IE(ID),ID=1,IDEPTB) 
C 
C BYDROGEI OCCUPATIOI IUMBERS 
C 

WRITE (12,1005)1 
WRITE (12,1005)0,0,5,10 
WRITE (12,1006)(FRQB(IL),IL=1,S) 
DO 10 IL=1,10 

WRITE (12,100S)LOWERB(IL),UPPERB(IL) 
10 COITIIUE 
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WRITE (12,1006)((1(IL,ID),IL=1,5),IPROT(ID),ID=1,IDEPTH) 
C 
C HELIUM OCCUPATIOI IUMBERS 
C 

WRITE (12,1005)2 
WRITE (12,1005)0,0,19,14,10,10 
WRITE (12,1006)(FRQHE1(IL),IL=1,19) 
DO 20 IL=1,14 

WRITE (12,1005)LOWERHE1(IL),UPPERHE1(IL) 
20 COITIIUE 

WRITE (12,1006)(FRQHE2(IL),IL=1,10) 
DO 30 IL=1,10 

WRITE (12,1005)LOWERHE2(IL),UPPERHE2(IL) 
30 COITIIUE 

C 

WRITE (12,1006)((1HE1(IL,ID),IL=1,19),(IHE2(IL,ID), 
IL=1,10),IHE3(ID),ID=1,IDEPTH) 

WRITE (12,1005)0 
WRITE (12,1005)0 
RETURI 

C FORMAT STATEMEITS 
C 
1005 FORMAT (16I5) 
1006 FORMAT (5E15.7) 
1007 FORMAT (4E15.7) 
C 

EID 

SUBROUTIIE SETUP 
C 
C READ II THE APPROXIMATE MODEL MAKE ALL IIITIAL CALCULATIOIS 
C 

C 

C 

IMPLICIT IOIE 

PLIST 
ROOT 
ROOTI 

C LOCAL VARIABLES 
C 

CHARACTER*80 HEADER 
IITEGER I, ID, II, IJ, IL, IT, J, 10, 11, 12, 13, 14, 15, IITER 
LOGICAL LIIES 
REAL ABUID(92) 
REAL ALPHA, BETA, DUMMY, FCOI, GLOG, T, TLIIE, VX, Z 

C 
C TABLE OF ATOMIC WEIGHTS 
C 

C 

REAL WEIGBT(92) 
DATA WEIGBT/1.0,4.0,6.9,9.0,10.8,12.0,14.0,16.0,19.0,20.2,23.0, 
24.3,27.0,28.1,31.0,32.1,35.5,39.9,39.1,40.1,45.0,47.9,50.9,52.0, 
54.9,55.8,58.9,58.7,63.5,65.4,69.7,72.6,74.9,79.0,79.9,83.8,85.5, 
87.6,88.9,91.2,92.9,95.9,98.9,101.1,102.9,106.4,107.9,112.4, 
114.8,118.7,121.8,127.6,126.9,131.3,132.9,137.3,138.9,140.1, 
140.9,144.2,145.0,150.4,152.0,157.3,158.9,162.5,164.9,167.3, 
168.9,173.0,175.0,178.5,180.9,183.9,186.2,190.2,192.2,195.1, 
197.0,200.6,204.4,207.2,209.0,209.0,210.0,222.0,223.0,226.0, 
227.0,232.0,231.0,238.0/ 

C TABLE GIVIIG QUAITUM IUMBER OF ACTIVE ELECTROI OF EACH IEUTRAL 
C HELIUM STATE TREATED BY THE PROGRAM 
C 

IITEGER Ql(25) 
DATA Ql/1,4*2,6*3,8*4,5,6,7,8,9,10/ 

C 
C EXTERIAL PROCEDURES 
C 

REAL EXIT, BEGAUIT, GAUIT, HMIIUS 
EXTERIAL EXIT, BEGAUIT, GAUIT, BMIIUS 

C 
C START OF EXECUTABLE STATEMEITS 
C 
C READ COMMEIT LIRE OF IIPUT MODEL 
C 

READ (5,1001)BEADER 
WRITE (6,1001)HEADER 
WRITE (12,1001)'GRAY MODEL' 

C 
C READ BASIC MODEL PARAMETERS 
C 
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READ (S,1002)TEFF,TLIIE,GLOG,Y,Z,IITER 
WRITE (12,1002)TEFF,TLIIE,GLOG,Y,Z,IITER,S.0,20.0 

C 
C CALCULATE EDDIIGTOI FLUX AID SURFACE GRAVITY FRO!! PARAIIETERS 
C 

GRAV=EXP(2.302585093*GLOG) 
WRITE (6,1003)TEFF,TLIIE,GLOG,Y,Z,IITER 

C 
C READ COIIPOSITIOI, WHICH TAKES THE FOR!! OF LOG IUIIBER RELATIVE 
C TO HYDROGEl=12.0 
C 

READ (S,1004)ABUID 
WRITE (12,1004)ABUID 

C 
C CALCULATE IIEAI IIOLECULAR WEIGHT (IIU) AID IUCLEI PER PROTOI (IIU1) 
C 

IIU=1.0+4.0*Y 
IIU1=1.0+Y 
DO 10 I=3,92 

VX=1.E-12*EXP(2.302585093*ABUID(I))*Z 
IIU=IIU+VX*WEIGHT(I) 
IIU1=11U1+VX 

10 COITIIUE 
IIU=IIU/IIU1 

C 
C READ IUIIBER OF DEPTH POUTS AID FREQUEICIES 
C AID TBEI READ THE FREQUEICIES 
C 

READ (S,100S)IDEPTH,IJ 
READ (S,1006)(FREQ(IJ),IJ=1,IJ) 
WRITE (12,100S)IDEPTH,IJ 
WRITE (12,1006)(FREQ(IJ},IJ=1,IJ) 

C 
C CALCULATE FREQUEICY QUADRATURE WEIGHTS 
C 10 CORRECTIOI IS !!ADE FOR LIIES; I.E. IT IS 
C ASSUIIED THAT THE LIIES ARE IARROW. 
C 

DO 20 IJ:1,IIIJ 
WT(IJ)=O.O 

20 COITIIUE 
C 
C READ II FREQUEICY IITERVAL IUIIBER AID RULE 
C 
30 READ (S,1005)10,11 

WRITE (12,1005)10,11 
IF (IO.EQ.2)THEI 

C 
C TRAPEZOIDAL RULE: 11 IS IUIIBER OF FIRST FREQUEICY 
C 

C 

VX=O.S*ABS(FREQ(l1)-FREQ(l1+1)) 
WT(l1)=WT(l1)+VX 
WT(l1+1)=WT(l1+1)+VX 
GO TO 30 

ELSE IF (IO.EQ.3)THEI 

C SIIIPSOl'S RULE; 11 IS IUIIBER OF CEITRAL FREQUEICY 
C **IOTE THAT 10 CHECK IS !!ADE TO BE SURE THAT THE 
C TWO FREQUEICY SUBIITERVALS ARE EQUAL, AS THEY IEED 
C TO BE.** 
C 

VX=ABS(FREQ(l1+1)-FREQ(l1-1))/6.0 
WT(l1+1)=WT(l1+1)+VX 
WT(l1-1)=WT(l1-1)+VX 
WT(l1)=WT(l1)+4.0*VX 
GO TO 30 

ELSE IF (10.IE.O)THEI 
C 
C PROGRAII DOESl'T RECOGIIZE THE RULE 
C 

WRITE (6,*) 'ERROR II FREQUEICY QUADRATURE RULE' 
CALL EXIT(1) 

EIDIF 
C 
C READ OPACITY RULE 
C 

READ (S,100S)RULE 
WRITE (12,100S)RULE 

C 
C REIIAIIDER OF DECK IS IGIORED 
C 
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C CALCULATE COITIIUUM ABSORPTIOI COEFFICIEJITS 
C 

DO 70 IJ=l,IJ 
C 
C BOUID-FREE ABSORPTIOI 
C 

FCO:l=FREQ(IJ) 
DO 40 IL=1,ILHE2 

SIGHE2(IL,IJ)=O.O 
IF (FCOI.GT.FRQHE2(IL))SIGBE2(IL,IJ)=45.04E29*GAUIT(IL, 

FCOl/4.0)/FLOAT(IL)••S/FCOl••3 
40 CO:ITIIUE 

DO SO IL=1,ILHE1 
SIGBEl(IL,IJ)=O.O 
IF (FCO:I.GT.FRQHE1(IL))SIGBE1(IL,IJ)=2.815E29* 

HEGAUIT(IL,FCOl)/FLOAT(Ql(IL))••S/FCOl**3 
50 CO:ITI:»UE 
C 
C SIIGLY-IOIIZED HELIUM IS HYDROGEIIC AID THUS USES SCALED 
C HYDROGEI EXPRESSIOIS. 
C 

DO 60 IL=l,ILH 
SIG(IL,IJ)=O.O 
IF (FCOI.GT.FRQH{IL))SIG(IL,IJ)=2.815E29•GAUIT(IL,FCOI)/ 

FLOAT(IL)••S/FCOl**3 
60 COITIIUE 
C 
C FREE-FREE ABSORPTIOI 
C 

SIG(ILH+1,IJ)=3.69E8/FCOl••3 
70 COITIIUE 
C 
C IEGATIVE HYDROGEI IOI 
C 

IF (RULE( l))THEJI 
DO 80 IJ=l ,:IJ 

SIGBM(IJ)=O. 
IF (FREQ(IJ).GT.FRQHM)SIGHM(IJ)=MAI(O.,HMIIUS(FREQ(IJ))) 

80 COITI:»UE 
EIDIF 

C 
C DETERMIIE CUTOFF FREQUE:ICIES FOR FREE-FREE OPACITY. 
C THESE ALLOW THE IICLUSIOI OF BOUID LEVELS ABOVE THOSE 
C ACCOUITED FOR EXPLICITLY AS PART OF THE FREE-FREE OPACITY. 
C 

DO 90 IJ=l,IJ 
FF(IJ,1)=Mil(FRQH(ILH)•(MQH/(MQH+1))**2,FREQ(IJ)) 
FF(IJ,2)=Mil(FRQHE1(1LBE1)*(MQHE1/(MQBE1+1))**2,FREQ(IJ)) 
FF(IJ,3)=Mil(FRQHE2(1LHE2)•(2•MQH/(2•MQH+1))**2,FREQ(IJ)) 

90 COITIIUE 
RETURI 

C 
1001 FORMAT (A80) 
1002 FORMAT (2F9.0,F8.2,F8.3,F8.5,IS,F8.5,F8.3) 
1003 FORMAT(' EFFECTIVE TEMPERATURE= ',F9.0,/, 

' LIIE TEMPERATURE = ' 1 F9.0 1 / 1 

'LOG SURFACE GRAVITY = ',F8.2,/, 
' BELIUN/BYDROGEI = ' • F8. 3 1 / 1 

'Z SCALE FACTOR = ' 1 F8.S 1 / 1 

'ITERATIO:I LIMIT = ',IS,/) 
1004 FORMAT (8F10.6) 
1005 FORMAT (16IS) 
1006 FORMAT (SE15.7) 
C 

EID 

BLOCK DATA TABLES 
C 
C COITAIIS ALL DATA STATEMEITS FOR COMMOI BLOCKS, II ACCORDAICE 
C WITH THE AISI STAIDARD 
C 

PLIST 
ROOTI 

C 
C HYDROGEI STATISTICAL WEIGHTS 
C 

C 

DATA GH/2. ,8., 18. ,32. ,50., 72. ,98., 128., 162. ,200. ,242. ,288. ,338., 
: 392.,450.,512./ 

C IEUTRAL HELIUM STATISTICAL WEIGHTS 



C 

C 
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DATA GHE1/1. ,3., 1. ,9. ,3. ,3., 1. ,9. ,S., 15. ,3. ,3., 1. ,9. ,5., 15. ,3., 
: 21., 7., 100., 144., 196. ,256. ,324. ,400. ,484. ,576. ,676., 784. ,900., 
: 1024./ 

C IOIIZED HELIUM STATISTICAL WEIGHTS 
C 

C 

DATA GBE2/2. ,8., 18. ,32. ,SO., 72. ,98. ,128., 162. ,200. ,242. ,288. ,338., 
: 392. ,450. ,512. ,578. ,648., 722. ,800. ,882. ,968., 1058. ,1152., 1250., 
: 1352.,1458.,1568.,1682.,1800.,1922.,2048./ 

C IEGATIVE HYDROGEI IOI IOIIZATIOI FREQUEICY 
C 

DATA FIIQHK/1.874E14/ 
C 
C HYDIIOOEI IOIIZATIOI FREQUEICIES 
C 

C 

DATA FIIQH/3.28799E1S,0.821997E1S,0.365332E1S,0.205499E15, 
:0.131519E15,0.0913329E15,0.0671018E1S,0.0513748E15, 
:0.0405924E1S,0.0328799E1S,0.0271735E15,0.0228333E15, 
:0.0194556E1S,0.01677SSE1S,0.0146133E1S,0.0128437E15/ 

C IEUTRAL HELIUM IOIIZATIOI FREQUEICIES 
C 

C 

DATA FIIQHE1/S.94520E1S,1.1530SE1S,0.957439E1S,0.876230E15, 
:0.811774E15,0.451896E15,0.400142E15,0.381976E1S,0.362850E15, 
:0.366032E15,0.362480E15,0.240134E1S,0.217774E15,0.212670E15, 
:0.202689E15,0.205704E15,0.202057E1S,0.202703E15,0.199689E15, 
:0.131520E15,0.0913331E15,0.0671018E1S,0.0513748E15, 
:0.0405924E15,0.0328799E1S,0.0271735E15,0.0228333E1S, 
:0.0194556E1S,0.016775SE1S,0.0146133E15,0.0128437E15/ 

C IOIIZED HELIUM IOIIZATIOI FREQUEICIES 
C 

C 

DATA FIIQHE2/13.1520E1S,3.28799E1S,1.46133E1S,0.821997E15, 
:O.S26078E15,0.365332E15,0.268407E15,0.205499E15,0.162370E15, 
:0.131519E15,0.108694E15,0.0913329E15,0.0778222E15, 
:0.0671018E1S,O.OS84532E15,0.0S13748E15,0.045508SE15, 
:0.0405924E1S,0.0364320E15,0.0328799E15,0.0298230E15, 
:0.0271735E1S,0.0248619E15,0.0228333E1S,0.0210431E1S, 
:0.0194556E1S,0.0180411E15,0.01677SSE15,0.015638SE1S, 
:0.0146133E1S,0.0136857E1S,0.0128437E15/ 

EID 

REAL FUICTIOI FIT(DUK) 
C 
C APPROXIMATE T-TAU RELATIOISHIP 
C 

C 

C 

C 

PUST 
ROOT 

REAL DUK 

FIT=TEFF•SQRT(SQRT(.75•(.710+DUK-.1331•EXP(-3.4488•DUK)))) 
RETUU 
EID 

SUBROUTIIE STATE(ID,KAP) 

C KAIi ROUTIIE FOR CALCUUTIIG STATE VARIABLES 
C 

IMPLICIT IOIE 
C 
C COKKOI IICLUSIOI 
C 

C 

PUST 
ROOT 
ROOT! 
BUIK 

C LOCAL VARIABLES 
C 

C 

IITEGER I, II, IJ, IL, J, K, ID 
REAL EM, DEL, CLBS(Klll,KIIII), RHO 
REAL RBS(KIII), LBS(Klll,KIIIII), T, VI 
REAL AIS(KIII), !(KIii), KAP, BSUK 



C 

C 
C 
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REAL LIJISLV, 11.&TIJIV, JIURATE, GEIER 
EXTERJIAL LIJISLV, NATIJIV, JIURATE, GEIER 

REAL SB, SBBE1, SBBE2 
SB(I,T)=2.0706E-16•GB(I)•EXP(BK•FIIQB(I)/T)/T/SQRT(T) 
SBBE1(I,T)=2.0706E-16•GBE1(I)•EXP(BK•FRQBE1(I)/T)/T/SQRT(T)/2. 
SBBE2(I,T)=2.0706E-16•GBE2(I)•EXP(BK•FIIQBE2(I)/T)/T/SQRT(T) 

C START OF EXECUTABLE STATENEJITS 
C 
C IJIITIAL GUESS OF ELECTRDJI DEJISITY 
C 

IF (ID.EQ.1)TBEJI 
JIE(m)=t. 

ELSE 
JIE(ID)=JIE(ID-1) 

EJIDIF 
DD 40 II=1,30 

CALL JIURATE(LBS,RBS,m) 
DD 20 I=1,NJIH 

DO 10 J=1,NJIJIJI 
CLBS(I,J)=LBS(I,J) 

10 CDJITIJIUE 
20 CDJITIJIUE 

CALL LIJISLV(CLBS,RBS,AJIS,NJIJIJl,NIJIJI) 
A(4)=-1.-AIS(IJIPRDT)•NU1•SUNB(ID) 
A(3)=1.-AIS(IJIBE3)•SUNHE2(ID) 
A(1)=AJIS(IIHE3)•SBHE2(1,TENP(ID)) 
A(2)=-AJIS(IJIBE2)•SUNBE1(ID)-AJIS(IJIBE3)•SUNBE2(ID)-

Y•AJIS(IJIPRDT)•SUNH(ID) 
CALL NATIJIV(LBS,NJIJll,NJIIJI) 
DEL=O. 
DD 30 I=1,4 

DEL=DEL+LBS(4,I)•A(I) 
30 COITIIUE 

ERR=JITDT(ID)-AJIS(4) 
JIE(ID)=JIE(ID)+ERR/DEL 
IF (ABS(ERR)/JITOT(ID).LT.1.E-5)GD TD 50 

40 CDJITIJIUE 
WRITE (6,*)' WARJIIIG - STATE ITERATIDJIS DD IDT CDJIVERGE AT ',ID 

50 JIPRDT(ID)=AJIS(IJIPRDT) 
DD 60 IL=1,ILB 

Jl(IL,ID)=IPRDT(ID)•JIE(ID)•SB(IL,TENP(ID)) 
60 COJITIJIUE 

JIBE3(ID)=AJIS(IJIBE3) 
DD 70 IL=1,JILBE2 

IBE2(IL,ID)=JIBE3(ID)•JIE(ID)•SBHE2(IL,TENP(ID)) 
70 COITIIUE 

DD 80 IL=1,JILBE1 
JIBE1(IL,ID)=JIBE2(1,ID)•JIE(ID)•SBHE1(IL,TENP(ID)) 

80 COJITIJIUE 
C 
C CALCULATE OPACITIES AJID SOURCE FUICTIDI 
C 

CALL GEJIER(ID) 
C 
C FDM RDSSELAID NEAi 
C 

KAP=O. 
BSUN=O. 
DD 90 IJ=1,IJ 

VX=WT(IJ)•FREQ(IJ)••3/(EXP(BK•FREQ(IJ)/TENP(ID))-1.) 
BSUN=BSUN+VX 
KAP=KAP+VX/CBI(IJ) 

90 CDJITIIUE 
RBD=NU•(ITDT(ID)-IE(ID))/6.022E23 
KAP=BSUN/KAP/RHD 
RETURJI 
EJID 

SUBRDUTIIE LIISLV(A,B,X,l,IR) 
C 
C SOLVE SET OF LIIEAR EQUATIDIS 
C FRON AUER/NIBALAS CODE 
C 

IMPLICIT IOIE 
C 

IITEGER IEQI 
PARAMETER (IEQl=4) 
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C 
IITEGER J, ITEMP, JP1, I, I, IR, K, IP1, IIR1, KP1, R, P(IEQI) 
REAL II, SUit, D(IEQI) 

C 

C 

REAL A(IR,IR), B(IR), X(IR) 

REAL EXIT 
EXTERUL EXIT 

IF (i.GT.IEQl)TBEI 
WRITE (6,*)'I TOO BIG II LIISLV; = ',I 
CALL EXIT(1) 

EIDIF 
DO 70 R=1,I 

DO 10 K=1,I 
D(K)=A(K,R) 

10 COITIIUE 
IIR1=R-1 
IF (IIR1.LT.1)GO TO 40 
DO 30 J=1,MR1 

ITEMP=P(J) 
A(J,R)=D(ITEMP) 
D(ITEMP)=D(J) 
JP1=J+1 
DO 20 I=JP1,ll 

D(I)=D(I)-A(I,J)*A(J,R) 
20 COIITIIUE 
30 COIITIJIUE 
40 ll=ABS(D(R)) 

P(R)=R 
DO 50 I=R,11 

IF (11.GE.ABS(D(I)))GO TO 50 
P(R)=I 
ll=ABS(D(I)) 

50 COITIIUE 
ITEMP=P(R) 
A(R,R)=D(ITEIIP) 
D(ITEIIP)=D(R) 
IIR1=R+1 
IF (IIR1.GT.Jl)GO TO 80 
DO 60 I=IIR1,ll 

A(I,R)=D(I)/A(R,R) 
60 COJITIIIUE 
70 COJITIIUE 
80 DO 100 I=1,JI 

ITEMP=P(I) 
X(I)=B(ITEMP) 
B(ITEIIP)=B(I) 
IP1=I+1 
IF (IP1.GT.l)GO TO 110 
DO 90 J=IP1,JI 

B(J)=B(J)-A(J,I)•X(I) 
90 COIITIJIUE 
100 COJITIJIUE 
110 DO 140 I=1,JI 

K=ll-I+1 
SU!t=O.O 
KP1=K+1 
IF (KP1.GT.ll)GO TO 130 
DO 120 J=KP1,JI 

SUll=SUll+A(K,J)•X(J) 
120 COIITIJIUE 
130 X(K)=(X(K)-SUll)/A(K,K) 
140 COJITIIUE 

RETURII 
EID 

SUBROUTIIIE ll!TIJIV(A,11,IR) 
C 
C IIVERT MATRIX II PLACE 
C FROM AUER/IIIBALAS CODE 
C 

IMPLICIT JIOIIE 
C 

C 

IJITEGER JI, K, IR, I, L, KO, II, J, JJ 
REAL A(IIR,NR), DIV, SUM 

DO 60 I=2,N 
DIV=A(1, 1) 
A(I,1)=A(I,1)/DIV 
DO 30 J=2,I-1 



DIV=A(J,J) 
SUN=O. 
DO 10 L=1,J-1 

SUN=SUN+A(I,L)*A(L,J) 
10 COITIIUE 

A(I,J)=(A(I,J)-SUN)/DIV 
30 COITIIUE 

DO SO J=I,I 
SUN=O. 
DO 40 L=1,I-1 

SUN=SUN+A(I,L)*A(L,J) 
40 COITIIUE 

A(I,J)=A(I,J)-SUN 
SO COITIIUE 
60 COITIIUE 

DO 100 I=l,2,-1 
DO 90 J=I-1,1,-1 

SUN=O. 
DO 70 K=J+1,I-1 

SUN=SUM+A(I,K)*A(K,J) 
70 COITIIUE 

A(I,J)=-A(I,J)-SUN 
90 COITIIUE 
100 COITIIUE 

A(l,1)=1.0/A(l,I) 
DO 140 I=l-1,1,-1 

DIV=A(I,I) 
DO 120 J=l,I+1,-1 

SUN=O. 
DO 110 K=I+1,J 

SUM=SUM+A(I,K)*A(K,J) 
110 COITIIUE 

A(I,J)=-SUM/DIV 
120 COITIIUE 

A(I,I)=t.O/A(I,I) 
140 COITIIUE 

DO 190 I=1,I 
DO 160 J=1,I-1 

SUM=O.O 
DO 150 K=I,I 

SUN=SUM+A(I,K)*A(K,J) 
150 COITIIUE 

A(I,J)=SUN 
160 COITIIUE 

DO 180 J=I,I 
SUN=A(I,J) 
DO 170 K=J+1,I 

SUN=SUM+A(I,K)*A(K,J) 
170 COITIIUE 

A(I,J)=SUM 
180 COITIIUE 
190 COITIIUE 

RETURI 
EID 

162 
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B. Program LTE 

LTE is listed in its entirety, except for those program units that are essentially identical to the 

ones in GRAY. These are: 

FRE 

GAUNT 

GENER 

HEGAUNT 

HMINUS 

LINSLV 

MATINV 
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C PROGRAM LTE 
C 
C COMMOI BLOCK MACROS FOR ALL GLOBAL DATA II PROGRAM 
C (CRAY PRECOMPILER) 
C 
C BASIC PARAMETERS 
C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

CLICHE PLIST 
IITEGER MJIDEPTB. MIJC. MITRB, MITRBE1, MITRBE2, MQB, MQBE1, ILB 
IITEGER ILBE1, ILBE2, IQUAD 
PARAMETER (MIDEPTB=70, MIJC=105, MITRB=10, MJITRBE1=14) 
PARAMETER (MITRBE2=10, IIQB=16, MQBE1=31, ILB=10) 
PARAMETER (ILBE1=25, ILHE2=15, IQUAD=7) 

IITEGER MIJ 
PARAMETER (MIJ=MJIJC+IQUAD•(MITRB+MITRBE1+MITRBE2)) 

REAL CC, DELQUAD, EMASS, ESU, BP, KB, MBYD, PI 
PARAMETER (CC=2.99792E10, DELQUAD=0.6, EMASS=9.10953E-28) 
PARAMETER (ESU=4.80325E-10, BP=6.62618E-27. KB=1.38066E-16) 
PARAMETER (MBYD=1.66058E-24, PI=3.141592654) 

REAL ACCOF, BBCOF, DOPCOF, BK, BYDCOF, PIE2MC, SCOF, SIGE 
PARAMETER (ACCOF=2.074E-16, BBCOF=2.•BP/(CC•CC), DOPCOF=4.286E-7) 
PARAMETER (BK=BP/KB, BYDCOF=4.•PI/CC) 
PARAMETER (PIE2MC=PI•ESU•ESU/(EMASS•CC), SCOF=4.•PI/BP) 
PARAMETER (SIGE=S.•PI•ESU•ESU•ESU•ESU/ 

(3.•EMASS•EMASS•CC•CC•CC•CC)) 

EIDCLICBE 

CLICHE BLAIK 

REAL CBI(MIJ), ETA(MIJ), FK(MIDEPTB), RAD(MJIDEPTB) 

COMMOI //CBI, ETA, FK, RAD 

EIIDCLICBE 

CLICHE ROOT 

IITEGER ITPTRB, ITPTRBE 1, ITPTRBE2, IDEPTB, IJ, ITRB, ITRBE1 
IITEGER ITRHE2 

LOGICAL RULE(2) 

REAL DSBDT(MIDEPTB), DSBE1(MIDEPTB), DSBE2(MIDEPTB), FF(MIJ,3) 
REAL FB, FREQ(MIJ), GRAV, BO, M(MNDEPTB). MU, MU1 
REAL IE(MIDEPTB), l(ILB,MIDEPTB), IBE1(1LBE1,MJIDEPTB) 
REAL IBE2(1LBE2 ,MJIDEPTB), IBE3(MIDEPTB) 
REAL IM(MIDEPTB), IPROT(MJIDEPTB), ITOT(MJIDEPTB), SIGBM(MIJ) 
REAL SIG(ILB+t,MIJ), SIGBE1(1LBE1,MIJ), SIGBE2(1LBE2,MIJ) 
REAL SUMB(MIIDEPTB) , SUMBE1(MNDEPTB) , SUMBE2(MIDEPTB) 
REAL TEMP(MIDEPTB), TLIIE, WT(MIJ), Y 

COMMOI /ROOT/ITPTRB, ITPTRBE1, ITPTRBE2, IDEPTB, IJ, ITRB, 
ITRBE1, ITRBE2, RULE, DSBDT, DSHE1, DSBE2, FF, FB, FREQ, GRAV, 

: BO, N, MU, MU1, I, NE, JIBE1, IBE2, IBE3, IM, JIPROT, ITOT, SIG, 
: SIGHE1, SIGBE2, SIGBM, SUMB, SUMBE1, SUNBE2, TEMP, TLIIE, WT, Y 

EIDCLICBE 
CLICHE ROOTI 

IITEGER ITRB(S,5), ITRBE1(19,19), ITRBE2(10,10), LOWERB(MITRB) 
IITEGER LOWERHE1(MITRBE1), LOWERBE2(MNTRBE2), LOWB(MIJ) 
IITEGER LOWHE1(MNJ), LOWBE2(MIJ), UPB(MIIJ), UPBE1(MIJ), UPBE2(MJIJ) 
IITEGER UPPERB(MITRB), UPPERBE1(MITRBE1), UPPERBE2(MITRBE2) 
REAL FRQBM, FRQB(MQB), FRQBE1(11QBE1), FRQBE2(2•MQB), GB(2•MQB) 
REAL GBE1(MQBE1), OSCB(10), OSCBE1(34), OSCBE2(45) 

COMMOI /ROOTI/ITRB, ITRBE1, ITRBE2, LOWERB, LOWERBE1, LOWERBE2, 
LOWB, LOWBE1, LOWBE2, UPB, UPBE1, UPBE2, UPPERB, UPPERBE1, 

: UPPERHE2, FRQBN, FRQB, FRQBE1, FRQBE2, GB, GBE1, OSCB, OSCBE1, 
: OSCBE2 

EIDCLICHE 

CLICHE SEGB 
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C POIJITERS FOR STATE IIATltIX 
C 

IJITEGER IIHE2, IIHE3, IJIPltOT, IJITOT, IIJIII 
C 

PAltAIIETElt (IIBE2=1, IIBE3=2, IIPltOT=3, IITOT=4, 11111=4) 

REAL Dl(lllll,IIIDEPTH), DT(ll111,IIIDEPTB) 
COIIIIOI /SEGB/DI, DT 

EIDCLICHE 

PltOGltAII LTE 
C 
C CALCULATE Al LTE ATIIOSPBERE OF BYDltOGEI AID HELIUII. 
C 
C THE PltOGltAII UTILIZES THE OUTPUT IIODEL OF PltOGltAII GRAY 
C AS A FIRST APPltOXIIIATIOI. 
C 

IIIPLICIT IOIE 
C 
C LOCAL VARIABLES 
C 

IITEGER I , IITElt 
REAL Eltlt, TEFF, Z 

C 
C EXTERIAL PROCEDURES 
C 

REAL EXIT, LIIK, LTESTEP, PUTOUT, SETUP 
EXTERIAL EXIT, LIJIK, LTESTEP, PUTOUT, SETUP 

C 
C START OF EXECUTABLE STATEIIEITS 
C 
C THE IEXT LIIE IIAY BE DELETED 01 IOI-CRAY IIIPLEIIEITATIOIS 
C 
C THE FILE input BOLDS THE FIRST APPltOXIIIATIOI IIODEL. 
C THE FILE output RECEIVES THE CALCULATED IIODEL. 
C THE FILE ■onitor RECEIVES VARIOUS PltOGltAII-GEIEltATED REIIARKS. 
C 

C 

CALL LIIK("UIIT5=(input,OPEl,TEXT),UIIT12=(output,CltEATE,TEXT), 
: UIIT6=(■onitor,CREATE,TEXT)//") 

C READ THE FIRST APPltOXIIIATIOI IIODEL AID CALCUUTE QUAITITIES 
C DEPEIDEIT OILY 01 THE FltEQUEICY IIESB AID IOIIZATIOI EIERGIES. 
C 

CALL SETUP(IITER,TEFF,Z) 
C 
C IIAII LOOP: 
C 

DO 10 I=1,IITElt 
C 
C PEltFOltll Al LTE COIIPLETE LIIEAltIZATIOI ITERATIOI 
C 

CALL LTESTEP(Eltlt) 
C 
C TELL THE USER BOW WE'RE COIIIIG ALOIG. 
C 

WRITE ( 6 , 1008) I , Eltlt 
C 
C SUCCESS! EXIT THE LOOP AID SAVE THE POLISHED IIODEL. 
C 

IF (ERR.LT.1.E-4)GO TO 20 
10 COITIIUE 
C 
C SAVE THE COIIPLETED IIODEL 
C 
20 CALL PUTOUT(TEFF,Z) 

CALL EXIT(O) 
C 
C FOltllAT STATEIIEITS 
C 
1008 FOltllAT (• ITERATIOl',I3,' COIIPLETE WITH Eltlt = ',F9.4) 
C 

EID 

SUBltOUTIIE EDDFAC(IJ) 
C 
C SOLVE EQUATIOI OF TltAISFER FOR A GIVEI SOURCE FUICTIOI AID 
C CALCULATE VARIABLE EDDIIGTOI FACTORS 
C 

IIIPLICIT JOIE 



C 

C 

PLIST 
BUH 
ROOT 
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IITEGER I, ID, IJ, IIIU, J 
REAL A(3), AA, B(3,3), BB, C(3), CCC, D(3,3,MIDEPTH), DD(MIDEPTB) 
REAL DIV, DP, DT(MIDEPTB), DTO, DP, EB, EJ, EK, L, IU(MIDEPTB), P 
REAL PSI(3,MIDEPTH), Q(3), QQ, QS, RO 

C GAUSSIAI IITEGRATIOI ORDIIATES AID WEIGHTS 
C 

REAL AIIU(3),WTMU(3) 
DATA WTMU/.Z,77777777777778,.44444444444444, 

: .Z,77777777777778/,AIIU/.887298334620742,.5,.112701665379258/ 
C 
C START OF EXECUTABLE STATEIIEITS 
C 
C 
C CALCULATE OPTICAL DEPTH SCALE 
C 

DO 20 ID=t,IDEPTH-1 
DT(ID)=0.5•(CBI(ID+1)/IM(ID+1)+CBI(ID)/IM(ID))* 

M(ID+1)/MBYD 
20 COITIIUE 
C 
C UPPER BOUIDARY COIDITIOIS 
C 

QQ=ETA(1)/CBI(1) 
QS=IE(1)•SIGE/CBI(1) 
DO 40 I=1,3 

PSI(I, 1)=0. 
DIV=0.5•DT(1)/AMU(I) 
Q(I)=DIV•QQ 
C(I)=AMU(I)/DT(1) 
00 30 J=1,3 

B(I,J)=-WTMU(J)•QS•DIV 
30 COITIIUE 

B(I,I)=B(I,I)+1.0+C(I)+DIV 
40 COITIIUE 
C 
C IIVERT MATRIX (DOIE EXPLICITLY SIICE SMALL MATRIX) 
C 

B(2,1)=B(2,1)/B(1,1) 
B(2,2)=B(2,2)-B(2,1)•B(1,2) 
B(2,3)=B(2,3)-B(2,1)•B(1,3) 
B(3,1)=B(3,1)/B(1,1) 
B(3,2)=(B(3,2)-B(3,1)•B(1,2))/B(2,2) 
B(3,3)=B(3,3)-B(3,1)•B(1,3)-B(3,2)•B(2,3) 
B(3,2)=-B(3,2) 
B(3,1)=-B(3,1)-B(3,2)•B(2,1) 
B(2,1)=-B(2,1) 
8(3,3)=1.0/8(3,3) 
B(2,3)=-B(2,3)•B(3,3)/B(2,2) 
8(2,2)=1.0/8(2,2) 
B(1,3)=-(B(1,2)•B(2,3)+B(1,3)•B(3,3))/B(1,1) 
B(1,2)=-B(1,2)•B(2,2)/B(1,1) 
8(1,1)=1.0/8(1,1) 
B(1,1)=B(1,1)+B(1,2)•B(2,1)+B(1,3)•B(3,1) 
B(1,2)=B(1,2)+B(1,3)•B(3,2) 
B(2,1)=B(2,2)•B(2,1)+B(2,3)•B(3,1) 
B(2,2)=B(2,2)+B(2,3)•B(3,2) 
B(3,1)=B(3,3)•B(3,1) 
B(3,2)=B(3,3)•B(3,2) 
DO 60 I=1,3 

DO 50 J=1,3 
D(I,J,1)=B(I,J)•C(J) 
PSI(I,1)=PSI(I,1)+B(I,J)•Q(J) 

50 COITIIUE 
60 COITIIUE 
C 
C IORMAL DEPTH POIITS 
C 

DO 130 ID=2,IDEPTB-1 
DTO=O.S•(DT(ID-1)+DT(ID)) 
QQ=ETA(ID)/CBI(ID) 
QS=IE(ID)•SIGE/CBI(ID) 
DO 80 I=1,3 

A(I)=AMU(I)••2/DT(ID-1)/DTO 
C(I)=AMU(I)••2/DT(ID)/DTO 
Q(I)=QQ+A(I)•PSI(I,ID-1) 



DO 70 J=1,3 
B(I,J)=-WTMU(J)*QS 
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70 COBTIIUE 
B(I,I)=B(I,I)+1.+A(I)+C(I) 

80 COITIIUE 
DO 100 I=1,3 

DO 90 J=1,3 
B(I,J)=B(I,J)-A(I)*D(I,J,ID-1) 

90 COBTIIUE 
100 COITIBUE 

B(2,1)=B(2,1)/B(1,1) 
B(2,2)=B(2,2)-B(2,1)*B(1,2) 
B(2,3)=B(2,3)-B(2,1)*B(1,3) 
B(3,1)=B(3,1)/B(1,1) 
B(3,2)=(B(3,2)-B(3,1)*B(1,2))/B(2,2) 
B(3,3)=B(3,3)-B(3,1)*B(1,3)-B(3,2)*B(2,3) 
B(3,2)=-B(3,2) 
B(3,1)=-B(3,1)-B(3,2)*B(2,1) 
B(2,1)=-B(2, 1) 
B(3,3)=1.0/B(3,3) 
B(2,3)=-B(2,3)*B(3,3)/B(2,2) 
B(2,2)=1.0/B(2,2) 
B(1,3)=-(B(1,2)*B(2,3)+B(1,3)*B(3,3))/B(1,1) 
B(1,2)=-B(1,2)*B(2,2)/B(1,1) 
B(1,1)=1.0/B(1,1) 
B(1,1)=B(1,1)+B(1,2)*B(2,1)+B(1,3)*B(3,1) 
B(1,2)=B(1,2)+B(1,3)•8(3,2) 
8(2,1)=8(2,2)•8(2,1)+8(2,3)*8(3,1) 
8(2,2)=B(2,2)+8(2,3)•8(3,2) 
B(3,1)=8(3,3)•8(3,1) 
B(3,2)=B(3,3)•8(3,2) 
DO 120 I=1,3 

PSI(I,ID)=O. 
DO 110 J=1,3 

PSI(I,ID)=PSI(I,ID)+B(I,J)•Q(J) 
D(I,J,ID)=8(I,J)•C(J) 

110 COBTIIUE 
120 COBTIBUE 
130 COITIBUE 
C 
C LOWER 80UBDARY COBDITIOBS 
C 

R0=88COF•FREQ(IJ)**3 
P=RO/(EXP(HK•FREQ(IJ)/TEMP(IDEPTB))-1.) 
DP=RO/(EXP(BK•FREQ(IJ)/TEMP(IDEPTB-1))-1.) 
DP=(P-DP)/DT(IOEPTB-1) 
DO 150 I=1,3 

A(I)=AMU(I)/DT(IDEPTB-1) 
Q(I)=P+AMU(I)*DP+A(I)•PSI(I,IDEPTB-1) 
DO 140 J=1,3 

B(I,J)=O. 
140 COBTIBUE 

B(I,I)=t.+A(I) 
150 COITIIUE 

DO 170 I=1,3 
DO 160 J=1,3 

8(I,J)=B(I,J)-A(I)•D(I,J,IDEPTB-1) 
160 COITIBUE 
170 COITIIUE 

8(2,1)=B(2,1)/B(1,1) 
B(2,2)=B(2,2)-B(2,1)•B(1,2) 
B(2,3)=B(2,3)-8(2,1)*B(1,3) 
8(3,1)=B(3,1)/B(1,1) 
B(3,2)=(B(3,2)-8(3,1)*B(1,2))/8(2,2) 
8(3,3)=B(3,3)-8(3,1)•8(1,3)-B(3,2)*8(2,3) 
B(3,2)=-B(3,2) 
8(3,1)=-8(3,1)-8(3,2)*8(2,1) 
8(2,1)=-8(2,1) 
8(3,3)=1.0/8(3,3) 
8(2,3)=-8(2,3)•8(3,3)/8(2,2) 
8(2,2)=1.0/8(2,2) 
B(1,3)=-(8(1,2)*B(2,3)+8(1,3)*8(3,3))/8(1,1) 
8(1,2)=-8(1,2)•8(2,2)/8(1,1) 
8(1,1)=1.0/8(1,1) 
B(1, 1)=8(1, 1)+B(1, 2) •8(2, 1)+B (1,3)•8(3, 1) 
8(1,2)=8(1,2)+8(1,3)•8(3,2) 
8(2,1)=8(2,2)•8(2,1)+8(2,3)*8(3,1) 
8(2,2)=8(2,2)+8(2,3)•8(3,2) 
8(3,1)=8(3,3)*8(3,1) 
8(3,2)=8(3,3)•8(3,2) 
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C 
C BACKSUBSTITUTIOI TO DETERMIIE SPECIFIC IITEISITIES 
C 

DO 190 I=1,3 
PSI(I,IDEPTB)=O. 
DO 180 J=1,3 

PSI(I,IDEPTB)=PSI(I,IDEPTH)+B(I,J)*Q(J) 
180 COITIIUE 
190 COITIIUE 

DO 230 ID=IDEPTH,1,-1 
EJ=O. 
EK=O. 
DO 220 I=1,3 

IF cm.EQ.IDEPTB) GO TO 210 
DO 200 J:1,3 

PSI(I,m)=PSI(I,ID)+D(I,J,ID)*PSI(J,m+1) 
200 COITIIUE 
C 
C CALCULATE MEAi IITEISITY AID SECOID MOMEIT 
C 
210 EJ=EJ+VTMU(I)*PSI(I,ID) 

EK=EK+VTMU(I)*AMU(I)**2*PSI(I,m) 
220 COITIIUE 
C 
C CALCUUTE VARIABLE EODIIGTOI FACTOR 
C 

FK(ID)=EK/EJ 
230 COITIIUE 

FK(IDEPTB)=1./3. 
EB=O.O 
DO 240 I=1,3 

EB=EB+WTMU(I)*AMU(I)*PSI(I,1) 
240 COITIIUE 

FB=EB/EJ 
C 
C IOW RECALCUUTE MEAi IITEISITY USIIG EODIIGTOI FACTORS 
C 

DIV=0.5*DT(1) 
BB=FK(1)/DT(1)+FH+DIV*(1.-IE(1)*SIGE/CHI(1)) 
CCC=FK(2)/DT( 1) 
L=DIV*ETA(1)/CHI(1) 
IU(1)=L/BB 
DD(1)=CCC/BB 
DO 250 ID=2,IDEPTH-1 

DT0=0.5*(DT(ID-1)+DT(ID)) 
AA=FK(ID-1)/(DT{ID-l)*DTO) 
CCC=FK(ID+1)/{DT{ID)*DTO) 
BB=FK(ID)*{1./DT{ID-1)+1./DT{ID))/DT0+1.0-

IE{ID)*SIGE/CHI{m) 
L=ETA{ID)/CBI{ID) 
BB=BB-AA*DD{m-1) 
DD{m)=CCC/BB 
IU{ID)={L+AA*IU{ID-1))/BB 

250 COITIIUE 
BB=FK(IDEPTB)/DT{IDEPTH-1)+0.5 
AA=FK{IDEPTB-1)/DT{IDEPTB-1) 
BB=BB-AA*DD(IDEPTH-1) 
L=0.5*P+DP/3.0 
RAD{ID)={L+AA*IU{IDEPTB-1))/BB 
DO 260 ID=IDEPTH-1,1,-1 

RAD{ID)=IU{ID)+DD{ID)*RAD{ID+1) 
260 COITIIUE 

RETURI 
EID 

SUBROUTIIE LSTATE(ITl,ITT,BSUM,BSUMl,BSUMT) 
C 
C CALCULATES ITOT DERIVATIVES AID LOWER BOUIDARY SUMS FOR LTESTEP 
C 

C 

C 

IMPLICIT JIOllE 

PLIST 
BLAIK 
ROOT 
ROOTI 
SEGH 

IllTEGER I, m, IJ, IL, IT, J, L, U 
REAL BSUM, BSUMI, BSUMT, C, DOP, E, FRQO, HKT 
REAL HKTT, SIGIIA, SIGIIAT, SRT, SRT2, T, IO, 11, 111, I1T, VI, VXT 
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REAL CBil(IIIJ), CHIT(IIIJ), CLHS(lllll,MIII), DELTA(IIIII) 
REAL DSKK(4,IIIJ), ETAl(MIJ), ETAT(IIIJ) 
REAL EX(IIIJ), LHS(Mlll,MJIII), Ll(lllll,11111) 
REAL LT(lllll,MIII), ITl(IIIDEPTH), ITT(IIIDEPTH), RHS(IIIII) 
REAL Rl(IIIII), RT(MIII), SKK(4,IIIJ) 

C EXTERIALS 
C 

REAL FRE, IIATIIV, IURATE 
EXTERIAL FRE, IIATIIV, IURATE 

C 
C STATEIIEIT FUICTIOIS 
C 

REAL BB, BBT, BBTT, FQ, TQ 
REAL SB, SBBE1, SBBE2, SBT, SBHE1T, SBBE2T 
REAL SBBII, SBBIIT 
SBBll(T)=ACCOF•0.5•EXP(BK•FRQBII/T)/T/SQRT(T) 
SBBIIT(T)=(-1.5-BK•FRQBII/T)/T 
SB(I,T)=ACCOF•GH(I)•EXP(BK•FRQB(I)/T)/T/SQRT(T) 
SBT(I,T)=(-1.5-HK•FRQB(I)/T)/T 
SHBE1(I,T)=ACCOF•GBE1(I)•EXP(BK•FRQBE1(I)/T)/T/SQRT(T)/2. 
SBBE1T(I,T)=(-1.5-HK•FRQBE1(I)/T)/T 
SBBE2(I,T)=ACCOF•GB(I)•EXP(BK•FRQBE2(I)/T)/T/SQRT(T) 
SBBE2T(I,T)=(-1.5-HK•FRQBE2(I)/T)/T 
BB(FQ,TQ)=BBCOF•FQ••3/(EXP(BK•FQ/TQ)-1.0) 
BBT(FQ,TQ)=BB(FQ,TQ)•BK•FQ/TQ/TQ/(1.0-EXP(-BK•FQ/TQ)) 
BBTT(FQ,TQ)=BBT(FQ,TQ)•(BK•FQ•(1.0+EXP(-BK•FQ/TQ))/ 

(1.0-EXP(-BK•FQ/TQ))/TQ-2.0)/TQ 
C 
C START OF EXECUTABLE STATEIIEITS 
C 
C ESTABLISH LTE POPULATIOIS AID DERIVATIVES 
C 

DO 120 ID=1,IDEPTB 
CALL IURATE(LHS,Ll,LT,RHS,Rl,RT,ID) 
CALL IIATIIV(LHS,11111,11111) 
DO 20 I=1,MIII 

Dl(I,ID)=O.O 
DT(I,ID)=O.O 
DO 10 J=1,MIH 

CLHS(I,J)=LHS(I,J) 
10 COITIIUE 
20 COITIIUE 

DO 40 I=1,MIII 
DELTA(I)=O.O 

40 COITIIUE 
DO 30 J=1,MIII 

DO 35 I=1,IIIIII 
DELTA(I)=DELTA(I)+LBS(I,J)•RHS(J) 

35 COITIIUE 
30 COITIIUE 

ITOT(ID)=DELTA(IITOT) 
IPROT(ID)=DELTA(IIPROT) 
IBE2(1,IP)=DELTA(IIBE2) 
IHE3(ID)=DELTA(IIBE3) 
DO 50 IL=1,ILB 

l(IL,ID)=SB(IL,TEIIP(ID))•IE(ID)•IPROT(ID) 
50 COITIIUE 

DO 60 IL=1,ILBE1 
IBE1(IL,ID)=SBBE1(IL,TEIIP(ID))•IE(ID)•IBE2(1,ID) 

60 COITIIUE 
DO 70 IL=2,ILBE2 

IBE2(IL,ID)=SBBE2(IL,TEIIP(ID))•IE(ID)•IBE3(ID) 
70 COITIIUE 

DO 90 I=1,IIIII 
DO 80 J=1,IIIH 

Rl(I)=Rl(I)-Ll(I,J)•DELTA(J) 
RT(I)=RT(I)-LT(I,J)•DELTA(J) 

80 COITIIUE 
90 COITIIUE 

DO 110 I=1 ,11111 
DO 100 J=1,IIIIII 

Dl(I,ID)=Dl(I,ID)+CLHS(I,J)•Rl(J) 
DT(I,ID)=DT(I,ID)+CLHS(I,J)•RT(J) 

100 COITIIUE 
110 COITIIUE 

lll(ID)=IIU•(ITOT(ID)-IE(ID)) 
ITl(ID)=Dl(IITOT,ID) 
ITT(ID)=DT(IITOT,ID) 

120 COITIIUE 
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C 
C CALCULATE LOWER BOUJIDARY OPACITIES AID DERIVATIVES 
C 

C 

SRT=SQRT(TLIIE/TEMP(IDEPTB)) 
SRT2=SQRT(TEMP(IDEPTB)) 
CALL FRE(SKK,DSKK,IDEPTB) 
BKT=BK/TEMP(IDEPTB) 
BKTT=-BKT/TEMP(IDEPTB) 

C ELECTROI SCATTERIIG 
C 

DO 130 IJ=1,IJ 
CBI(IJ)=IE(IDEPTB)•SIGE 
CBil(IJ)=SIGE 
EX(IJ)=EIP(-BKT•FREQ(IJ)) 
ETA(IJ)=O.O 
ETAT(IJ)=O.O 
ETAl(IJ)=O.0 
CBIT(IJ)=O.O 

130 COITIIUE 
C 
C BOUJID-FREE OPACITIES 
C 

DO 1S0 IL=1,ILB 
DO 140 IJ=1,IJ 

C=SIG(IL,IJ)•l(IL,IDEPTB) 
E=C•EX(IJ) 
ETA(IJ)=ETA(IJ)+E 
ETAT(IJ)=ETAT(IJ)+E•(SBT(IL,TEMP(IDEPTB))-

BKTT•FREQ(IJ)) 
ETAl(IJ)=ETAl(IJ)+E/IE(IDEPTB) 
ETAT(IJ)=ETAT(IJ)+E•DT(IIPROT,IDEPTB)/IPROT(IDEPTB) 
ETAl(IJ)=ETAl(IJ)+E•Dl(IIPROT,IDEPTB)/IPROT(IDEPTH) 
CBI(IJ)=CBI(IJ)+C 
CBIT(IJ)=CBIT(IJ)+c•SBT(IL,TEMP(IDEPTB)) 
CBil(IJ)=CBil(IJ)+c/lE(IDEPTB) 
CBIT(IJ)=CBIT(IJ)+c•DT(IIPROT,IDEPTB)/IPROT(IDEPTB) 
CBil(IJ)=CBil(IJ)+C•Dl(IIPROT,IDEPTB)/IPROT(IDEPTB) 

140 COITIIUE 
1SO COITIIUE 

DO 170 IL=1,ILBE1 
DO 180 IJ=1,IJ 

C=SIGBE1(IL,IJ)•IHE1(IL,IDEPTB) 
E=C•EX(IJ) 
ETA(IJ)=ETA(IJ)+E 
ETAT(IJ)=ETAT(IJ)+E•(SBBE1T(IL,TEMP(IDEPTB))-

BKTT•FREQ(IJ)) 
ETAl(IJ)=ETAl(IJ)+E/IE(IDEPTB) 
ETAT(IJ)=ETAT(IJ)+E•DT(IIBE2,IDEPTB)/IBE2(1,IDEPTB) 
ETAl(IJ)=ETAl(IJ)+E•Dl(IIBE2,IDEPTB)/IBE2(1,IDEPTB) 
CBI(IJ)=CBI(IJ)+C 
CBIT(IJ)=CBIT(IJ)+c•SBBE1T(IL,TEMP(IDEPTB)) 
CBil(IJ)=CBil(IJ)+c/lE(IDEPTB) 
CBIT(IJ)=CBIT(IJ)+c•DT(IIHE2,IDEPTB)/IHE2(1,IDEPTB) 
CBil(IJ)=CBil(IJ)+c•Dl(IIHE2,IDEPTB)/IBE2(1,IDEPTH) 

170 COITIIUE ' 
180 COITIIUE 

DO 200 IL=1,ILBE2 
DO 190 IJ=1,IJ 

C=SIGBE2(IL,IJ)•IBE2(IL,IDEPTB) 
E=C•EX(IJ) 
ETA(IJ)=ETA(IJ)+E 
ETAT(IJ)=ETAT(IJ)+E•(SBBE2T(IL,TEMP(IDEPTB))-

BKTT•FREQ(IJ)) 
ETAl(IJ)=ETAl(IJ)+E/IE(IDEPTB) 
ETAT(IJ)=ETAT(IJ)+E•DT(IIBE3,IDEPTB)/IBE3(1DEPTB) 
ETAl(IJ)=ETAl(IJ)+E•Dl(IIBE3,IDEPTB)/IHE3(1DEPTB) 
CBI(IJ)=CBI(IJ)+C 
CBIT(IJ)=CBIT(IJ)+c•SBBE2T(IL,TEMP(IDEPTH)) 
CBil(IJ)=CBil(IJ)+C/IE(IDEPTB) 
CBIT(IJ)=CBIT(IJ)+c•DT(IIBE3,IDEPTB)/IBE3(1DEPTB) 
CBil(IJ)=CBil(IJ)+c•Dl(IIHE3,IDEPTB)/IBE3(1DEPTB) 

190 COITIIUE 
200 COITIIUE 
C 
C FREE-FREE OPACITIES 
C 

XO=IBE3(1DEPTB)•IE(IDEPTB)••2 
X1=XO•SUMBE2(1DEPTB) 
X1T=XO•DSHE2(1DEPTB) 
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111=2.0*11/IE(IDEPTB) 
DO 210 IJ=1,IJ 

C=I1*SKK{2,IJ) 
E=C*EI{IJ) 
ETA{IJ)=ETA{IJ)+E 
ETAT{IJ)=ETAT{IJ)+E*{I1T/I1+DSKK{2,IJ)-

BKTT*FREQ{IJ)) 
ETAl{IJ)=ETAl{IJ)+E*I11/I1 
ETAT{IJ)=ETAT{IJ)+IE{IDEPTB)**2*SUMBE2{1DEPTB)* 

SKK{2,IJ)*EI{Il)*DT(IIBE3,IDEPTB) 
ETAl(IJ)=ETAl(IJ)+IE(IDEPTB)**2*SUMBE2(1DEPTB)* 

SKK(2,IJ)*EI(IJ)*Dl(IIBE3,IDEPTB) 
CBI(IJ)=CBI{IJ)+c 
CBIT(IJ)=CBIT(IJ)+C*(I1T/I1+DSKK(2,IJ)) 
CBil(IJ)=CBil(IJ)+C*I11/I1 
CBIT(IJ)=CBIT(IJ)+IE(IDEPTB)**2*SUMBE2(1DEPTB)* 

SKK(2,IJ)*DT(IIBE3,IDEPTB) 
CBil(IJ)=CBil(IJ)+IE(IDEPTB)**2*SUMBE2(1DEPTB)* 

SKK(2,IJ)*Dl(IIBE3,IDEPTB) 
210 COITIIUE 

DO 220 IJ=1,IJ 
C=IBE3(1DEPTB)*IE(IDEPTB)*SKK(3,IJ) 
E=C*EI(IJ) 
ETA(IJ)=ETA(IJ)+E 
ETAT(IJ)=ETAT(IJ)+E*(DSKK(3,IJ)-BKTT*FREQ(IJ)) 
ETAl{IJ)=ETAl{IJ)+E/IE{IDEPTB) 
ETAT{IJ)=ETAT{IJ)+E*DT{IIBE3,IDEPTB)/IBE3{1DEPTB) 
ETAl{IJ)=ETAl{IJ)+E*Dl{IIBE3,IDEPTB)/IBE3{1DEPTB) 
CBI{IJ)=CBI{IJ)+C 
CBIT{IJ)=CBIT(IJ)+C*DSKK{3,IJ) 
CBil(IJ)=CBil{IJ)+C/IE{IDEPTB) 
CBIT{IJ)=CBIT{IJ)+C*DT{IIBE3,IDEPTB)/IBE3{1DEPTB) 
CBil(IJ)=CBil{IJ)+C*Dl{IIBE3,IDEPTB)/IBE3{1DEPTB) 
C=IPROT{IDEPTB)*IE{IDEPTB)*SKK{1,IJ) 
E=C*EI{IJ) 
ETA{IJ)=ETA{IJ)+E 
ETAT{IJ)=ETAT{IJ)+E*{DSKK{1,IJ)-BKTT*FREQ{IJ)) 
ETAl{IJ)=ETAl{IJ)+E/IE{IDEPTB) 
ETAT{IJ)=ETAT{IJ)+E*DT{IIPROT,IDEPTB)/IPROT{IDEPTB) 
ETAl{IJ)=ETAl{IJ)+E*Dl{IIPROT,IDEPTB)/IPROT{IDEPTB) 
CBI{IJ)=CBI{lJ)+c 
CBIT(IJ)=CBIT(IJ)+C*DSKK{1,IJ) 
CBil{IJ)=CBil(IJ)+C/IE{IDEPTB) 
CBIT{IJ)=CBIT{IJ)+C*DT{IIPROT,IDEPTB)/IPROT{IDEPTB) 
CBil{IJ)=CBil{IJ)+C*Dl{IIPROT,IDEPTB)/IPROT{IDEPTB) 

220 COITIIUE 
C 
C LIIE OPACITIES 
C 

DO 230 IJ=ITPTRB,ITPTRBE1-1 
L=LOWB{IJ) 
U=UPB{IJ) 
IT=ITRB{L,U) 
FRQO=FRQB{L)-FRQB{U) 
DOP=SRT2*FRQO*DOPCOF 
VI=DELQUAD*MOD{IJ-ITPTRB,IQUAD)*SRT 
SIGNA=PIE2NC*OSCB{IT)*EIP{-VI•VI)/DOP/1.7724539 
SIGNAT={VI•VI-0.5)/TENP{IDEPTB) 
E=GB{L)*SIGNA•l{U,IDEPTB)/GB{U) 
C=SIGNA•l{L,IDEPTB) 
ETA{IJ)=ETA{IJ)+E 
CBI{IJ)=CBI{IJ)+c 
ETAT{IJ)=ETAT{IJ)+E•{SIGNAT+SBT(U,TENP{IDEPTB))) 
CBIT{IJ)=CBIT{IJ)+C•{SIGNAT+SBT(L,TENP{IDEPTB))) 
ETAl(IJ)=ETAl{IJ)+E/IE{IDEPTB) 
ETAT{IJ)=ETAT{IJ)+E•DT{IIPROT,IDEPTB)/IPROT{IDEPTB) 
ETAl{IJ)=ETAl{IJ)+E•Dl{IIPROT,IDEPTB)/IPROT{IDEPTB) 
CBil{IJ)=CBil{IJ)+C/IE{IDEPTB) 
CBIT{IJ)=CBIT{IJ)+C•DT(IIPROT,IDEPTB)/IPROT(IDEPTB) 
CBil{IJ)=CBil{IJ)+C•Dl{IIPROT,IDEPTB)/IPROT(IDEPTB) 

230 COITIIUE 
DO 240 IJ=ITPTRBE1,ITPTRBE2-1 

L=LOWBE1(IJ) 
U=UPBE1{IJ) 
IT=ITRBE1{L,U) 
FRQO=FRQBE1(L)-FRQBE1{U) 
DOP=SRT2•FRQO•DOPCOF•0.5 
VI=DELQUAD•NOD(IJ-ITPTRBE1,IQUAD)•SRT 
SIGNA=PIE2NC•OSCBE1{IT)•EIP{-VI•VI)/DOP/1.7724539 
SIGNAT={VI•VX-0.5)/TENP(IDEPTB) 
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CBI(IJ)=CBI(IJ)+c 
ETAT(IJ)=ETAT(IJ)+E•(SIGMAT+SBBE1T(U,TEIIP(IDEPTB))) 
CBIT(IJ)=CBIT(IJ)+C•(SIGMAT+SBBE1T(L,TEIIP(IDEPTB))) 
ETAl(IJ)=ETAl(IJ)+E/IE(IDEPTB) 
ETAT(IJ)=ETAT(IJ)+E•DT(IIBE2,IDEPTB)/IBE2(1,IDEPTB) 
ETAl(IJ)=ETAl(IJ)+E•Dl(IIBE2,IDEPTB)/IBE2(1,IDEPTB) 
CBil(IJ)=CBil(IJ)+C/IE(IDEPTB) 
CBIT(IJ)=CBIT(IJ)+C•DT(IIBE2,IDEPTB)/IBE2(1,IDEPTB) 
CBil(IJ)=CBil(IJ)+C•Dl(IIBE2,IDEPTB)/IBE2(1,IDEPTB) 

240 COITIIUE 
DO 250 IJ=ITPTIUIE2,IJ 

L=LOWBE2(IJ) 
U=UPBE2(IJ) 
IT=ITRBE2(L,U) 
FRQO=FBQBE2(L)-FRQBE2(U) 
DOP=SRT2•FBQO•DOPCOF•0.5 
VI=DELQUAD•MOD(IJ-ITPTRBE2,IQUAD)•SRT 
SIGIIA=PIE2NC•OSCBE2(IT)•EIP(-VI•VI)/DOP/1.7724539 
SIGIIAT=(VI•VI-0.5)/TENP(IDEPTB) 
E=GB(L)•SIGMA•IBE2(U,IDEPTB)/GB(U) 
C=SIGMA•IBE2(L,IDEPTB) 
ETA(IJ)=ETA(IJ)+E 
CBI(IJ)=CBI(IJ)+C 
ETAT(IJ)=ETAT(IJ)+E•(SIGMAT+SBBE2T(U,TEIIP(IDEPTB))) 
CBIT(IJ)=CBIT(IJ)+C•(SIGMAT+SBBE2T(L,TEIIP(IDEPTB))) 
ETAl(IJ)=ETAl(IJ)+E/IE(IDEPTB) 
ETAT(IJ)=ETAT(IJ)+E•DT(IIBE3,IDEPTB)/IBE3(1DEPTB) 
ETAl(IJ)=ETAl(IJ)+E•Dl(IIBE3,IDEPTB)/IBE3(1DEPTB) 
CBil(IJ)=CBil(IJ)+C/IE(IDEPTB) 
CBIT(IJ)=CBIT(IJ)+C•DT(IIBE3,IDEPTB)/IBE3(1DEPTB) 
CBil(IJ)=CBil(IJ)+C•Dl(IIBE3,IDEPTB)/IBE3(1DEPTB) 

250 COITIIUE 
C 
C B MIIUS 
C 

IF (RULE(t))TBEI 
DO 260 IJ=t,IJ 

C=SKK(4,IJ)•l(1,IDEPTB)•IE(IDEPTB) 
E=C•EI(IJ) 
CBI(IJ)=CBI(IJ)+C 
ETA(IJ)=ETA(IJ)+E 
CBil(IJ)=CBil(IJ)+c•(2./IE(IDEPTB)+ 

Dl(IIPROT,IDEPTB)/IPROT(IDEPTB)) 
CBIT(IJ)=CBIT(IJ)+c•(DSKK(4,IJ)/SKK(4,IJ)+ 

SBT(t,TEMP(IDEPTB))+ 
DT(IIPROT,IDEPTB)/IPROT(IDEPTB)) 

ETAl(IJ)=ETAl(IJ)+E•(2./IE(IDEPTB)+ 
Dl(IIPROT,IDEPTB)/IPROT(IDEPTB)) 

ETAT(IJ)=ETAT(IJ)+E•(DSKK(4,IJ)/SKK(4,IJ)+ 
SBT(t,TEMP(IDEPTB))­
BKTT•FREQ(IJ)+DT(IIPROT,IDEPTB)/IPROT(IDEPTB)) 

C=l(1,IDEPTB)•IE(IDEPTB)•SBBM(TENP(IDEPTB))•SIGBM(IJ) 
E=C•EI(IJ) 
CBI(IJ)=CBI(IJ)+C 
ETA(IJ)=ETA(IJ)+E 
CBil(IJ)=CBil(IJ)+c•(2./IE(IDEPTB)+ 

Dl(IIPROT,IDEPTB)/IPROT(IDEPTB)) 
CBIT(IJ)=CBIT(IJ)+C•(SBBMT(TEIIP(IDEPTB))+ 

SBT(1,TEMP(IDEPTB))+ 
DT(IIPROT,IDEPTB)/IPROT(IDEPTB)) 

ETAl(IJ)=ETAl(IJ)+E•(2./IE(IDEPTB)+ 
Dl(IIPROT,IDEPTB)/IPROT(IDEPTB)) 

ETAT(IJ)=ETAT(IJ)+E•(SBBMT(TEIIP(IDEPTB))+ 
SBT(t,TEMP(IDEPTB))+ 
DT(IIPROT,IDEPTB)/IPROT(IDEPTB)-BKTT•FREQ(IJ)) 

260 COITIIUE 
EIDIF 

C 
C SUBTRACT STIMUUTED EMISSIOI FROM OPACITY AID CALCUUTE EMISSIVITY 
C 

DO 270 IJ=1,IJ 
CBI(IJ)=CBI(IJ)-ETA(IJ) 
CBIT(IJ)=CBIT(IJ)-ETAT(IJ) 
CBil(IJ)=CBil(IJ)-ETAl(IJ) 
VI=BBCOF•FREQ(IJ)••3 
ETA(IJ)=ETA(IJ)•VI 
ETAT(IJ)=ETAT(IJ)•VI 
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ETAl(IJ)=ETAl(IJ)•VX 
270 COITIIUE 
C 
C LOWER BOUIDARY SUNS 
C 

BSUN=0,0 
BSUNl=O.O 
BSUNT=O.O 
DO 280 IJ=1,IJ 

VX=WT(IJ)•BBT(FREQ(IJ),TEIIP(IDEPTB))/CBI(IJ) 
BSUll=BSUM+VX 
VX=-VX/CBI(IJ) 
BSUMl=BSUNl+VI•CBil(IJ) 
BSUMT=BSUNT+VI•CBIT(IJ)+WT(IJ)• 

BBTT(FREQ(IJ),TEMP(IDEPTB))/CBI(IJ) 
280 COITIIUE 

RETURI 
EID 

SUBROUTIIE LTESTEP(ERR) 
C 
C SUBROUTIIE TO PERFORM LTE RYBICKI STEP. 
C 

C 

C 

C 

IMPLICIT IOIE 

PLIST 
BLAIK 
ROOT 

IITEGER IIDX(2•MIDEPTB) 
IITEGER I, ID, IJ, J, K 
REAL CBil(MIDEPTB), CBIT(MIDEPTB) 
REAL DITOTl(MIDEPTB), DITOTT(MIDEPTB) 
REAL ETAl(MIDEPTB), ETAT(MIDEPTB) 
REAL MB(2•MIDEPTB,2•MIDEPTB), ML(2•MIDEPTB) 
REAL MT(MIDEPTB,3) 
REAL MUE(MIDEPTB,NIDEPTB), NV(MIDEPTB,MIDEPTB) 
REAL NK(2•NIDEPTB) 
REAL BSUN, BSUMI, BSUMT, DET, OTC, DTM, DTP 
REAL ERR, FLUX, MI, MW 
REAL ONEGA1, OMEGA11, ONEGA1T, DNEGA2, OMEGA21, ONEGA2T, ONEGA3 
REAL ONEGA31, OMEGA3T, RB01, RB011, RB01T, RH02, RB021, RB02T 
REAL RB03, RB031, RB03T, S, SI, ST, VA, VB, VC, VALPBA, VBETA 
REAL VGAMMA, VI, VIT, VII 

C EITERIALS 
C 

REAL EDDFAC, LIISLV, LSTATE, GEIER 
EXTERIAL EDDFAC, LIISLV, LSTATE, GEIER 

C 
C STATEMEIT FUICTIOIS 
C 

REAL BB, BBT, BBTT, FQ, TQ 
BB(FQ,TQ)=BBCOF•FQ••3/(EXP(BK•FQ/TQ)-1.0) 
BBT(FQ,TQ)=BB(FQ,TQ)•BK•FQ/TQ/TQ/(1.0-EXP(-BK•FQ/TQ)) 
BBTT(FQ,TQ)=BBT(FQ,TQ)•(BK•FQ•(1.0+EXP(-BK•FQ/TQ))/ 

(1.0-EIP(-BK•FQ/TQ))/TQ-2.0)/TQ 
C 
C START OF EXECUTABLE STATENEITS 
C 

CALL LSTATE(DITOTl,DITOTT,BSUN,BSUNl,BSUNT) 
FLUX=O. 
DO 20 I=1,IDEPTB•2 

NL(I)=O.O 
DO 10 j=1,IDEPTB•2 

NB(I,J)=O.O 
10 COITIIUE 
20 COITIIUE 
C 
C SOLVE TRAISFER EQUATIOI AID CALCULATE DERIVATIVES AT EACH FREQUEICY 
C 

DO 200 IJ=1,IJ 
CALL GEIER(IJ,ETAl,ETAT,CBil,CBIT) 
CALL EDDFAC(IJ) 
DO 40 I=1,IDEPTB 

NK(I)=O.O 
DO 30 J=1,IDEPTB 

NUE(I,J)=O.O 
NV(I,J)=O.O 

30 COITIIUE 



40 COITIIUE 
RH01=111(1) *IIHYD 
RH011=(DITOTl(1)-1.0)*IIHYD*IIU 
RH01T=DITOTT(1)*MHYD•MU 
OMEGA1=CHI(1)/RH01 
OMEGA1T=CHIT(1)/RH01-0MEGA1*RH01T/RH01 
OMEGA11=CHil(1)/RH01-0MEGA1*RH011/RH01 
RH02=111(2)*MHYD 
RH021=(DITOTl(2)-1.0)•IIHYD*IIU 
RH02T=DITOTT(2)•MHYD•MU 
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OMEGA2=CHI(2)/RH02 
OMEGA2T=CBIT(2)/RH02-0MEGA2•RB02T/RH02 
OMEGA21=CHil(2)/RH02-0MEGA2*RH021/RH02 
DTP=O.S•(OMEGA1+011EGA2)•M(2) 
VALPBA=(FK(2)*RAD(2)-FK(1)*RAD(1))/DTP 
S=(ETA(1)+SIGE*IE(1)•RAD(1))/CBI(1) 
Sl=(ETAl(1)+SIGE*RAD(1)-S*CHil(1))/CBI(1) 
ST=(ETAT(1)-S•CHIT(1))/CBI(1) 
VB=(VALPHA+O.S*DTP•(RAD(1)-S))/(OMEGA1+0MEGA2) 
IIK(1)=FB•RAD(1)+0.S*(RAD(1)-S)*DTP-VALPHA 
IIT(1,2)=-FK(1)/DTP-FH-0.5*(1.0-SIGE*IE(1)/ 

CBI(t))•DTP 
IIT(1,3)=FK(2)/DTP 
IIUE(1,1)=-VB*OMEGA11+0.5*DTP*SI 
MUE(1,2)=-VB•OMEGA21 
IIV(1,1)=-VB•OIIEGA1T+O.S*DTP•ST 
IIV(1,2)=-VB•OIIEGA2T 
DO 50 ID=2 ,IDEPTB-1 

DTll=DTP 
RH03=1M(ID+1)•11HYD 
RH031=(DITOTl(ID+1)-1.0)*MHYD•MU 
RH03T=DITOTT(ID+1)*11HYD*IIU 
OMEGA3=CHI(ID+1)/RH03 
OIIEGA3T=CHIT(ID+1)/RB03-0IIEGA3*RB03T/RB03 
OMEGA31=CBil(ID+1)/RH03-0MEGA3*RB031/RH03 
DTP=O.S•(OMEGA3+0MEGA2)*M(ID+1) 
DTC=O.S*(DTM+DTP) 
VALPHA=(FK(ID)*RAD(ID)-FK(ID-i)*RAD(ID-1))/ 

(DTll•DTC) 
VGAMIIA=(FK(ID)*RAD(ID)-FK(ID+1)*RAD(ID+1))/ 

(DTP•DTC) 
VBETA=VALPHA+VGAIIIIA 
VA=(VALPBA+O.S•VBETA•DTM/DTC)/(OIIEGA1+011EGA2) 
VC=(VGAIIIIA+O.S•VBETA•DTP/DTC)/(OMEGA2+0MEGA3) 
VB=VA+VC 
IIK(ID)=VBETA+RAD(ID)-(IE(ID)*SIGE•RAD(ID)+ 

ETA(ID))/CHI(ID) 
IIT(ID,i)=FK(ID-1)/DTM/DTC 
IIT(ID,2)=-(FK(ID)•(1./DTll+1./DTP)/DTC+(1.0-IE(ID)* 

SIGE/CHI(ID))) 
IIT(ID,3)=FK(ID+1)/DTP/DTC 
IIUE(ID,ID-1)=VA•OMEGA11 
IIUE(ID,ID)=VB•OIIEGA21+(-(ETA(ID)+IE(ID)*SIGE* 

RAD(ID))•CHil(ID)/CHI(ID)+ 
ETAl(ID)+SIGE•RAD(ID))/CHI(ID) 

IIUE(ID,ID+1)=VC*OMEGA31 
IIV(ID,ID-1)=VA•OMEGA1T 
IIV(ID,ID)=VB•OIIEGA2T+(-(ETA(ID)+IE(ID)*SIGE* 

RAD(ID))•CHIT(ID)/CHI(ID)+ 
ETAT(ID))/CHI(ID) 

IIV(ID,ID+1)=VC•OIIEGA3T 
OIIEGA1=011EGA2 
OMEGA 1B=OIIEGA21 
OIIEGA1T=OIIEGA2T 
OIIEGA2=0MEGA3 
OIIEGA2T=OIIEGA3T 
OIIEGA21=011EGA31 
RH01=RB02 
RH01T=RH02T 
RH011=RH021 
RH02=RB03 
RH021=RH031 
RH02T=RH03T 

50 CONTINUE 
DTM=DTP 
ID=IDEPTB 
VALPBA=(FK(ID)•RAD(ID)-FK(ID-1)•RAD(ID-1))/DTM 
VB=-VALPHA/(OIIEGA1+0MEGA2) 
VC=HO•BBT(FREQ(IJ),TEIIP(ID))/CHI(ID)/BSUM 
IIK(ID)=VC-VALPBA 
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MT(ID,1)=-FK(ID-1)/DTN 
MT(ID,2)=FK(ID)/DTM 
MUE(ID,ID-1)=VB•OMEGA11 
MUE(ID,ID)=VB•OMEGA21+VC•(CBil(ID)/CBI(ID)+BSUMI/BSUM) 
MV(ID,ID-1)=VB•OMEGA1T 
MV(ID,ID)=VB•OMEGA2T-VC•(BBTT(FREQ(IJ),TEIIP(ID))/ 

BBT(FREQ(IJ),TEMP(ID))-CBIT(ID)/CBI(ID)­
BSUMT/BSUM) 

MT(1,3)=MT(1,3)/MT(1,2) 
MV(1,1)=MV(1,1)/MT(1,2) 
MV(1,2)=MV(1,2)/MT(1,2) 
MUE(1,1)=MUE(1,1)/MT(1,2) 
MUE(1,2)=MUE(1,2)/MT(1,2) 
MK(1)=MK(1)/MT(1,2) 
MT(2,2)=MT(2,2)-MT(2,1)•MT(1,3) 
MV(2,1)=MV(2,1)-MT(2,1)•MV(1,1) 
MV(2,2)=MV(2,2)-MT(2,1)•MV(1,2) 
MUE(2,1)=MUE(2,1)-MT(2,1)•MUE(1,1) 
MUE(2,2)=MUE(2,2)-MT(2,1)•MUE(1,2) 
MK(2)=MK(2)-MK(1)•MT(2,1) 
DO 80 J=2,IDEPTB-1 

MT(J,3)=MT(J,3)/MT(J,2) 
DO 80 K=1,J+1 

MV(J,K)=MV(J,K)/MT(J,2) 
MUE(J,K)=MUE(J,K)/MT(J,2) 

60 COITIIUE 
MK(J)=MK(J)/MT(J,2) 
MT(J+1,2)=MT(J+1,2)-MT(J+1,1)•MT(J,3) 
DO 70 K=1,J+1 

MV(J+1,K)=MV(J+1,K)-MT(J+1,1)•MV(J,K) 
MUE(J+1,K)=MUE(J+1,K)-MT(J+1,1)•MUE(J,K) 

70 COITIIUE 
MK(J+1)=MK(J+1)-MT(J+1,1)•MK(J) 

80 COITIIUE 
DO 90 J=1,IDEPTB 

MV(IDEPTB,J)=MV(IDEPTB,J)/MT(IDEPTB,2) 
MUE(IDEPTB,J)=MUE(IDEPTB,J)/MT(IDEPTB,2) 

90 COITIIUE 
MK(IDEPTB)=MK(IDEPTB)/MT(IDEPTB,2) 
DO 110 J=IDEPTB-1,1,-1 

DO 100 K=1,IDEPTB 
MV(J,K)=MV(J,K)-MT(J,3)•MV(J+1,K) 
MUE(J,K)=MUE(J,K)-MT(J,3)•MUE(J+1,K) 

100 COITIIUE 
MK(J)=MK(J)-MT(J,3)•MK(J+1) 

110 COITIIUE 
C 
C R!DIATIOI FIELD DERIVATIVES OF HYDROSTATIC EQUATIOI 
C 

MI=M(1)•(4.•PI/CC)•WT(IJ)•CBI(1)•FB/IM(1)/MBYD 
DO 120 K=1,IDEPTB 

MB(1,K+IDEPTB)=MB(1,K+IDEPTB)-MX•MV(1,K) 
MB(1,K)=MB(1,K)-MX•MUE(1,K) 

120 COITIIUE 
ML(1)=11L(1)-MX•MK(1) 
MI=FK(1)•WT(IJ)•(4.•PI/CC) 
DO 150 J=2,IDEPTB 

DO 130 K=1,IDEPTB 
MB(J,K)=MB(J,K)+MI•MUE(J-1,K) 
MB(J,K+IDEPTB)=MB(J,K+IDEPTB)+MX•MV(J-1,K) 

130 COITIIUE 
IIL(J)=ML(J)+MX•MK(J-1) 
MI=FK(J)•WT(IJ)•(4.•PI/CC) 
DO 140 K=1,IDEPTB 

MB(J,K)=MB(J,K)-MX•MUE(J,K) 
MB(J,K+IDEPTB)=MB(J,K+IDEPTB)-MX•MV(J,K) 

140 COITIIUE 
ML(J)=ML(J)-MX•MK(J) 

150 COITIIUE 
C 
C R!DIATIOI FIELD DERIVATIVES OF COISTR!IIT OF RADIATIVE EQUILIBRIUM 
C 

DO 170 J=1,IDEPTB 
IIW=WT(IJ)•(CBI(J)-IE(J)•SIGE) 
DO 180 K=1,IDEPTB 

MB(J+IDEPTB,K)=MB(J+IDEPTB,K)-IIW•MUE(J,K) 
MB(J+IDEPTB,K+IDEPTB)=MB(J+IDEPTB,K+IDEPTB)-MW•MV(J,K) 

180 COITIIUE 
ML(J+IDEPTB)=ML(J+IDEPTB)-MW•MK(J) 

170 COITIIUE 
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C 
C RJ.DIATIOI FIELD COITRIBUTIOIS TO COISTRJ.IIT EQUATIOIS 
C 
C RADIATIVE EQUILIBRIUN 
C 

DO 180 ID=1,IDEPTH 
NL(ID+IDEPTB)=NL(ID+IDEPTB)+WT(IJ)•(ETA(ID)­

(CHI(ID)-IE(ID)•SIGE)•RAD(ID)) 
NB(ID+IDEPTB,ID)=NB(ID+IDEPTH,ID)-WT(IJ)• 

(ETAl(ID)-(CHil(ID)-SIGE)•RJ.D(ID)) 
NB(IO+IDEPTB,ID+IDEPTH)=NB(ID+IDEPTH,ID+IDEPTH)-

WT(IJ)•(ETAT(ID)-CHIT(ID)•RAD(ID)) 
180 COITIIUE 
C 
C HYDROSTATIC EQUILIBRIUN 
C 

R.B01=1N(1)•NHYO 
R.B011=(DITOTl(1)-1.0)•NBYD•NU 
RB01T=DITOTT(1)•NHYD•NU 
VA=(4.•PI/CC)•N(1)•WT(IJ)•FH•RJ.D(1)•CHI(1)/RH01 
NL(1)=NL(1)-VA 
NB(1,1)=NB(1,1)+VA•(CHil(1)/CHI(1)-R.B011/RB01) 
NB(1,1+1DEPTB)=NB(1,1+1DEPTB)+VA•(CBIT(1)/CHI(1)-

RB01T/RB01) 
DO 190 ID=2,IDEPTH 

NL(ID)=NL(ID)-(4.•PI/CC)•WT(IJ)•(FK(ID)•RAD(ID)­
FK(I0-1)•RJ.D(ID-1)) 

190 COITIIUE 
FLUX=FLUX+WT(IJ)•FH•RAD(1) 

200 COITIIUE 
C 
C HYDROSTATIC EQUILIBRIUN (IOI-RADIATIVE TERMS) 
C 

NB(1,1)=NB(1,1)+DITOTl(1)•TENP(1)•KB 
NB(1,1+1DEPTB)=NB(1,1+1DEPTH)+KB•(DITOTT(1)•TENP(1)+1TOT(1)) 
NL(1)=NL(1)+N(1)•GRAV-KB•IITOT(1)•TENP(1) 
DO 210 ID=2,IDEPTB 

NL(ID)=NL(ID)+N(ID)•GRJ.V-KB•(ITOT(ID)•TENP(ID)-ITOT(ID-1)• 
TENP(I0-1)) 

NB(ID,ID-1)=NB(ID,I0-1)-KB•DITOTl(ID-1)•TENP(ID-1) 
NB(ID,ID)=NB(ID,ID)+KB•DITOTl(ID)•TENP(ID) 
NB(ID,ID+IDEPTB-1)=NB(ID,ID+IDEPTB-1)-KB•(DITOTT(ID-1)• 

TENP(ID-1)+1TOT(ID-1)) 
NH(ID,IO+IDEPTB)=NB(ID,ID+IDEPTH)+KB•(DITOTT(ID)•TENP(ID)+ 

ITOT(ID)) 
210 COJITIIUE 
C 
C SURFACE FLUX CHECK 
C 

WRITE (6,1000)FLUX,HO 
C 
C SOLVE THE SYSTEN OF EQUATIOIS 
C 

CALL LIISLV(NB,NL,NK,2•1DEPTH,2•NIDEPTB) 
ERR=O. 
DO 220 ID=1,IDEPTB 

ERR=NAX(ERR,ABS(NK(ID+IDEPTH)/TENP(ID)),ABS(NK(ID)/IE(ID))) 
220 COITIIUE 
C 
C SCALE OOWI CORRECTIOIS IF VERY LARGE TO INPROVE HYPERCIRCLE 
C OF COIVERGEICE 
C 

VA=Nil(.95,0.1/ERR) 
WRITE (6,•) 
WRITE (6,1001) 
WRITE (6,•) 
DO 230 ID=1,JIDEPTB 

WRITE (6,•)ID,TENP(ID),NK(ID+IDEPTH)/TENP(ID) 
WRITE (6,*)' ',IE(ID),NK(ID)/IE(ID) 
WRITE (6,•) 
TENP(ID)=TENP(ID)+NK(ID+JIDEPTH)•VA 
IE(ID)=Nil(.1•1E(ID),IE(ID)+NK(ID)•VA) 

230 COJITIIUE 
RETURI 

C 
1000 FORNAT (' CALCULATED FLUX IS ',E12.S,/, 

'EXPECTED FLUX IS ',E12.S) 
1001 FORNAT ('TENPERATURE AID ELECTROI DEISITY STRATIFICATIOI AID 

:ERRORS:') 
EJID 



SUBROUTIIE IUIUTE(LBS,Ll,LT,RBS,Rl,RT,ID) 
C 
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C CALCULATE TBE RATE NATRII FOR PSEUDO-LTE GIVEI DEPARTURE 
C COEFFICIEITS, TENPEIUTURE, AID ELE.CTROI DEISITY 
C 

C 

C 

C 

C 

C 

IMPLICIT IOIE 

PLIST 
ROOT 
ROOTI 
SEGB 

IITEGER I, ID, IL, J, L, U 
REAL LBS(Nlll,NIII), Ll(Nlll,NIII), LT(Nlll,DII) 
REAL RBS(NIII), Rl(NIII), RT(NIII) 
REAL SUN, T, VI, VIT 

REAL SB, SBBE1, SBBE2, SBT, SBBE1T, SBBE2T 

SB(I,T)=ACCOF•GB(I)•EIP(BK•FBQB(I)/T)/T/SQRT(T) 
SBT(I,T)=-(BK•FBQB(I)/T+1.S)/T 
SBBE1(I,T)=ACCOF•GBE1(I)•EIP(BK•FBQBE1(I)/T)/T/SQRT(T)/2. 
SBBE1T(I,T)=-(BK•FBQBE1(I)/T+1.S)/T 
SBHE2(I,T)=ACCOF•GH(I)•EIP(BK•FBQBE2(I)/T)/T/SQRT(T) 
SBBE2T(I,T)=-(BK•FBQHE2(I)/T+1.S)/T 

C START OF EXECUTABLE STATENEITS 
C 
C PARTITIOI FUICTIOIS 
C 

SUNH(ID)=O.O 
DSBOT(ID)=O.O 
DO 10 IL=1,IIQB 

VI=SB(IL,TENP(ID)) 
VIT=VI•SBT(IL,TENP(ID)) 
SUNB(ID)=SUNB(ID)+VI 
DSBDT(ID)=DSBDT(ID)+VIT 

10 COITIIUE 
SUNHE1(ID)=O.O 
DSHE1(ID)=O.O 
DO 20 IL=1,IIQBE1 

VI=SBBE1(IL,TENP(ID)) 
VIT=VI•SBBE1T(IL,TENP(ID)) 
SUNBE1(ID)=SUNBE1(ID)+VI 
DSBE1(ID)=DSHE1(ID)+VIT 

20 COllTIIUE 
SUNHE2(ID)=O.O 
DSBE2(ID)=O.O 
DO 30 IL=1,IIQH•2 

VI=SBBE2(IL,TENP(ID)) 
VIT=VI•SBBE2T(IL,TENP(ID)) 
SUNBE2(ID)=SUNHE2(ID)+VI 
DSHE2(ID)=DSHE2(ID)+VIT 

30 COllTIIUE 
DO SO I=1,MIIII 

RBS(I)=O.O 
Rl(I):O.O 
RT(I)=O.O 
DO 40 J=1,NIII 

LBS(I,J)=O.O 
Ll(I,J)=O.O 
LT(I,J)=O.O 

40 COITIIUE 
SO COIITIIUE 
C 
C PARTICLE COIISERVATIOI 
C 

C 

RBS(1)=-IE(ID) 
Rll(t)=-1.0 
LHS(1,IITOT)=-1. 
LHS(1,IIIPROT)=MU1•(1.+IE(ID)•SUNH(ID)) 
Ll(1,IIPROT)=MU1•SUMB(ID) 
LT(1,IIPROT)=MU1•1E(ID)•DSBDT(ID) 

C CHARGE COIISERVATIOI EQUATIOI 
C 

RHS(2)=11E(ID) 
Rll(2)=1.0 
LHS(2,IIPROT)=t.O 



C 

LBS(2,IIBE3)=2.0+IE(ID)•SUMBE2(ID) 
Ll(2,IIBE3)=SUIIBE2(ID) 
LT(2,IIBE3)=1E(ID)•DSBE2(ID) 

C STATISTICAL EQUILIBRIUM 
C SIIGLY-IOIIZED HELIUM 
C 
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Ll(3,IIBE3)=-SBBE2(1,TENP(ID)) 
LBS(3,IIBE3)=Ll(3,IIBE3)•1E(ID) 
LT(3,IIBE3)=LBS(3,IIBE3)•SBBE2T(1,TEIIP(ID)) 
LBS(3,IIBE2)=1.0 

C 
C BEUUM ABUIDAICE EQUATIOI 
C 

LBS(4,IIBE2)=1E(ID)•SUMBE1(ID)+1.0 
Ll(4,IIBE2)=SUIIBE1(ID) 
LT(4,IIBE2)=1E(ID)•OSBE1(ID) 
LBS(4,IIBE3)=1E(ID)•SUMBE2(ID)+1.0 
Ll(4,IIBE3)=SUIIBE2(ID) 
LT(4,IIBE3)=1E(ID)•DSBE2(ID) 
LBS(4,IIPROT)=-Y•(1.0+IE(ID)•SUMB(ID)) 
Ll(4,IIPROT)=-Y•SUIIB(ID) 
LT(4,IIPROT)=-Y•IE(ID)•DSBDT(ID) 
RETURI 
EID 

SUBROUTIIE PUTOUT(TEFF,Z) 
C 
C WRITE OUT A COMPLETED MODEL TO DISK 
C 

C 

C 

IMPLICIT JOIE 

PLIST 
ROOT 
ROOTI 

C LOCAL VARIABLES 
C 

C 

LOGICAL LIIES 
IITEGER I, ID, IL 
REAL ABUID(92) 
REAL T, TEFF, Z 

C START OF EXECUTABLE STATEMEITS 
C 
C PREVIOUS OUTPUT LIIES WERE ALREADY TAKEI CARE OF II SETUP 
C 

WRITE (12,1007)(M(ID),TEIIP(ID),ITOT(ID),IE(ID),ID=1,IDEPTB) 
C 
C BYDROGEI OCCUPATIOI IUMBERS 
C 

WRITE (12,1005)1 
WRITE (12,1005)0,0,5,ITRB 
WRITE (12,1006)(FRQB(IL),IL=1,5) 
DO 10 IL=1,ITRB 

WRITE (12,1005)LOWERB(IL),UPPERB(IL) 
10 COITIIUE 

WRITE (12,1006)((1(IL,ID),IL=1,5),IPROT(ID),ID=1,IDEPTB) 
C 
C HELIUM OCCUPATIOI IUMBERS 
C 

WRITE (12,1005)2 
WRITE (12,1005)0,0,19,ITRBE1,10,ITRBE2 
WRITE (12,1006)(FRQBE1(IL),IL=1,19) 
DO 20 IL=1,ITRBE1 

WRITE (12,1005)LOWERBE1(IL),UPPERBE1(IL) 
20 COITIIUE 

WRITE (12,1006)(FRQBE2(IL),IL=1,10) 
DO 30 IL=1,ITRBE2 

WRITE (12,1005)LOWERBE2(IL),UPPERBE2(IL) 
30 COITIIUE 

C 

WRITE (12,1006)((1BE1(IL,ID),IL=1,19),(IBE2(IL,ID), 
IL=1,10),IBE3(ID),ID=1,IDEPTB) 

WRITE (12,1005)0 
WRITE (12,1005)0 
RETURI 

C FORMAT STATEIIEITS 
C 
1005 FORMAT (16I5) 



1006 FORMAT (5E15.7) 
1007 FORMAT (4E15.7) 
C 

EID 

SUBROUTIIE SETUP(IITER,TEFF,Z) 
C 
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C READ II THE APPROXIMATE MODEL MAKE !LL IIITI!L C!LCUL!TIOIS 
C 

C 

C 

IMPLICIT IOllE 

PLIST 
ROOT 
ROOTI 

C LOCAL VARIABLES 
C 

C 

CH!R!CTER*80 HEADER 
IllTEGER I, ID, II, IJ, IL, IT, J, 10, 11, 12, 13, 14, 15, llITER 
REAL !BUID(92) 
REAL ALPHA, BET!, COi, COll1, DOP, DUMMY, FCOI, FRQ3, GLOG, T 
REAL TEFF, VI, Z, SRT 

C TABLE OF ATOMIC WEIGHTS 
C 

C 

REAL WEIGHT(92) 
DAT! WEIGHT/1.0,4.0,6.9,9.0,10.8,12.0,14.0,16.0,19.0,20.2,23.0, 
24.3,27.0,28.1,31.0,32.1,35.5,39.9,39.1,40.1,45.0,47.9,50.9,52.0, 
54.9,55.8,58.9,58.7,63.5,65.4,69.7,72.6,74.9,79.0,79.9,83.8,85.5, 
87.6,88.9,91.2,92.9,95.9,98.9,101.1,102.9,106.4,107.9,112.4, 
114.8,118.7,121.8,127.6,126.9,131.3,132.9,137.3,138.9,140.1, 
140.9,144.2,145.0,150.4,152.0,157.3,158.9,162.5,164.9,167.3, 
168.9,173.0,175.0,178.S,180.9,183.9,186.2,190.2,192.2,195.1, 
197.0,200.6,204.4,207.2,209.0,209.0,210.0,222.0,223.0,226.0, 
227.0,232.0,231.0,238.0/ 

C TABLE GIVIIG QU!ITUM IUIIBER OF ACTIVE ELECTROll OF EACH IEUTR!L 
C HELIUM STATE TREATED BY THE PROGRAM 
C 

IITEGER Ql(25) 
DAT! Ql/1,4*2,6*3,8*4,5,6,7,8,9,10/ 

C 
C EXTERl!L PROCEDURES 
C 

C 

REAL EXIT, HEG!UIT, G!UIT, SB, SBHE1, SBHE2, HMIIUS 
EXTERl!L EXIT, HEG!UIT, G!UIT, HMIIUS 

C LOCAL ST!TEMEIT FUICTIOIS 
C 
C THESE FUICTIONS GIVE ACTIVITIES OF THE VARIOUS STATES 
C OF HYDROGEI (SB), IEUTR!L HELIUM (SBHE1), !ID IOIIZED 
C HELIUM (SBHE2). 
C 

C 

SB(I,T)=!CCOF•GH(I)*EXP(BK•FRQH(I)/T)/T/SQRT(T) 
SBBE1(I,T)=!CCOF•GHE1(I)*EXP(HK*FRQHE1(I)/T)/T/SQRT(T)/2. 
SBHE2(I,T)=!CCOF*GH(I)*EXP(HK*FRQHE2(I)/T)/T/SQRT(T) 

C START OF EXECUTABLE ST!TEMEITS 
C 

WRITE (6,*)'LTE MODEL C!LCUL!TIOI PROGRAM' 
C 
C READ COMMEIT LIIE OF IIPUT MODEL 
C 

READ (5,1001)HE!DER 
WRITE (6,1001)HEADER 
WRITE (12,1001)'LTE MODEL WITHOUT LINES' 

C 
C READ BASIC MODEL PARAMETERS 
C 

READ (S,1002)TEFF,TLIIE,GLOG,Y,Z,IITER 
WRITE (12,1002)TEFF,TLINE,GLOG,Y,Z,IITER,-1,0,0 

C 
C CALCULATE EDDIIGTON FLUX !ND SURFACE GRAVITY FROM PARAMETERS 
C 

H0=5.6692E-S*TEFF**4/12.5663708 
GR!V=EXP(2.302585093*GLOG) 
WRITE (6,1003)TEFF,TLIIE,GLOG,Y,Z,NITER 

C 
C READ COMPOSITION, WHICH TAKES THE FORM OF LOG NUMBER RELATIVE 
C TO HYDROGEl=12.0 



C 
READ (5, 1004).ABUIID 
WRITE (12,1004)ABUIID 

C 
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C CALCULATE MEAi MOLECULAR WEIGBT (MU) AID IIUCLEI PER PROTOI (MU1) 
C 

MU=1.0+4.0•Y 
MU1=1.0+Y 
DO 10 I=3,92 

VI=1.E-12•EIP(2.302585093•ABUIID(I))*Z 
MU=MU+VI•WEIGHT(I) 
MU1=MU1+VI 

10 COITIIUE 
MU=MU/MU1 

C 
C READ IUMBER OF DEPTH POIITS AID FREQUEICIES 
C AID THEI READ THE FREQUEICIES 
C 

READ (5,1005)1DEPTH,IJ 
READ (5,1006)(FREQ(IJ),IJ=1,IJ) 
WRITE (12,1005)1DEPTH,IJ 
WRITE (12,1006)(FREQ(IJ),IJ=1,IJ) 

C 
C CALCULATE FREQUEICY QUADRATURE WEIGHTS 
C 10 CORRECTIOI IS MADE FOR LIIES; I.E. IT IS 
C ASSUMED THAT THE LIIES ARE IARROW. 
C 

DO 20 IJ=1,MIIJ 
WT(IJ):0.0 

20 COITIIUE 
C 
C READ II FREQUEICY IITERVAL JIUMBER AID RULE 
C 
30 READ (5,1005)10,11 

WRITE (12,1005)110,11 
IF (IO.EQ.2)TBEI 

C 
C TRAPEZOIDAL RULE: 11 IS IUMBER OF FIRST FREQUEICY 
C 

VI=0.5•ABS(FREQ(l1)-FREQ(11+1)) 
WT(l1)=WT(l1)+VI 
WT(l1+1)=WT(ll1+1)+VI 
GO TO 30 

ELSE IF (IO.EQ.3)THEI 
C 
C SIMPSOl'S RULE; 11 IS IUMBER OF CEIITRAL FREQUEICY 
C **IIOTE THAT 10 CHECK IS MADE TO BE SURE THAT THE 
C TWO FREQUEICY SUBIITERVALS ARE EQUAL, AS THEY IIEED 
C TO BE.** 
C 

VI=ABS(FREQ(l1+1)-FREQ(l1-1))/6.0 
WT(l1+1)=WT(l1+1)+VI 
WT(ll1-1)=WT(l1-1)+VX 
WT(l1)=WT(l1)+4.0•VX 
GO TO 30 

ELSE IF (10.JIE.O)THEI 
C 
C PROGRAM DOESl'T RECOGIIZE THE RULE 
C 

WRITE (6,*) 'ERROR II FREQUEIICY QUADRATURE RULE' 
CALL EIIT(1) 

EIDIF 
C 
C READ OPACITY RULE AID DISCARD IT 
C 

READ (5,1005)RULE 
WRITE (12,1005)RULE 
IF (RULE(2))WRITE (6,*)' LIIIES IICLUDED II MODEL' 

C 
C READ MODEL 
C 

READ (5,1007)(M(ID),TEMP(ID),IITOT(ID),IIE(ID),ID=1,IDEPTH) 
C 
C BE SURE MASS VARIABLE IS MASS DIFFEREIICE, IDT COLUMI MASS. 
C THIS IS IIIDICATED BY LOOKIIIG AT LAST TWO EITRIES; THE LAST 
C MASS DIFFEREICE SHOULD ALWAYS BE VERY SMALL. 
C 

IF (M(IDEPTH).GT.M(IDEPTH-t))THEII 
DO 40 ID=IIDEPTH,2,-1 

M(ID)=M(ID)-M(ID-1) 



40 COITIIUE 
EIDIF 

C 
C READ ATOMIC OCCUPATIOI IUMBERS 
C 
SO READ (S,lOOS)I 

IF (I.EQ.l)TBEI 
C 
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C READ IUMBER OF BYDROGEI LEVELS TO USE FOR EACH IOIIZATIOI. 
C ALSO READ LIIES TO USE. 
C 

READ (S,1005)10,11,12,ITRB 
IF (11.IE.O)THEI 

WRITE (6,*)'PLEASE DO IDT SPECIFY AIY B- LIIES.' 
CALL EIIT(l) 

EIDIF 
C 
C THROW AWAY IEGATIVE BYDROGEI IOIIZATIOI FREQUEICY. 
C 

IF (10.IE.O)READ (S,1006)COI 
C 
C READ IEUTRAL BYDROGEI IOIIZATIOI FREQUEICIES. 
C 

READ (S,1006)(FRQB(IL),IL=1,12) 
C 
C READ LIST OF LIIES TO USE FOR BYDROGEI 
C 

IF (ITRB.GT.O) 
READ (S,1011)(LOWERB(IL),UPPERB(IL),IL=1,ITRB) 

C 
C READ ALL BYDROGEI OCCUPATIOI IUMBERS. 
C IEGATIVE BYDROGEI IOI OCCUPATIOI IS TBROWI AWAY. 
C 

READ (S,1006)((COl,IL=1,IO),(l(IL,ID),IL=1,12), 
IPROT(ID),ID=l,IDEPTB) 

C 
C CALCULATE LTE POPULATIOIS FOR LEVELS IDT IICLUDED II APPROXIMATE 
C IIPUT MODEL. 
C 

DO 70 ID=l,IDEPTB 
DO 60 IL=l,ILB 

l(IL,ID)=IPROT(ID)•IE(ID)•SB(IL,TEMP(ID)) 
60 COITIIUE 
70 COITIIUE 

GO TO SO 
ELSE IF (I.EQ.2)TBEI 

C 
C TREAT HELIUM THE SAME WAY AS BYDROGEI. 
C 

READ (S,100S)I0,11,12,ITRBE1,14,ITRBE2 
IF (11.IE.O)THEI 

WRITE (6,*)'PLEASE DO IDT SPECIFY AIY BE- LIIES.' 
CALL EXIT(l) 

EIDIF 
IF (10.IE.O)READ (S,1006)COI 
READ (S,1006)(FRQBE1(IL),IL=1,12) 
IF (ITRBEl.GT.O) 

READ (S,1011)(LOWERBE1(IL),UPPERBE1(IL),IL=1,ITRBE1) 
READ (S,1006)(FRQBE2(IL),IL=1,14) 
IF (ITRBE2.GT.O) 

READ (S,1011)(LOWERBE2(IL),UPPERBE2(IL),IL=1,ITRBE2) 
READ (S,1006)((COl,IL=1,IO),(IBE1(IL,ID),IL=1,12), 

(IBE2(IL,ID),IL=1,14),IBE3(ID),ID=1,IDEPTH) 
DO 100 ID=l,IDEPTB 

DO 80 IL=1,ILBE2 
IBE2(IL,ID)=IBE3(ID)•IE(ID)•SBBE2(IL,TEMP(ID)) 

80 COITIIUE 
DO 90 IL=1,ILBE1 

IHE1(IL,ID)=IBE2(1,ID)•IE(ID)•SBHE1(IL,TEMP(ID)) 
90 COITIIUE 
100 COITIIUE 

GO TO SO 
ELSE IF (I.IE.O)TBEI 

C 
C OTHER ELEMEITS IICLUDED BUT IDT WAITED. 
C PARODI THE AIACHROIISTIC USE OF THE TERMS "CARDS" AID "DECK." 
C THESE ARE PROBABLY REALLY LIIES II Al EDITOR-CREATED DISK FILE. 
C 

WRITE (6,•) 'PLEASE REMOVE HEAVY IOI CARDS FROM DECK' 
CALL EXIT(l) 



EIDIF 
C 
C REIUIIDER OF DECK IS IGIORED. 
C PREPARE PRECALCUU.TED QUAITITIES. 
C 

ITPTRH=JJ+1 
ITPTRHE1=ITPTRH 
ITPTRHE2=ITPTRH 
IF (RULE(2))THEI 

SRT=SQRT(TLIIE) 
C 
C HYDROGEI LIIES 
C 

lt=ITRB 
DO 130 IL=t,11 

C 
C GET UPPER HD LOWER LEVEL IUIIBERS. 
C 

C 

J=UPPERB(IL) 
I=LOWERH(IL) 
ll=ITRH(I,J) 

C REJECT LIIE IF FORBIDDEI 
C 

IF (IT.EQ.O)TBEI 
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WRITE (6,*)'H LIIE ',I,' TO ',J,' IS FORBIDDEI.' 
GO TO 130 

EIDIF 
C 
C CALCULATE LIIE CEITRAL FREQUEICY HD DOPPLER WIDTH. 
C IOTE THAT THIS PROGRAM ASSUMES LIIE BROADEIIIG IS DOMIIATED 
C BY DOPPLER BROADEIIIG. 
C 

FCOl=FRQH(I)-FRQH(J) 
OOP=SRT•FCOl•DOPCOF 
IF (FCOI.LE.O)TBEI 

WRITE (6,*) 'H IOIIZATIOI FREQUEICY ERROR FOR LIIE ', 

FCOl=-FCOI 
EIDIF 

C 
C ADD FREQUEICIES TO FREQUEICY LIST FOR THE LIIE. 
C 

DO 110 II=1,IQUAD 
FREQ(II+IJ)=FCOI 
UPH(II+JJ)=J 
LOWB(II+IJ)=I 

110 COITIIUE 
C 
C CALCULATE WEIGHTS FOR THE LIIE FREQUEICIES. 
C IOTE THAT SIMPSOl'S RULE IS USED; THUS IQUAD SHOULD BE ODD. 
C 

DO 120 I=l,JQUAD-2,2 
WT(I+IJ)=WT(I+IJ)+2.0•DELQUAD•DOP/3.0 
WT(I+IJ+1)=WT(I+IJ+1)+8.•DELQUAD•DOP/3.0 
WT(I+IJ+2)=WT(I+JJ+2)+2.0•DELQUAD•DOP/3.0 

120 COJTIJUE 
JJ=JJ+IQUAD 

130 COJTIIUE 
C 
C JOW DO ALL THE SAME FOR JEUTRAL AID SIJGLY IOIIZED HELIUM. 
C 

ITPTRBE1=1 J+ 1 
11=1TRBE1 
DO 160 IL=1,11 

J=UPPERBE1 (IL) 
I=LOWERBE1(IL) 
IT=ITRBE1(I, J) 
IF (IT.EQ.O)TBEI 

WRITE (6,*)'HE1 LIIE ',I,' TO ',J,' IS FORBIDDEI.' 
GO TO 160 

EIDIF 
FCOl=FRQHE1(I)-FRQHE1(J) 
DOP=SRT•FCOl•DOPCOF•0.5 
IF (FCOI.LE.O)TBEI 

WRITE (6,*) 'HE1 IOIIZATIOJ FREQUEICY ERROR FOR LIJE' 

FCOl=-FCOI 
EIDIF 
DO 140 II=1,IQUAD 



FREQ(II+IJ)=FCOI 
UPHE1(II+IJ)=J 
LOWBE1(II+IJ)=I 
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140 COITIIUE 
DO 150 I=1,IQU.AD-2,2 

VT(I+IJ)=WT(I+IJ)+2.0•DELQU.AD•DOP/3.0 
VT(I+IJ+1)=WT(I+IJ+1)+8.0•DELQUAD*DOP/3.0 
VT(I+IJ+2)=WT(I+IJ+2)+2.0•DELQUAD•DOP/3.0 

150 COITIIUE 
IJ=IJ+IQUAD 

160 COITIIUE 
ITPTRBE2=1J+1 
11=1TRBE2 
DO 190 IL=1,11 

J=UPPERHE2(IL) 
I=LOVERBE2(IL) 
IT=ITRBE2(I,J) 
IF (IT.EQ.O)TBEI 

WRITE (6,*)'BE2 LIIE ',I,' TO ',J,' IS FORBIDDEI.' 
GO TO 190 

EIDIF 
FCOl=FRQBE2(I)-FRQBE2(J) 
DOP=SRT•FCOl•DOPCOF•0.5 
IF (FCOI.LE.O)TBEI 

WRITE (6,*) 'BE2 IOIIZATIOI FREQUEICY ERROR FOR LIIE ', 

FCOl=-FCOI 
EIDIF 
DO 170 II=1,IQUAD 

FREQ(II+IJ)=FCOI 
UPHE2(II+IJ)=J 
LOWBE2(II+IJ)=I 

170 COITIIUE 
00 180 I=1,IQUAD-2,2 

WT(I+IJ)=WT(I+IJ)+2.0•DELQUAD•DOP/3.0 
WT(I+IJ+1)=WT(I+IJ+1)+8.0•DELQUAD•DOP/3.0 
WT(I+IJ+2)=WT(I+IJ+2)+2.0•DELQUAD•DOP/3.0 

180 COITIIUE 
IJ=IJ+IQUAD 

190 COITIIUE 
EIDIF 
IF (IJ.GT.NIJ)TBEI 

WRITE (6,*) 'TOO NAIY FREQUEICY POIITS' 
CALL EIIT(1) 

EJIDIF 
WRITE (6,*)' FREQUEICY POIITS = ',IJ 
IF (RULE(1))TBEI 

DO 200 IJ=1,IJ 
IF (FCOI.GT.FRQHN)SIGBN(IJ)=HNIRUS(IJ) 

200 COITIRUE 
ERDIF 

C 
C BOORD-FREE CROSS SECTIORS 
C 

DO 240 IJ=1,RJ 
FCOl=FREQ(IJ) 
FRQ3=FCOl**3 
COl=2.815E29/FRQ3 
COlt=FCOl/4.0 
DO 210 I=1,ILBE2 

SIGHE2(I,IJ)=O. 
IF (FCOI.GT.FRQHE2(I)) 

SIGHE2(I,IJ)=16.•COR•GAUIT(I,COl1)/FLOAT(I)**5 
210 COITIIUE 

DO 220 I=1,ILBE1 
SIGBE1(I,IJ)=O. 
IF (FCOI.GT.FRQBE1(I)) 

SIGHE1(I,IJ)=COl*HEGAUIT(I,FCOl)/FLOAT(Ql(I))**5 
220 COITIIUE 

DO 230 I=1,RLH 
SIG(I,IJ)=O. 
IF (FCOI.GT.FRQH(I))SIG(I,IJ)=COR•GAURT(I,FCOl)/FLOAT(I)**5 

230 COITIIUE 
SIG(ILH+1,IJ)=3.69E8/FRQ3 

240 COITIIUE 
C 
C DETEMIIE CUTOFF FREQUEICIES FOR FREE-FREE OPACITY. 
C THESE ALLOW THE IICLUSIOI OF BOORD LEVELS ABOVE THOSE 
C ACCOURTED FOR EXPLICITLY AS PART OF THE FREE-FREE OPACITY. 
C 
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DO 250 IJ=1,IJ 
FF(IJ,1)=Mil(FRQH(ILH)*(MQH/(MQH+1))**2,FREQ(IJ)) 
FF(IJ,2)=Mil(FRQHE1(1LHE1)*(MQHE1/(MQHE1+1))**2,FREQ(IJ)) 
FF(IJ,3)=Mil(FRQHE2(1LHE2)*(2•MQH/(2*MllH+1))**2,FREQ(IJ)) 

250 COITIIUE 
C 
C CALCULATE AUER/MIHALAS PSEUDO HEAVY PARTICLE DEJISITY 
C 

DO 260 ID=1,IDEPTH 
IM(ID)=MU•(ITOT(ID)-IE(ID)) 

260 COITIIUE 
RETURI 

C 
1001 FORMAT (!SO) 
1002 FORMAT (2F9.0,F8.2,F8.3,F8.S,4IS) 
1003 FORMAT(' EFFECTIVE TEMPERATURE= ',F9.0,/, 

'LIIE TEMPERATURE = ',F9.0,/, 
'LOG SURFACE GRAVITY = ',FS.2,/, 
'HELIUM/HYDROGEI = ',FS.3,/, 
'Z SCALE FACTOR = ',FS.5,/, 
'ITERATIOI LIMIT = ',IS,/) 

1004 FORMAT (8F10.6) 
1005 FORMAT (16IS) 
1006 FORMAT (SE15.7) 
1007 FORMAT (4E15.7) 
1011 FORMAT (2IS) 
C 

EID 

BLOCK DATA TABLES 
C 
C COITAIIS ALL DATA STATEMEITS FOR COMMOI BLOCKS, II ACCORDAICE 
C WITH THE AISI STAIDARD 
C 

PLIST 
ROOTI 

C 
C IEUTRAL HELIUM STATISTICAL WEIGHTS 
C 

C 

DATA GHE1/1. ,3., 1. ,9. ,3. ,3. ,1. ,9. ,S., 15. ,3. ,3. ,1. ,9. ,5., 15. ,3., 
: 21., 7. ,100., 144., 196. ,256. ,324. ,400. ,484. ,576. ,676., 784. ,900., 
: 1024./ 

C BYDROGEI/IOIIZED HELIUM STATISTICAL WEIGHTS 
C 

C 

DATA GH/2. ,8. ,18. ,32. ,SO. ,72. ,98., 128., 162. ,200. ,242. ,288. ,338., 
: 392. ,450. ,512. ,578. ,648., 722. ,800. ,882. ,968., 1058., 1152., 1250., 
: 1352.,1458.,1568.,1682.,1800.,1922.,2048./ 

C BYDROGEIIC OSCILUTOR STREIGTHS 
C 

C 

DATA OSCB/4.162E-1,7.910E-2,2.899E-2,1.394E-2, 6.408E-1,1.193E-1, 
:4.467E-2, 8.420E-1,1.506E-1, 1.038/ 

C BYDROGEI TRAISITIOI MATRIX 
C 

C 

DATA (ITRH(1,I),I=1,S)/0,1,2,3,4/ 
DATA (ITRH(2,I),I=1,S)/1,0,S,6,7/ 
DATA (ITRH(3,I),I=1,5)/2,S,0,8,9/ 
DATA (ITRB(4,I),I=1,S)/3,6,8,0,10/ 
DATA (ITRH(S,I),I=1,S)/4,7,9,10,0/ 

C IEUTRAL HELIUM OSCILUTOR STREIGTHS 
C 

C 

DATA OSCHE1/.2762,.0734,.0302, .5391,.06446,.0231, .3764,.1514, 
: .0507, .0693, .6090, .0118, .1250, .0480,. 7110, .00834, .1220, .8960, 
: .0429, .6290,. 1400, .1110, .1450, .4820, .0139, .00858, 1.0100, 
: .0205,1.0200, .1030,.6470, 1.2100, .8530, .2000/ 

C IEUTRAL HELIUM TRAISITIOI MATRIX 
C 

DATA (ITRHE1(1,I),I=1,19)/0,0,0,0,1,0,0,0,0,0,2,0,0,0,0,0,3,0,0/ 
DATA (ITRHE1(2,I),I=1,19)/0,0,0,4,0,0,0,S,0,0,0,0,0,6,0,0,0,0,0/ 
DATA (ITRHE1(3,I),I=1,19)/0,0,0,0,7,0,0,0,0,0,8,0,0,0,0,0,9,0,0/ 
DATA (ITRBE1(4,I),I=1,19)/0,4,0,0,0,10,0,0,0,11,0,12,0,0,0,13, 

: 3•0I 
DATA (ITRHE1(5,I),I=1,19)/1,0,7,0,0,0,14,0,15,0,0,0,16,0,17, 

: 4•0/ 
DATA (ITRHE1(6,I),I=1,19)/0,0,0,10,0,0,0,18,0,0,0,0,0,19,S*O/ 
DATA (ITRBE1(7,I),I=1,19)/0,0,0,0,14,0,0,0,0,0,20,0,0,0,0,0,21, 
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: 2•0/ 
DATA (ITRBE1(8,I),I=1,19)/0,2,0,0,0,18,0,0,0,22,0,23,0,0,0,24, 

: 3•0/ 
DATA (ITRBE1(9,I),I=1,19)/0,0,0,0,15,0,0,0,0,0,25,0,0,0,0,0,26, 

: 0,27/ 
DATA (ITRBE1(10,I),I=1,19)/0,0,0,11,0,0,0,22,0,0,0,0,0,28,0,0, 

: 0,29,0/ 
DATA (ITRBE1(11,I),I=1,19)/2,0,8,0,0,0,20,0,25,0,0,0,30,0,31, 

: 4•0/ 
DATA (ITRBE1(12,I),I=1,19)/0,0,0,12,0,0,0,23,0,0,0,0,0,32,5*0/ 
DATA (IT&BE1(13,I),I=1,19)/0,0,0,0,16,0,0,0,0,0,30,0,0,0,0,0, 

: 33,0,0/ 
DATA (ITRBE1(14,I),I=1,19)/0,6,0,0,0,19,0,0,0,28,0,32,0,0,0,34, 

: 0,0,0/ 
DATA (ITRBE1(15,I),I=1,19)/0,0,0,0,17,0,0,0,0,0,31,0,0,0,0,0,0, 

: 0,0/ 
DATA (ITRBE1(16,I),I=1,19)/0,0,0,13,0,0,0,24,0,0,0,0,0,34,0,0, 

: 0,0,0/ 
DATA (ITRBE1(17,I),I=1,19)/0,0,0,0,0,0,21,0,26,0,0,0,33,0,0, 

: 0,0,0,0/ 
DATA (ITRBE1(18,I),I=1,19)/0,0,0,0,0,0,0,0,0,29,0,0,0,0,0,0, 

: 0,0,0/ 
DATA (ITRBE1(19,I),I=1,19)/0,0,0,0,0,0,0,0,27,0,0,0,0,0,0,0, 

: 0,0,0/ 

C IOIIZED BELIUN OSCILLATOR ST&EIGTBS 
C 

C 

DATA OSCBE2/4.162E-1,7.910E-2,2.899E-2,1.394E-2,7.800E-3, 
4.814E-3,3.184E-3,2.216E-3,1.605E-3, 6.408E-1,1.193E-1, 
4.467E-2,2.209E-2,1.271E-2,8.037E-3,5.429E-3,3.851E-3, 
8.420E-1,1.506E-1,5.585E-2,2.768E-2,1.604E-2,1.023E-2, 

6.981E-3, 1.038,.1794,6.551E-2,3.229E-2,1.872E-2,1.195E-2, 
1.231,.2070,7.455E-2,3.644E-2,2.102E-2, 1.424,.234,.08315, 

.04038, 1.616,.2609,.09163, 1.807,.2876, 1.999/ 

C IOIIZED BELIUN T&AISITIOI NAT&II 
C 

C 

DATA (IT&BE2(1,I),I=1,10)/ 0, 1, 2, 3, 4, 5, 6, 7, 8, 9/ 
DATA (IT&BE2(2,I),I=1,10)/ 1, 0,10,11,12,13,14,15,16,17/ 
DATA (IT&BE2(3,I),I=1,10)/ 2,10, 0,18,19,20,21,22,23,24/ 
DATA (IT&BE2(4,I),I=1,10)/ 3,11,18, 0,25,26,27,28,29,30/ 
DATA (ITRBE2(5,I),I=1,10)/ 4,12,19,25, 0,31,32,33,34,35/ 
DATA (ITRBE2(6,I),I=1,10)/ 5,13,20,26,31, 0,36,37,38,39/ 
DATA (ITRBE2(7,I),I=1,10)/ 6,14,21,27,32,36, 0,40,41,42/ 
DATA (ITRBE2(8,I),I=1,10)/ 7,15,22,28,33,37,40, 0,43,44/ 
DATA (ITRBE2(9,I),I=1,10)/ 8,16,23,29,34,38,41,43, 0,45/ 
DATA (ITRBE2(10,I),I=1,10)/9,17,24,30,35,39,42,44,45, 0/ 

C IEGATIVE BYD!UlGEI IOI IOIIZATIOI F&EQUEICY 
C 

DATA FRQBN/1.874E14/ 
C 
C BYD!UlGEI IOIIZATIOI F&EQUEICIES 
C 

C 

DATA FRQB/3.28799E15,0.821997E15,0.365332E15,0.205499E15, 
0.131519E15,0.0913329E15,0.0671018E15,0.0513748E15, 
0.0405924E15,0.0328799E15,0.0271735E15,0.0228333E15, 
0.0194556E15,0,0167755E15,0.0146133E15,0.0128437E15/ 

C IEUT&AL BELIUN IOIIZATIOI F&EQUEICIES 
C 

C 

DATA FRQBE1/5.94520E15,1.15305E15,0.957439E15,0.876230E15, 
0.811774E15,0.451896E15,0.400142E15,0.381976E15,0.362850E15, 
0.366032E15,0.362480E15,0.240134E15,0.217774E15,0.212670E15, 
0.202689E15,0.205704E15,0.202057E15,0.202703E15,0.199689E15, 
0.131520E15,0.0913331E15,0.0671018E15,0.0513748E15, 
0.0405924E15,0.0328799E15,0.0271735E15,0.0228333E15, 
0.0194556E15,0.0167755E15,0.0146133E15,0.0128437E15/ 

C IOIIZED BELIUN IOIIZATIOI F&EQUEICIES 
C 

C 

DATA FRQBE2/13.1520E15,3.28799E15,1.46133E15,0.821997E15, 
0.526078E15,0.365332E15,0.268407E15,0.205499E15,0.162370E15, 
0.131519E15,0.108694E15,0.0913329E15,0.0778222E15, 
0.0671018E15,0.0584532E15,0.0513748E15,0.0455085E15, 
0.0405924E15,0.0364320E15,0.0328799E15,0.0298230E15, 
0.0271735E15,0.0248619E15,0.0228333E15,0.0210431E15, 
0.0194556E15,0.0180411E15,0.0167755E15,0.0156385E15, 
0.0146133E15,0.0136857E15,0.0128437E15/ 
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EID 
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C. Program ANDERS 

ANDERS is listed in its entirety, except for those routines that are essentially identical to 

ones in GRAY and LTE and for a very large number of DATA statements in COLRAT, whose 

inclusion would not contribute to the understanding of the program. The location of the omitted 

data statements is indicated in the listing. The omitted subroutines are: 

DFRE 

EDDFAC 

FRE 

GAUNT 

GENER 

HEGAUNT 

HMINUS 

LINSLV 

MATINV 

( differs from FRE in that the temperature derivative is calculated) 

In addition, use is made of the following CRAY FORTLIB routines: CREATE, which creates 

a file; DESTROY, which deletes a file; USERINFO, which returns information about the user's 

account and job (it is called here so that disk scratch-file names will be unique); IOSTATUS, which 

has the effect of halting the CPU until a buffered 1/0 operation is complete; RDABS and WRABS, 

which perform a function similar to that of the disk 1/0 routines employed in the MAH code [36]; 

and XTENDABS, which is used here to extend the disk scratch files to the proper size. 
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PROGRAM AIDERS 

Al ADAPTIOI OF PORTIOIS OF THE MIHALAS (1975) CODE TO THE 
AIDERSOI ALGORITHM FOR THE EFFICIEIT SOLUTIOI OF LARGE IUMBERS OF 
TRAISFER F.QUATIOIS II 1O1-LTE. 

THIS CODE ALSO OPTIOIALLY EMPLOYS THE RADIATIVE/COLLISIOIAL 
SWITCHIIG TECHIIQUE OF HUMMER AID VOELS (1988). 

PARAMETERS: 

MIB 
MIDEPTH 
MIJ 
MIJC 
MIii 
MITRH 
MITRHE1 
MITRHE2 
MQH 
MQHE1 
IEQI 
IQUAD 

ILH 
ILHE1 
ILHE1S 
ILHE2 
ILHE2S 
ILHS 

ACCOF 
BBCOF 
cc 
DELQUAD 
DOPCOF 
EMASS 
ESU 
HK 
HP 
HYDCOF 
KB 
MHYD 
PI 
PIE2MC 
SCOF 
SIGE 

VARIABLES: 

FEXIT 
FLTE 
FPRIIT 
FSWITCH 
RULE 

BLOCK 
ITPTRH 
ITPTRHE1 
ITPTRBE2 
ITRH 

ITRHE1 
ITRHE2 
LOWH 

LOWHE1 
LOWHE2 
LOWERH 
LOWERHE1 
LOWERHE2 
1B 
IDEPTH 
IITER 
IJ 
HE 
HI 

MAXIMUM IUMBER OF FRF.QUEICY BLOCKS 
MAXIMUM IUMBER OF DEPTH POIITS 
MAXIMUM TOTAL IUMBER OF FRF.QUEICIES 
MAXIMUM IUMBER OF COITIIUUM FRF.QUEICY POIITS 
IUMBER OF VARIABLES LIIEARIZED 
MAXIMUM IUMBER OF HYDROGEI TRAISITIOIS 
MAXIMUM IUMBER OF IEUTRAL HELIUM TRAISITIOIS 
MAXIMUM IUMBER OF IOIIZED HELIUM TRAISITIOIS 
MAXIMUM QUAITUM IUMBER II PARTITIOI SUMS OF HYDROGEI 
MAXIMUM QUAITUM IUMBER II PARTITIOI SUMS OF HELIUM I 
TOTAL IUMBER OF ATOMIC STATES 
IUNBER OF QUADRATURE POIITS PER LIIE. 

SIICE SIMPSOl'S RULE IS USED, THIS MUST BE ODD. 
IUMBER OF 1O1-LTE HYDROGEI LEVELS 
IUNBER OF 1O1-LTE HELIUM LEVELS 
TOTAL HELIUM LEVELS 
IUNBER OF 1O1-LTE IOIIZED HELIUM LEVELS 
TOTAL IOIIZED HELIUM LEVELS 
TOTAL HYDROGEI LEVELS 

SAHA ACTIVITY COEFFICIEIT 
PLAIK FUICTIOI COEFFICIEIT 
VELOCITY OF LIGHT 
FRACTIOI OF DOPPLER WIDTH PER LIIE IITEGRATIOI IITERVAL 
DOPPLER WIDTH COEFFICIEIT 
ELECTROI NASS 
ELECTROI CHARGE 
PLAIK'S COISTAIT OVER BOLTZMAll'S COISTAIT 
PLAIK'S COISTAIT 
HYDROSTATIC EQUATIOI RADIATIVE COEFFICIEIT 
BOLTZNAll'S COISTAIT 
MASS OF HYDROGEI ATON 
PI 
CLASSICAL ELECTROI ABSORPTIOI COEFFICIEIT 
RADIATIVE RATE COEFFICIEIT 
ELECTROI THONPSOI CROSS SECTIOI 

FLAG TO EXIT 
FLAG TO ASSUME LTE 
FLAG TO PRIIT DIAGIOSTICS 
EMPLOY RADIATIVE-COLLISIOIAL SWITCHIIG 
FLAG TO IICLUDE VARIOUS OPACITIES 

OILY CURREIT USE IS RULE(2) TO IICLUDE LIIES 

BLOCK ASSIGIMEITS 
POIITS TO HYDROGEI LIIE FREQUEICIES 
POIITS TO IEUTRAL HELIUM LIIE FRF.QUEICIES 
POIITS TO IOIIZED HELIUM LIIE FRF.QUEICIES 
TRAISITIOI IIDICES FOR HYDROGEI; 

I.E. ITRH(L,U) IS TRAISITIOI IIDEX OF 
HYDROGEI L LEVEL TO U LEVEL. 

TRAISITIOI IIDICES OF IEUTRAL HELIUM 
TRAISITIOI IIDICES OF SIIGLY-IOIIZED HELIUM 
LOWER LEVEL OF DOMIIAIT HYDROGEI TRAISITIOI AT THE 

SPECIFIED FREQUEICY 
"OF IEUTRAL HELIUM 
" OF IOIIZED HELIUM 
LOWER LEVEL OF HYDROGEI TRAISITIOIS REQUESTED BY USER 
"OF IEUTRAL HELIUM 
"OF IOIIZED HELIUM 
IUMBER OF FREQUEICY BLOCKS 
IUMBER OF DEPTH POIITS 
IUMBER OF ITERATIOIS TO MAKE 
IUMBER OF FREQUEICIES 
POIITER TO ELECTROI IUMBER II MATRICES 
"TO EID OF MATRIX 
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IIT " TO TEMPERATURE 
ITRB IUIIBER OF BYDROGEI TRAISITIOIS 
ITRBE1 "OF IEUTRAL BELIUII TRAISITIOIS 
ITRBE2" OF IOIIZED BELIUII TRAISITIOIS 
UPB UPPER LEVEL OF DOIIIIAIT BYDROGEI TRAISITIOI AT THE 

UPBE1 
UPBE2 
UPPERB 
UPPERBE1 
UPPERBE2 

A 
Al 
AIS 
B 
Bl 
C 
CBI 
CR 
CRBE1 
CRBE2 
DCRDT 
DCRBE1 
DCRBE2 
DRB 
DRBE1 
DRBE2 
DSHDT 
DSBEDT 
ETA 
FF 
FB 
FK 
FREQ 
FRQB 
FRQBE1 
FRQBE2 
GB 
GHE1 
GRAV 
BO 
OSCB 
OSCBE1 
OSCBE2 
LAIIC 
LAIIL 
II 
1101 
I 
IE 
IBE1 
IBE1S 
IBE2 
IBE2S 
IBE3 
Ill 
IPROT 
IS 
ITOT 
Q 
RAD 
RB 
RBE1 
RBE2 
SIG 
SIGHE1 
SIGBE2 
SUIIB 
SUIIBE 
TEIIP 
TLIIE 
WT 
WTO 
y 
ZTOT 

FREQUEICY SPECIFIED. 
" OF IEUTRAL BELIUII 
" OF IOIIZED BELIUII 
UPPER BYDROGEI LEVELS OF TRAISITIOIS REQUESTED BY USER 
" OF IEUTRAL BELIUII 
" OF IOIIZED BELIUII 

A IIATRII OF LIIEARIZATIOI 
LBS OF POPULATIOI EQUATIOIS 
RESULT OF POPULATIOI CALCULATIOI 
B IIATRII OF LIIEARIZATIOI 
RBS OF POPULATIOI EQUATIOIS 
C-IIATRII OF LIIEARIZATIOI 
OPACITY MATRIX 
COLLISIOI RATES FOR BYDROGEI 
" FOR IEUTRAL BELIUII 
"FOR IOIIZED BELIUII 
TEMPERATURE DERIVATIVE OF CR 
" OF CRBE1 
" OF CRBE2 
TEMPERATURE DERIVATIVE OF B RADIATIVE BRACKETS 
"FOR IEUTRAL BELIUII 
" FOR IOIIZED BELIUII 
TEMPERATURE DERIVATIVE OF B UPPER STATE SUII 
"FOR BELIUII 
EMISSIVITY IIATRII 
FREE-FREE CUTOFF (TO ACCOUIT FOR UPPER STATES) 
EDDIIGTOI FACTOR FOR FLUI 
EDDIIGTOI FACTOR FOR RADIATIVE PRESSURE 
FREQUEICY GRID 
IOIIZATIOI FREQUEICIES OF BYDROGEI 
"OF IEUTRAL BELIUII 
" OF IOIIZED BELIUII 
STATISTICAL WEIGHTS OF BYDROGEIIC LEVELS 
"OF IEUTRAL BELIUII 
SURFACE GRAVITY 
SURFACE FLUI 
BYDROGEI OSCILLATOR STREIGTBS LISTED BY TRAISITIOI IIDEI 
IEUTRAL BELIUII " 
IOIIZED BELIUII" 
RADIATIVE SWITCBIIG PARAMETER FOR COITIIUUII 
LIIE SWITCBIIG PARAMETER 
IIASS GRID 
IUCLEI PER PROTOI 
BYDROGEI IUIIBER DEISITIES 
ELECTROI DEISITY 
IEUTRAL BELIUII DEISITIES 
LTE IEUTRAL BELIUII DEISITIES 
IOIIZED BELIUII DEISITIES 
LTE IOIIZED BELIUII DEISITIES 
DOUBLY-IOIIZED BELIUII DEISITIES 
FICTIOIAL MASSIVE PARTICLE DEISITY 
PROTOI DEISITY 
LTE BYDROGEI DEISITIES 
TOTAL PARTICLE DEISITY 
RBS OF LIIEARIZATIOI 
IIEAI IITEISITY OF RADIATIOI 
BYDROGEI RADIATIVE BRACKETS 
IEUTRAL BELIUII " 
IOIIZED BELIUII " 
BYDROGEI CROSS-SECTIOIS PLUS FREE-FREE 
IEUTRAL BELIUII " 
IOIIZED BELIUII " 
BYDROGEI UPPER STATE SUII 
BELIUII UPPER STATE SUIIS 
TEMPERATURE 
TEMPERATURE ASSUIIED TO DETERIIIIE LIIE FREQUEICY GRID 
FREQUEICY QUADRATURE WEIGHTS IIODIFIED BY SWITCBIIG 
UIIIODIFIED FREQUEICY QUADRATURE WEIGHTS 
RATIO OF BELIUII TO BYDROGEI BY IUIIBER 
TOTAL IUIIBERS OF OTHER ELEIIEITS 

COMPILER DIRECTIVES: IUIIEROUS SHORT LOOP DIRECTIVES ARE PRESEIT 
II THE PROGRAM. THESE ASSUME THAT 11111 IS LESS THAI 64. 
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CLICHE COMA 
C 
C IICLUOES PARAMETERS 
C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

IITEGER ltJIB, IIJIDEPTH, ltJIJC, MQH, MQHE1, JILH, JILHE1, JILHE1S, JILHE2 
IIITEGER JILHE2S, JILHS, JIQUAD 
PARAMETER (IIIIB=80, ltJIDEPTH=70, ltJIJC=105, MQH=16, ltQHE1=31, JILH=S) 
PARAMETER (JILHE1=19, ILHE1S=25, ILHE2=10, ILHE2S=15, ILHS=10) 
PARAMETER (IQUAD=7) 

IITEGER ltlTRH, ltJITRHE1, ltllTRHE2 
PARAMETER (IIIITRH=10, ltlTRHE1=14, ltllTRHE2=10) 

IITEGER ltlJ 
PARAMETER (IIIIJ=ltllJC+IQUAD*(ltlTRH+ltlTRHE1+1tlTRBE2)) 

IITEGER IEQI, MIii 
PARAMETER (IEQl=ILHE1+1LHE2+1LH+2, IIJlll=ltlB+2) 

REAL CC, DELQUAD , EltASS, ESU, HP, KB, ltHYD , PI 
PARAMETER (CC=2.99792SE10, DELQUAD=0.6, EltASS=9.10953E-28) 
PARAMETER (ESU=4.8032SE-10, HP=6.62618E-27, KB=1.38066E-16) 
PARAMETER (ltHYD=1.6726SE-24, PI=3.141592654) 

REAL ACCOF, BBCOF, DOPCOF, HK, HYDCOF, PIE21tC, SCOF, SIGE 
PARAMETER (ACCOF=2.074E-16, BBCOF=2.*HP/(CC*CC), DOPCOF=4.286E-7) 
PARAMETER (HK=HP/KB, HYDCOF=4.*PI/(CC*KB)) 
PARAMETER (PIE21tC=PI*ESU*ESU/(EltASS*CC), SCOF=4.*PI/HP) 
PARAMETER (SIGE=8.*PI*ESU*ESU*ESU*ESU/ 

(3.*EltASS*EMASS*CC*CC*CC*CC)) 

IITEGER BLOCK(ltllJ), ITPTRH, ITPTRHE1, ITPTRBE2, IB, IDEPTH, IITER 
IJITEGER IJ, IRE, Ill, IIT, ITRH, ITRHE1, ITRHE2 
EQUIVALERCE (RJIE,1111) 

LOGICAL FEIIT, FLTE, FPRIIT, FSWITCH, RULE(2) 

REAL B(ltlll,ltlll), CHI(ltlJ,ltlB+3) 
REAL DRH(ILH+1,ILH+1), DRHE1(1LHE1+1,ILHE1+1) 
REAL DRHE2(1LHE2+1,ILHE2+1), DSHDT(ltlDEPTH), DSHEDT(2,ltlDEPTH) 
REAL ETA(IIJIJ,ltlB+3), FF(ltJIJ,3), FH(ltlJ) 
REAL FK(ltlJ,ltlDEPTH), FREQ(ltlJ), GRAV, HO, Q(ltlll), LAMC 
REAL LAltL, LIIERR, lt(MIIDEPTH), ltU1, l(JILH,ltRDEPTH), IE(ltlDEPTH) 
REAL IIHE1(1LHE1,ltllDEPTH), IHE1S(JILHE1S,ltllDEPTH) 
REAL IHE2(1LHE2,ltllDEPTH), IHE2S(ILHE2S,ltlDEPTH), IHE3(1tlDEPTH) 
REAL llt(ltlDEPTH), IPROT(ltlDEPTH), IS(RLHS,ltNDEPTH), ITOT(ltlDEPTH) 
REAL RAD(ltlJ,ltllDEPTH), RH(ILH+1,ILH+1) 
REAL RHE1(1LHE1+1,ILHE1+1), RHE2(11LHE2+1,ILHE2+1) 
REAL SIG(JILHS+1,IIJIJ), SIGHE1(1LHE1S,ltlJ) 
REAL SIGHE2(1LHE2S,ltlJ), SUltH(ltllDEPTH), SUltHE(2,ltlDEPTH) 
REAL TE!IP(ltlDEPTH), TLIIE, VV(ltNJ), WT(ltJIJ), Y, ZTOT 

COltltOI //ITPTRH, ITPTRHE1, ITPTRHE2, BLOCK, IB, IDEPTH, RITER, 
IJ, Ill, IIT, ITRH, ITRBE1, ITRHE2, FEIIT, FLTE, FPRIIT, 
FSWITCH, RULE, Q, B, CHI, ORB, DRHE1, DRHE2, 
DSHDT, DSHEDT, ETA, FF, FH, FK, FREQ, GRAV, HO, LAMC, 
LAML, It, ltU1, I, IE, IHE1, IHE1S, IHE2, IHE2S, IHE3, llt, IPROT, 
IS, ITOT, RAD, RH, RHE1, RHE2, SIG, SIGHE1, SIGHE2, SUMH, 
SUMHE, TEMP, TLIIE, VV, WT, Y, ZTOT 

EIDCLICBE 

CLICHE COMA! 

IITEGER ITRH(ILH,ILH), ITRBE1(1LHE1,ILHE1), ITRHE2(1LHE2,ILHE2) 
IITEGER LOWERH(ltlTRH), LOWERHE1(1tlTRHE1), LOWERHE2(MNTRHE2) 
INTEGER LOWH(ltlJ), LOWHE1(1tlJ), LOWHE2(1tlJ), UPH(ltlJ), UPHE1(ltlJ) 
IITEGER UPHE2(1tlJ), UPPERH(ltlTRH), UPPERHE1(1tRTRBE1) 
IITEGER UPPERHE2(1tlTRHE2) 
REAL FRQH(ltQH), FRQHE1(ltQHE1), FRQHE2(2*1tQH), GH(ltQH) 
REAL GHE1(1tQHE1), GHE2(2*MQH), OSCH(10), OSCHE1(34), OSCHE2(4S) 
EQUIVALERCE (GHE2(1),GH(1)) 

COltltOI /COMAI/ITRB, ITRHE1, ITRHE2, LOWERH, LOWERHE1, LOWERHE2, 
: LOWH, LOWHE1, LOWHE2, UPH, UPHE1, UPHE2, UPPERH, UPPERHE1, 
: UPPERHE2, FRQH, FRQHE1, FRQHE2, GHE1, GHE2, OSCH, OSCHE1, OSCHE2 

EIDCLICHE 

CLICHE COMC 
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C 
REAL !B(BEQl,BEQI), !IS(IEQI), Bl(BEQI), CR(ILH,ILB+1) 
REAL CRHE1(1LHE1,ILBE1+1), CRHE2(1LHE2,BLBE2+1) 

C 

C 

C 

C 

C 

C 

C 

C 

REAL DCRDT(ILH,ILB+1), DCRHE1(1LHE1,ILBE1+1) 
REAL DCRHE2(1LBE2,ILHE2+1) 

COIIMOI /COMC/!B, !IS, Bl, CR, CRHE1, CRHE2, DCRDT, DCRHE1, DCRHE2 

EIDCLICHE 

CLICHE COKF 

REAL !(MIIB,MIII), C(Klll,MIII) 

COIIMOI /COMF/!, C 

EIDCLICHE 

CLICHE COKW 

REAL WTO(KIJ) 
COIIMOI /COMW/WTO 

EBDCLICHE 

PROGRAM AIDERS 

C EBTRY POINT 
C 

IMPLICIT IOIE 
C 
C MACROS 
C 

COMA 
C 
C LOCAL VARIABLES 
C 

C 

CHARACTER USER*6, !CC*6, DROP*8, SUFFIX*1 
IITEGER LEJIGTH 

C EXTERl!L PROCEDURES 
C 

C 

C 

REAL BLOCKS, COITROL, CREATE, DESTROY, EXIT, LIBK, PUTOUT, SETUP 
REAL USERIIFO 

EXTERl!L BLOCKS, COBTROL, CREATE, DESTROY, EXIT, LiliK, PUTOUT 
EXTERl!L SETUP, USERIBFO 

C START OF EXECUTABLE ST!TEKEITS. 
C 
C THE FILE input COIT!IBS A FIRST-!PPROXIM!TIOI MODEL. 
C THE FILE output COBT!IBS THE MODEL HEREII CALCULATED. 
C THE FILE monitor COIT!IIS ALL OTHER OUTPUT. 
C 

C 

CALL LIIK("UIITS=(input,OPEI, TEXT) ,UIIT12=(output ,CREATE, TEXT), 
: UIIT6=(monitor ,CREATE, TEXT)//") 

C READ II THE FIRST !PPROXIK!TIOI AID SET UP EVERYTHIBG 
C PREPARATORY TO BEGIBBIIG C!LCUL!TIOBS. 
C 

CALL SETUP 
C 
C GET USER SUFFIX (SO THAT SCRATCH FILES CAB BE UBIQUELY BAKED) 
C 

CALL USERIIFO(USER,!CC,DROP,SUFFIX) 
C 
C CREATE SCRATCH FILES 
C 

LEBGTH=Mlll*(MIBl+i)*(IDEPTH-1) 
CALL CRE!TE(8,'¼scr8'//SUFFIX,4,LEBGTH) 
LEIGTH=MBll*BDEPTH 
CALL CRE!TE(9,'¼scr9'//SUFFIX,4,LEIGTB) 

C 
C SET UP FREQUEICY BIIIIBG. 
C 

CALL BLOCKS 
C 
C EITER KAIi COBTROL ROUTIBE AID CARRY OUT THE CALCUL!TIOIS. 
C 

CALL COITROL 



C 
C WRITE THE RESULTS. 
C 

CALL PUTOUT 
C 
C DELETE SCRATCH FILES AID EXIT. 
C 

CALL DESTROY('Y.scr8'//SUFFII) 
CALL DESTROY('Y.scr9'//SUFFII) 
CALL EIIT(O) 
EID 

SUBROUTIIE BLOCKS 
C 
C SET UP BLOCK .lSSIGIMEITS FOR FREQUEICIES 
C 

IMPLICIT IOIE 
C 
C MACROS 
C 

C 

COMA 
COM.lI 

C LOCAL VARIABLES 
C 
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IITEGER I, It, I2, I3, ID, IJ, IL, IIDX(100), K 
REAL DEPTH, RAT 

C 
C PARAMETER DETERMIIIIG THE MASS RAIGE OVER WHICH TO BIi 
C FREQUEICIES. 
C 

REAL MRAT 
PARAMETER (MR.lT=tO.O) 

C 
C EXTERIAL PROCEDURES 
C 

REAL EXIT, GEIER, IIDEXI 
EXTERIAL EXIT, GEIER, IIIDEXI 

C 
C START OF EXECUTABLE ST.lTEMEITS 
C 

DO 10 IJ=t,IJ 
BLOCK(IJ)=O 

10 COITIIUE 
C 
C CALCULATE OPACITIES 
C 

CALL GEIER 
C 
C CALCULATE DEPTH OF FORMATIOI FOR EACH FREQUEICY 
C 

DO 30 IJ=t,IJ 
DEPTH=CHI(IJ,1)*M(1) 
DO 20 ID=2,IDEPTH 

DEPTH=DEPTH+0.5*(CHI(IJ,ID+1)+CHI(IJ,ID))*(M(ID+1)-M(ID)) 
IF (DEPTH.GT.(2./3.))THEI 

VV(IJ)=M(ID) 
GO TO 30 

EIDIF 
20 COITIIUE 

WRITE (6,*)'M.lSS GRID TOO SHALLOW' 
CALL EXIT(t) 

30 COITIIUE 
C 
C COITIIUUM POIITS FIRST 
C 
C ALL FREQUEICIES II THE SAME IOIIZATIOI COITIIUUM AID WITH A 
C FORMATIOI DEPTH WITHII A FACTOR OF MRAT OF EACH OTHER ARE 
C GROUPED TOGETHER. 
C 

IB=t 
I2=1 
I3=1 
DEPTH=VV(t) 
DO 40 IJ=t,ITPTRH-1 

C 
C ARE WE AT THE EDGE OF A IEW IOIIZATIOI COIITIIIUUM? 
C IF SO, START A IEW BIi. 
C 
C IOTE THAT THE PROGRAM ASSUMES THAT ALL HYDROGEI IOIIZATIOI 
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C COITIIUA START AT THE SAME FREQUEICIES THAT CORRESPOIDIIG 
C HELIUM-II COITIIUA START. (THIS IS VERY IEARLY TRUE.) 
C 
C BYDROGEI AID HELIUM-II LIIE TRAISITIOIS, 01 THE OTHER BAIO, 
C ARE TREATED AS BAVIIG 10 OVERLAP. 
C 

IF (SIGBE1(I2,IJ).EQ.O.AID.SIGBE1(I2,MAI(1,IJ-1)).IE.O)THEI 
IB=IB+1 
DEPTH=VV(IJ) 
I2=I2+1 

ELSE 
IF (SIGHE2(I3,IJ).EQ.O.AID.SIGBE2(I3,Mil(1,IJ-1)).IE.O)TBEI 

IB=IB+1 
DEPTB=VV(IJ) 
I3=I3+1 

EIDIF 
C 
C SEE IF THE DEPTH OF FORMATIOI BAS CBAIGED EIOUGB TO WARRAIT 
C STARTIIG A IEW BIi. 
C 

RAT=MAI(VV(IJ),DEPTH)/Mil(VV(IJ),DEPTB) 
IF (RAT.GT.MRAT)TBEI 

IB=IB+1 
DEPTB=VV(IJ) 

EIDIF 
BLOCK(IJ)=IB 

40 COITIIUE 
IF (.IOT.RULE(2))GO TO 260 

C 
C LIIE POIITS 
C 
C WE DIVIDE THE LIIES IITO THREE CUSSES: RESOIAICE, LOW 
C EICITATIOI, AID BIGB EICITATIOI. THE DIVISIOIS ARE SOMEWHAT 
C ARBITRARY. 
C 
C RESOI.AICE LIIES FIRST: TREAT EACH LIIE SEPARATELY. 
C 

IF (ITRB.LT.1)GO TO 65 
I=ITPTRB 

50 IF (LOWH(I).EQ.1)THEI 
IB=IB+1 
DEPTH=VV(I+IQUA0-1) 
BLOCK(I+IQUAD-1)=1B 
DO 60 IJ=I+IQUA0-2,I,-1 

RAT=II.AI(VV(IJ),DEPTH)/Mil(VV(IJ),DEPTB) 
IF (RAT.GT.MRAT)THEI 

IB=IB+1 
DEPTB=VV(IJ) 

EIDIF 
BLOCK(IJ)=IB 

60 COITIIUE 
I=I+IQUAO 
GO TO 50 

EIDIF 
It=I 

65 IF (ITRBE1.LT.1)GO TO 85 
I=ITPTRBE1 

70 IF (LOWHE1(I).EQ.1)THEI 
IB=IB+1 
DEPTH=VV(I+IQUA0-1) 
BLOCK(I+IQUAD-1)=1B 
DO 80 IJ=I+IQUA0-2,I,-1 

RAT=MAI(VV(IJ),DEPTH)/Mil(VV(IJ),DEPTB) 
IF (RAT.GT.MRAT)THEI 

IB=IB+1 
DEPTB=VV(IJ) 

EIDIF 
BLOCK(IJ)=IB 

80 COITIIUE 

C 

I=I+IQUAO 
GO TO 70 

EIDIF 
I2=I 

C SIICE RESOUICE HELIUM LIIES ARE USUALLY ASSUMED TO BE II DETAILED 
C BAUICE, LIIES FROM THE 1=2 LEVEL MAY BE TREATED AS RESOIAICE LillES. 
C THE PROGRAM DETERMIIES WHETHER OR IOT TO DO THIS BASED 01 THE LOW 
C LEVEL OF THE FIRST HELIUM LillE READ II. 
C 
85 IF (ITRBE2.LT.1)GO TO 105 



I=ITPTRBE2 
I3=LOWBE2(I) 

90 IF (LOWBE2(I).EQ.I3)THEI 
IB=IB+1 
DEPTH=VV(I+IQUAD-1) 
BLOCK(I+IQUAD-1)=1B 
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DO 100 IJ=I+IQUAD-2,I,-1 
RAT=IIAI(VV(IJ),DEPTH)/Nil(VV(IJ),DEPTH) 
IF (R.AT.GT.IIRAT)THEI 

IB=IB+1 
DEPTH=VV(IJ) 

EIDIF 
BLOCK(IJ)=IB 

100 COITIIUE 

C 

I=I+IQUAD 
GO TO 90 

EIDIF 
I3=I 

C SUBOROIIATE LIIES 
C 
C BIi ALL NOERATE-EICITATIOI LIIES WITH SANE LOWD LEVEL TOGETHER. 
C FOR BYDROGEI, OILY TBE 1=2 LEVEL IS SO TREATED. 
C 
C DETERNIIE WHICH SET OF FREQUEICIES CORRESPOID TO A SIIGLE LOWER 
C LEVEL. 
C 
105 IF (ITRH.LT.1)GO TO 140 

DO 110 I=I1,ITPTRBE1-1,IQUAD 
IF (LOWB(I).IE.2)THEI 

K=I 
GO TO 120 

EIDIF 
110 COITIIUE 
C 
C IOW PRODUCE Al IIDEI ARRAY 
C 
120 CALL IIDEII(K-I1,VV(I1),IIDI) 
C 
C IOW SET UP BIIS 
C 

IB=IB+1 
IJ=IIDI(K-I1)+I1-1 
DEPTH=VV(IJ) 
BLOCK(IJ)=IB 
DO 130 I=K-I1-1,1,-1 

IJ=IIDI(I)+Ii-1 
RAT=NAI(VV(IJ),DEPTH)/Nil(VV(IJ),DEPTH) 
IF (RAT.GT.NRAT)THEI 

IH=IB+1 
DEPTB=VV(IJ) 

EIDIF 
BLOCK(IJ)=IB 

130 COITIIUE 
I1=K 

C 
C SANE IDEA FOR HELIUM IOIS, EXCEPT THAT HERE LEVELS 2 THROUGH 5 
C ARE SO TREATED (ALL OF WHICH CORRESPOID TO A PRIICIPAL QUAITUN 
C IUNBER OF 2). 
C 
140 IF (ITRBE1.LT.1)GO TO 180 

DO 150 I=I2,ITPTRBE2,JIQUAD 
IF (LOWHE1(I).IE.LOWBE1(I2))THEI 

K=I 
GO TO 160 

EIDIF 
150 COITIIUE 
C 
C IOW PRODUCE Al IIDEI ARRAY 
C 
160 CALL IJIDEII(K-I2,VV(I2),IJIDX) 
C 
C JIOW SET UP BIIS 
C 

IB=JIB+1 
IJ=IIDI(K-I2)+I2-1 
DEPTH=VV(IJ) 
BLOCK(IJ)=JIB 
DO 170 I=K-!2-1,1,-1 

IJ=IIDI(I)+I2-1 
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R.lT=NAl(VV(IJ),DEPTH)/Nil(VV(IJ),DEPTH) 
IF (R.lT.GT.NR.lT)TBEI 

IB=IB+l 
DEPTH=VV(IJ) 

EIDIF 
BLOCK(IJ)=IB 

170 COITIIUE 
C 
C IOW LOOP BACK FOR THE IEIT LIIE 
C 

I2=K 
IF (LOWBE1(K).LT.6.AID.K.LT.ITPTRBE2)GO TO 140 

C 
C IOW IOIIZED HELIUM; HERE LEVELS 2 THROUGH 4 ARE SO TREATED. 
C (OR LEVELS 3 THROUGH 4 IF LEVEL 2 LIIES ARE TREATED AS RESOIAICE.) 
C 
180 IF (ITRBE2.LT.1)GO TO 215 

IF (I3+1QUAD.GT.IJ) THEI 
K=IJ+l 
GO TO 200 

EIDIF 
DO 190 I=I3,IJ,IQUAD 

IF (LOWHE2(I).IE.LOWBE2(I3))THEI 
K=I 
GO TO 200 

EIDIF 
190 COITIIUE 
C 
C IOW PRODUCE Al IIDEI ARR.lY 
C 
200 CALL IIDEll(K-I3,VV(I3),IIDI) 
C 
C IOW SET UP BIIS 
C 

IB=IB+l 
IJ=IIDl(K-I3)+I3-1 
DEPTH=VV(IJ) 
BLOCK(IJ)=IB 
DO 210 I=K-I3-1,1,-1 

IJ=IIDl(I)+I3-1 
R.lT=Nil(VV(IJ),DEPTH)/Nil(VV(IJ),DEPTH) 
IF (R.lT.GT.NR.lT)THEI 

IB=IB+l 
DEPTH=VV(IJ) 

EIDIF 
BLOCK(IJ)=IB 

210 COITIIUE 
C 
C IOW LOOP BACK FOR THE IEIT LIIE 
C 

I3=K 
IF (LDWBE2(K).LT.S.AID.K.LT.IJ)GO TO 180 

C 
C IOW FOR HIGH-EICITATIOI LIIES. 
C THESE ARE ALL BIIIED TOGETHER BY IOI. 
C 
C PRODUCE U IIDEI ARRAY 
C 
215 IF (ITRH.LT.1)GO TO 225 

CALL IIDEll(ITPTRBE1-I1,VV(I1),IIDI) 
C 
C IOW SET UP BIIS 
C 

IB=IB+l 
IJ=IIDl(ITPTRHE1-I1)+I1-1 
DEPTH=VV(IJ) 
BLOCK(IJ)=IB 
DO 220 I=ITPTRBE1-I1-1,1,-1 

IJ=IIDI(I)+It-1 
RAT=NAl(VV(IJ),DEPTH)/Nil(VV(IJ),DEPTH) 
IF (RAT.GT.MRAT)THEI 

IB=IB+1 
DEPTH=VV(IJ) 

EIDIF 
BLOCK(IJ)=IB 

220 COITIIUE 
C 
C SAME FOR OTHER IOIS 
C 
C PRODUCE U IIDEI ARRAY 
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C 
225 IF (IITRHE1.LT.1)GO TO 240 

IF (ITPTRHE2-I2.LE.O)GO TO 240 
CALL IIIDEXX(ITPTRHE2-I2,VV(I2),IIDX) 

C 
C IIOW SET UP BIIIS 
C 

IIB=IIB+1 
IJ=IIIDX(ITPTRHE2-I2)+I2-1 
DEPTH=VV(IJ) 
BLOCK(IJ)=IIB 
DO 230 I=ITPTRHE2-I2-1,1,-1 

IJ=IIIDX(I)+I2-1 
RAT=MAX(VV(IJ),DEPTH)/Mil(VV(IJ),DEPTH) 
IF (RAT.GT.MRAT)THEII 

IIB=IIB+1 
DEPTH=VV(IJ) 

EIIDIF 
BLOCK(IJ)=IIB 

230 COIITIIIUE 
C 
C IIOW IOIIIZED HELIUM 
C 
C PRODUCE All IIIDEX ARRAY 
C 
240 IF (IITRHE2.LT.1)GO TO 260 

IF (IIJ+1-I3.LE.O)GO TO 260 
CALL IIIDEXX(IIJ+1-I3,VV(I3),IIDX) 

C 
C IIOW SET UP BIIIS 
C 

IIB=IIB+1 
IJ=IIIDX(IIJ-I3+1)+I3-1 
DEPTH=VV(IJ) 
BLOCK(IJ)=IIB 
DO 250 I=IIJ-I3,1,-1 

IJ=IIIDX(I)+I3-1 
RAT=MAX(VV(IJ),DEPTH)/Mill(VV(IJ),DEPTH) 
IF (RAT.GT.MRAT)THEII 

IIB=IB+1 
DEPTH=VV(IJ) 

EIIDIF 
BLOCK(IJ)=IIB 

250 COIITIIIUE 
C 
C ALL DOIIE! IIOW SEE IF THERE ARE TOO MAIIY BLOCKS. 
C 
260 IF (IIB.GT.MIIB)THEII 

WRITE (6,*)IIB,' BLOCKS EXCEEDS THE LIMIT OF ',MIIB,' BLOCKS.' 
CALL EXIT( 1) 

EIIDIF 
WRITE (6,•)118,' BLOCKS ALLOCATED.' 
IIIIT=IB+t 
llllll=IIIIT+1 
IIIIE=illll 
RETURII 
EIID 

SUBROUTIIE COLRAT(T,C,CHE1,CHE2) 
C 
C CALCULATE COLLISIOI RATE COEFFICIEITS 
C 

C 

C 

IMPLICIT IOIIE 

COMA 
COMA! 
COMC 

C LOCAL VARIABLES 
C 

IITEGER I, J 
REAL C(ILH,ILH+t), CHE1(NLHE1,NLHE1+1), CHE2(1LHE2,ILHE2+1) 
REAL CA, CCCI, CCR, Et, ES, EX, GAN, HKT, SRT, T, UO, Ut, U2, V 
REAL XX 
PARAMETER (CCOl=5.465E-11, CA=4.3144E-6) 

C 
C HYDROGEI LIIE GAMMA COEFFICIEITS 
C 

REAL A1H(ILH,MQH),A2H(ILH,MQH),A3H(ILH,MQH),A4H(ILH,MQH) 
REAL ASH(IILH,MQH) 



C 
C 
C 

C 
C 
C 

C 
C 
C 

C 
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(106 lines of DATA statements omitted) 

JIEUTRAL HELIUM Gl!INA COEFFICIEJITS 

REAL A1HE1{JILBE1,MQHE1), .l2HE1(JILBE1,NQHE1), A3HE1(JILHE1,MQHE1) 
REAL A4HE1{JILBE1,MQHE1), A5HE1(JILBE1,NQHE1) 

(848 lines of DATA statements omitted) 

IOJIIZED HELIUM GANNA COEFFICIEJITS 

( 461 lines of DATA statements omitted) 

HYDROGEJI IOJIIZATIOJI WIDTH COEFFICIEJITS 

REAL COH{5), C1H{5), C2H{5), C3H{5), C4H(5),C5H{5) 
DATA COH/-4.992595356440E+3, 3.996944587573E+4, 3.880203529243E+5, 

: 5.783644303438E+5, 9.018970256245E+4/ 
DATA C1H/5.419223767021E+3, -3.766618400049E+4,-4.162393006165E+5, 

: -6.708925392728E+5, -2.434499092577E+5/ 
DATA C2H/-2.327595426200E+3, 1.355412623572E+4, 1.756073001959E+5, 

: 3.038519700001E+5, 1.635626515436£+5/ 
DATA C3H/4.935119971365E+2, -2.283539024763E+3,-3.632413884630E+4, 

: -6.687746329513£+4, -4.535682142076E+4/ 
DATA C4H/-5.144533559385E+1, 1.761945551009E+2, 3.689123755488E+3, 

: 7.172363295058E+3, 5.662295249579£+3/ 
DATA C5H/2.105014593961E+O, -4.743912931041E+0,-1.475337595301E+2, 

: -3.010521786188E+2, -2.646835159289£+2/ 

C JIEUTRAL HELIUM IOJIIZATIOJI WIDTH COEFFICIEJITS 
C 

C 

REAL COHE1{19),C1HE1{19),C2HE1{19),C3HE1{19),C4HE1{19),C5HE1(19) 
DATA COHE1/-491.4899465435, 4•52751.32955540, 6•192217.9888246, 

: 8•98300.97872971/ 
DATA C1HE1/457.1636407635, 4•-50269.56309656, 6•-203859.6952899, 

: 8•-119238.9072374/ 
DATA C2HE1/-158.1006713481, 4*19085.52783860, 6•86170.00350852, 

: 8•57480.84354338/ 
DATA C3HE1/24.16267285172, 4•-3569.387671216, 6•-17994.83403347, 

: 8•-13389.89051919/ 
DATA C4HE1/-1.360129503102, 4*327.5671481368, 6•1853.319498524, 

: 8•1505.703401430/ 
DATA C5HE1/0.000000000000, 4•-11.78735527257, 6•-75.36190623852, 

: 8•-65.72418881018/ 

C IOJIIZED HELIUM IOJIIZATIOJI WIDTH COEFFICIEJITS 
C 

C 

REAL COHE2{10),C1HE2{10),C2HE2(10),C3HE2{6),C4HE2(8),C5HE2(6) 
DATA COHE2/-74.26034311733, -2937.990286080, 19959.12590455, 

: 82886.99750248, 143404.3154991, 196634.6941767, 1181.3516, 
: 1440.1016, 2492.1250, 4663.3129/ 
DATA C1HE2/71.67199736470, 3597.535164323, -19738.85742378, 

: -87905.12522636, -159143.2227411, -228914.1199763, -200.71191, 
: -259.75781, -624.84375,-1390.1250/ 
DATA C2HE2/-24.25823369433, -1722.038557089, 7589.443988198, 

: 36603.23972799, 69194.12399282, 103961.9966259, 2•0., 30.101562, 
: 97.671874/ 
DATA C3HE2/3.562032948247, 403.7822953371, -1407.065655238, 

: -7452.392601514, -14662.30211131, -22877.34494655/ 
DATA C4HE2/-.1923825868069, -46.20255731757, 125.6697110972, 

: 743.2677181628, 1517.485430160, 2446.673087330, -2810.7812, 
: -1283.5625/ 
DATA C5HE2/0.000000000000, 2.061471799965, -4.324390597780, 

: -29.14243384304, -61.59229459581, -102.2217157435/ 

C START OF EXECUTABLE STATENEJITS 
C 

C 

SRT:SQRT{T) 
HKT:BIC/T 
II:LOG10{T) 

C CLEAR RATE COEFFICIEJITS 
C 

DO 20 I:1,JILB 
DO 10 J:1,JILH+1 

C(I,J):O. 
10 COJITIJIUE 
20 COJITIJIUE 

DO 40 I:1,JILBE1 
DO 30 J:1,JILHE1+1 

CHE1(I,J):O.O 
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30 COITIIUE 
40 COITIIUE 

DO 60 I=1,ILHE2 
DO 50 J=1,ILHE2+1 

CHE2(I,J)=O.O 
50 COITIIUE 
60 COITIIUE 
C 
C HYDROGEI IOIIZATIOI RATES 
C 
C FROM LEIIOI e.a. (1986) 
C 

DO 70 I=1,ILH 
GAM=MAX(1.E-15,(COB(I)/XX+C1B(I))/IX+C2B(I)+XX*(C3H(I)+ 

XX*(C4H(I)+XX*C5H(I)))) 
C(I,ILB+1)=CCOl•SRT•GAM•EXP(-HKT•FRQH(I)) 

70 COITIIUE 
C 
C HYDROGEI EXCITATIOI RATES 
C 
C GROUID STATE TO 21D AID 3RD LEVEL FROM AGGARWAL (1983) 
C 21D TO 3RD LEVEL FROM HAT! et al. (1980) 
C 
C OTHERS FROM MIHAUS (1978). 
C 

DO 100 I=1,ILB 
DO 80 J=I+1,ILH 

UO=FRQH(I)-FRQH(J) 
UO=UO•HKT 
EX=EXP(-UO) 
GAM=MAX(1.E-15,(A1H(I,J)+T*(A2H(I,J)+T*A3H(I,J)))/ 

(1.0+T*(A4H(I,J)+T•A5H(I,J)))) 
CCR=CA*EX*GAM/SRT 
C(I,J)=CCR 
C(J,I)=GH(I)*CCR/(GH(J)•EX) 

80 COITIIUE 
DO 90 J=ILH+1,MQH 

UO=FRQH(I)-FRQB(J) 
UO=UO•HKT 
EX=EXP(-UO) 
GAM=MAX(1.E-15,(A1H(I,J)+T*(A2H(I,J)+T•A3H(I,J)))/ 

(1.0+T*(A4H(I,J)+T•A5H(I,J)))) 
CCR=CA•EX•GAM/SRT 
C(I,ILH+1)=C(I,ILH+1)+CCR 

90 COITIIUE 
100 COITIIUE 
C 
C HELIUM IOIIZATIOI RATE_COEFFICIEITS FROM LEIIOI et al. (1986). 
C 

DO 110 I=1,ILHE1 
GAM=MAX(1.E-15,(COHE1(I)/XX+C1HE1(I))/XX+C2HE1(I)+XX•(C3HE1(I)+ 

XX•(C4HE1(I)+XX*C5HE1(I)))) 
CHE1(I,ILHE1+1)=CCOl•SRT*GAM•EXP(-HKT•FRQHE1(I)) 

110 COITIIUE 
C 
C HELIUM EXCITATIOI RATES FROM AGGARWAL et al. (1978) FOR 
C GROUID LEVEL TO FIRST FOUR EXCITED LEVELS. 
C OTHER RATES FROM BERRIITOI ET AL. (1985) OR FROM MIHAUS 
C et al. (1975). 
C 

DO 140 I=1,ILHE1 
DO 120 J=I+1,ILHE1 

UO=FRQHE1(I)-FRQBE1(J) 
UO=UO*BKT 
EX=EXP(-UO) 
V=GHE1(I)/GHE1(J) 
GAM=MAX(1.E-15,(A1HE1(I,J)+T•(A2HE1(I,J)+T*A3HE1(I,J)))/ 

(1.0+T•(A4BE1(I,J)+T*A5HE1(I,J)))) 
CCR=CA*EX*GAM/SRT 
CBE1(I, J)=CCR 
CHE1(J,I)=V•CCR/EX 

120 COITIIUE 
DO 130 J=ILHE1+1,MQBE1 

UO=FRQBE1(I)-FRQBE1(J) 
UO=UO*BKT 
EX=EXP(-UO) 
V=GHE1(I)/GBE1(J) 
GAM=MAX(1.E-15,(A1BE1(I,J)+T*(A2BE1(I,J)+T*A3HE1(I,J)))/ 

(1.0+T•(A4BE1(I,J)+T*A5HE1(I,J)))) 
CCR=CA*EX*GAM/SRT 
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CBE1(I,ILBE1+1)=CBE1(I,ILBE1+1)+cCR 
130 COITIIUE 
140 COITIIUE 
C 
C IOIIZED BELIUN IOIIZ!TIOI RATE COEFFICIEITS 
C FRON LEIIOI et al. (1986) 
C 

DO 150 I=1,6 
G!N=N!X(1.E-15,(COBE2(I)/ll+c1BE2(I))/XX+C2BE2(I)+XX*(C3BE2(I)+ 

XX•(C4BE2(I)+XX•C5BE2(I)))) 
CBE2(I,ILBE2+1)=CCOl•SRT•GAN•EXP(-BKT•FRQBE2(I)) 

150 COITIIUE 
C 
C IOIIZ!TIOI RATES FRON NIBAL!S et al. (1975) 
C 

DO 160 I=7,ILBE2 
G!N=N!X(1.E-15,COBE2(I)+(C1BE2(I)+C2BE2(I)•XX)•XX+ 

C4BE2(I)/ll/ll) 
UO=BKT•FRQBE2(I) 
CBE2(I,ILBE2+1)=CCOl•SRT•EXP(-UO)•GAN 

160 COITIIUE 
C 
C IOIIZ!TIOI RATES FRON NIBAL!S et al. (1975) 
C 

DO 190 I=1,ILBE2 
DO 170 J=I+1,ILBE2 

UO=FRQBE2(I)-FRQBE2(J) 
UO=BKT•UO 
EX=EXP(-UO) 
G!N=Nil(1.E-15,(!1BE2(I,J)+T•(A2BE2(I,J)+T•A3BE2(I,J)))/ 

(1.0+T•(A4BE2(I,J)+T•A5BE2(I,J)))) 
CCR=CA*EX*GAN/SRT 
CBE2(I,J)=CCR 
CBE2(J,I)=GB(I)•CCR/(GB(J)•EX) 

170 COITIIUE 
DO 180 J=ILBE2+1,2•NQB 

UO=FRQBE2(I)-FRQBE2(J) 
UO=BKT•UO 
EX=EXP(-UO) 
G!N=N!X(1.E-15,(!1BE2(I,J)+T•(!2BE2(I,J)+T•A3BE2(I,J)))/ 

(1.0+T•(A4BE2(I,J)+T•A5BE2(I,J)))) 
CCR=CA•EX•GAN/SRT 
CBE2(I,ILBE2+1)=CBE2(I,ILBE2+1)+CCR 

180 COITIIUE 
190 COITIIUE 

RETURI 
EID 

SUBROUTIIE COITROL 
C 
C OVERALL COITROL SUBROUTIIE FOR LIIE!RIZATIOI !ID 
C L!NBDA ITERATIOI 
C 

C 

C 

C 

C 

C 

INPLICIT IOIE 

CON! 
CONAI 

IITEGER ID, I 

REAL EDDFAC, EXIT, GAB, GEIER, LIIE!R, LIIIT, IUPOP 
EXTERIAL EDDF!C, EXIT, GAB, GEIER, UIEAR, LIIIT, IUPOP 

FEXIT=.FALSE. 
DO 30 I=1,IITER 

C L!NBDA ITERATIOI. 
C IOTE THAT GEIER IS CALLED II BLOCK PRIOR TO THE FIRST ITERATIOI; 
C TBUS, THE FIRST ITERATIOI HERE IEED IOT N!KE A CALL TO GEIER. 
C 

C 

IF (I.GT.1)CALL GEIER 
CALL EDDFAC 

C ADJUST L!NBDAS IF FSWITCB=.TRUE. 
C 

CALL LIIIT(I) 
WRitE (6,*)'L!NC= ',UNC,' LANL= ',L!NL 
DO 10 ID=1,IDEPTH 

CALL IUPOP(ID) 
10 COITIIUE 



C 
C DIAGIOSTICS 
C 

IF (FPRIIT)CALL GAB 
C 
C DIRECT LIIEARIZATIOI 
C 

CALL LIIEAR 
DO 20 ID=1,IDEPTB 

CALL IUPOP(ID) 
20 COITIIUE 

IF (FEIIT)GO TO 40 
30 COITIIUE 

200 

WRITE (6,•)'ITERATIOIS FAILED TO COIVERGE' 
40 CALL GAB 

RETUU 
EID 

SUBROUTIIE DGEIER(IDD,PR) 
C 
C CALCULATE OPACITIES AID DERIVATES 
C 

IMPLICIT IOIE 
C 
C MACROS 
C 

C 

COMA 
COMAI 
CONC 

C LOCAL VARIABLES 
C 

C 

IITEGER I, IB, II, ID, IDD, IL, IJ, L, IT, U, J, JJ, 10 
REAL DD(IEQl,NIB+2), DSKKDT(NIJ,3), PR(M111+1), SKK(MIJ,3) 
REAL C(MIJ), DC, DE, DOP, DOPT, OT, E(MIJ), EI(MIJ), FRQO, BKT 
REAL BKTT, S, SIGMA, SIGMAT, SRT, SRT2, Ti, I, IO, Ii 

C EITEUAL PROCEDURES 
C 

C 

C 

REAL COLRAT, DFRE, MATIIV, RATEQ 
EITEUAL COLRAT, DFRE, NATIIV, RATEQ 

ID=IDD 
CALL DFRE(ID,SKK,DSKKDT) 
T1=1.0/TENP(ID) 
BKT=BK•T1 
BKTT=BKT•T1 
SRT=SQRT(TLIIE/TENP(ID)) 
SRT2=SQRT(TENP(ID)) 

C GEIERATE COLLISIOI RATES AID DERIVATIVES. 
C 

CALL COLRAT(TENP(ID),CR,CRBE1,CRBE2) 
DT=1.E-4*TENP(ID) 
CALL COLRAT(TENP(ID)+DT,DCRDT,DCRBE1,DCRBE2) 
DO 20 I=1,ILB 

DO 10 J=1,ILB+1 
DCRDT(I,J)=(DCRDT(I,J)-CR(I,J))/DT 

10 COITIIUE 
20 COITIIUE 

DO 40 I=1,ILBE1 
DO 30 J=1,ILBE1+1 

DCRBE1(I,J)=(DCRBE1(I,J)-CRBE1(I,J))/DT 
30 COITIIUE 
40 COITIIUE 

DO 60 I=1,ILBE2 
DO 50 J=1,ILBE2+1 

DCRBE2(I,J)=(DCRBE2(I,J)-CRBE2(I,J))/DT 
50 COITIIUE 
60 COJITIIUE 

DO 80 I=l,IEQI 
DO 70 J=i,111 

DD(I,J)=O.O 
70 COITIIUE 
80 COITIIUE 

DO 90 I=i,111 
PR(I)=O.O 

90 COJITIIUE 
C 
C OBTAII RATE EQUATIOI MATRIX AJID IIVERT. 



C 

C 

CALL RATEQ(ID,IE(ID),Al,BI) 
CALL NATIIV(Al,IEQl,IEQI) 

201 

C RADIATIVE FIELD PERTURBATIOIS 
C SKIP FOR LTE 
C 

DO 100 IJ=1,IJ 
EX(IJ)=EXP(-BKT•FREQ(IJ)) 

100 COITIIUE 
IF (FLTE)GO TO 180 
DO 170 IJ=1,IJ 

DO 110 I=1,IEQI 
Bl(I)=0. 

110 COITIIUE 
S=SCOF•VT(IJ)/FREQ(IJ) 
IF (IJ.LT.ITPTRB)TBEI 

DO 120 I=1,ILBE1 
Bl(I)=S•LANC•(IBE1S(I,ID)•EX(IJ)-IBE1(I,ID))*SIGBE1(I,IJ) 

120 COITIIUE 
DO 130 I=1,ILBE2 

II=I+ILBE1 
Bl(II)=S•UIIC•(IBE2S(I,ID)•EX(IJ)-IBE2(I,ID))* 

SIGBE2(I,IJ) 
130 COITIIUE 

DO 140 I=l,ILB 
II=I+ILBE1+1LBE2+1 
Bl(II)=S•UIIC•(IS(I,ID)*EX(IJ)-l(I,ID))•SIG(I,IJ) 

140 COITIIUE 
ELSE IF (IJ.LT.ITPTRBE1)TBEI 

I=LOVB(IJ) 
J=UPB(IJ) 
IT=ITRB(I,J) 
JJ=J+ILBE1+1LBE2+1 
II=I+ILBE1+1LBE2+1 
FRQO=FRQB(I)-FRQB(J) 
DOP=SRT2•FRQO•OOPCOF 
X=DELQUAD•NOD(IJ-ITPTRB,IQUAD)•SRT 
SIGNA=PIE211C•OSCB(IT)•EXP(-X•X)/DOP/1.7724539 
X=S•SIGNA•(J(I,ID)-GB(I)*l(J,ID)/GB(J)) 
Bl(II)=-X 
Bl(JJ)=+X 

ELSE IF (IJ.LT.ITPTRBE2)TBEI 
I=LOVBE1(IJ) 
J=UPBE1(IJ) 
IT=ITRBE1(I,J) 
FRQO=FRQHE1(I)-FRQBE1(J) 
DOP=SRT2•FRQO•DOPCOF•.5 
X=DELQUAD•NOD(IJ-ITPTRBE1,IQUAD)•SRT 
SIGNA=PIE211C•OSCBE1(IT)•EXP(-X•X)/DOP/1.7724539 
X=S•SIGNA*(IBE1(I,ID)-GBE1(I)•IBE1(J,ID)/GBE1(J)) 
Bl(I)=-X 
Bl(J)=+X 

ELSE 
I=LOVBE2(IJ) 
J=UPBE2(IJ) 
JJ=J+ILBE1 
II=I+ILBE1 
IT=ITRBE2(I,J) 
FRQO=FRQBE2(I)-FRQBE2(J) 
DOP=SRT2•FRQO•DOPCOF•.5 
X=DELQUAD•NOD(IJ-ITPTRBE2,IQUAD)*SRT 
SIGNA=PIE2IIC•OSCBE2(IT)•EXP(-X•X)/DOP/1.7724539 
X=S•SIGNA•(IBE2(I,ID)-GBE2(I)•IHE2(J,ID)/GBE2(J)) 
Bl(II)=-X 
Bl(JJ)=+X 

EIDIF 
IB=BLOCK(IJ) 
DO 160 IL=1,IEQI 

DO 150 J=1,IEQI 
DD(IL,IB)=DD(IL,IB)+Al(IL,J)•Bl(J)•RAD(IJ,ID) 

150 COITIIUE 
160 COITIIUE 
170 COITIIUE 
C 
C TEMPERATURE PERTURBATIOIS 
C 
180 DO 190 I=1,ILBE1 

Bl(I)=IBE1S(I,ID)*(DRBE1(1LBE1+1,I)­
((1.5+HKT•FRQBE1(I))/TENP(ID))• 
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(RBE1(1LBE1+1,I)+IE(ID)•CRBE1(I,ILBE1+1)))+ 
IE(ID)•DCRBE1(I,ILBE1+1)•(1BE1S(I,ID)-IBE1(I,ID)) 

190 COITIIUE 
DO 230 I=1,ILBE1 

DO 200 J=1,ILBE1 
Bl(I)=Bl(I)+IE(ID)• 

(DCRBE1(J,I)•IBE1(J,ID)-DCRBE1(I,J)•IBE1(I,ID)) 
200 COITIIUE 

DO 210 J=1,I-1 
FRQO=FRQBE1(J)-FRQBE1(I) 
X=GBE1(J)•EIP(BKT•FRQO)/GBE1(I) 
X0=-X•BKTT•FRQ0 
Bl(I)=Bl(I)-IBE1(I,ID)•(X•DRBE1(I,J)+RBE1(I,J)•X0)+ 

IBE1(J,ID)•DRBE1(J,I) 
210 COITIIUE 

DO 220 J=I+1,ILBE1 
FRQO=FRQBE1(I)-FRQBE1(J) 
X=GBE1(I)•EIP(BKT•FRQO)/GBE1(J) 
X0=-X•BKTT•FRQ0 
Bl(I)=Bl(I)-IBE1(I,ID)•DRBE1(I,J)+ 

IBE1(J,ID)•(X•DRBE1(J,I)+XO•RBE1(J,I)) 
220 COITIIUE 
230 COITIIUE 

DO 240 I=1,ILBE2 
II=I+ILBE1 
Bl(II)=IBE2S(I,ID)•(DRBE2(1LBE2+1,I)­

((1.5+BKT•FRQBE2(I))/TEMP(ID))* 
(RBE2(1LBE2+1,I)+IE(ID)•CRBE2(I,ILBE2+1)))+ 
IE(ID)•DCRBE2(I,ILBE2+1)•(1BE2S(I,ID)-IBE2(I,ID)) 

240 COITIIUE 
DO 280 I=1,ILBE2 

II=I+ILBE1 
DO 250 J=1,ILBE2 

Bl(II)=Bl(II)+IE(ID)• 
(DCRBE2(J,I)•IHE2(J,ID)-DCRBE2(I,J)•IBE2(I,ID)) 

250 COITIIUE 
DO 260 J=1,I-1 

FRQO=FRQBE2(J)-FRQBE2(I) 
X=GBE2(J)•EIP(BKT•FRQO)/GBE2(I) 
XO=-X•BKTT•FRQO 
Bl(II)=Bl(II)-IBE2(I,ID)•(X•DRBE2(I,J)+XO•RBE2(I,J))+ 

IBE2(J,ID)•DRBE2(J,I) 
260 COITIIUE 

DO 270 J=I+1,ILBE2 
FRQO=FRQBE2(I)-FRQBE2(J) 
X=GBE2(I)•EIP(BKT•FRQO)/GBE2(J) 
XO=-X•BKTT•FRQO 
Bl(II)=Bl(II)-IBE2(I,ID)•DRBE2(I,J)+ 

IBE2(J,ID)•(X•DRBE2(J,I)+XO•RBE2(J,I)) 
270 COITIIUE 
280 COITIIUE 

Bl(ILBE1+1LBE2+1)=1E(ID)•(Y•DSBDT(ID)•IPROT(ID)-IBE2(1,ID)• 
DSBEDT(1,ID)-IBE3(ID)•DSBEDT(2,ID)) 

DO 290 I=1,ILB 
II=I+ILBE1+1LBE2+1 
Bl(II)=IS(I,ID)•(DRB(ILB+1,I)-((1.5+BKT•FRQB(I))/TENP(ID))• 

(RB(ILB+1,I)+IE(ID)•CR(I,ILB+1)))+ 
IE(ID)•DCRDT(I,ILB+1)•(1S(I,ID)-l(I,ID)) 

290 COITIIUE 
DO 330 I=1,ILB 

II=I+ILBE1+1LBE2+1 
DO 300 J=1,ILB · 

Bl(II)=Bl(II)+ 
IE(ID)•(DCRDT(J,I)•l(J,ID)-DCRDT(I,J)•l(I,ID)) 

300 COITIIUE 
DO 310 J=1,I-1 

FRQO=FRQB(J)-FRQB(I) 
X=GB(J)•EXP(BKT•FRQO)/GB(I) 
XO=-X•BKTT•FRQO 
Bl(II)=Bl(II)-l(I,ID)•(X•DRB(I,J)+X0•RB(I,J))+ 

l(J ,ID)•DRB(J ,I) 
310 COITIIUE 

DO 320 J=I+t,ILB 
FRQO=FRQB(I)-FRQB(J) 
l=GB(I)•EXP(BKT•FRQO)/GB(J) 
10=-X•BKTT•FRQO 
Bl(II)=Bl(II)-l(I,ID)•DRB(I,J)+ 

l(J,ID)•(X•DRH(J,I)+XO•RB(J,I)) 
320 COITIIUE 
330 COITIIUE 



Bl(IEQl)=-IE(ID)•IBE3(ID)•DSHEDT(2,ID) 
DO 350 IL=1,IEQI 

DO 340 J=1,IEQI 

203 

DD(IL,IIT)=DD(IL,IIT)+AJl(IL,J)•Bl(J)•TEMP(ID) 
340 COITIIUE 
350 COITIIUE 
C 
C ELECTRO■ DEISITY DERIVATIVES. 
C 

DO 360 I=1,ILBE1 
Bl(I)=(IBE1S(I,ID)/IE(ID))• 

(RBE1(1LBE1+1,I)+2.0•IE(ID)•CRBE1(I,ILBE1+1))­
IBE1(I,ID)•CRBE1(I,ILBE1+1) 

360 COITIIUE 
DO 380 I=1,ILBE1 

DO 370 J=1,ILBE1 
Bl(I)=Bl(I)+CRBE1(J,I)•IBE1(J,ID)-CRBE1(I,J)•IBE1(I,ID) 

370 COITIIUE 
380 COITIIUE 

DO 390 I=1,ILBE2 
II=I+ILBE1 
Bl(II)=(IBE2S(I,ID)/IE(ID))• 

(RBE2(1LBE2+1,I)+2.0•IE(ID)•CRBE2(I,ILBE2+1))­
IBE2(I,ID)•CRBE2(I,ILBE2+1) 

390 COITIIUE 
DO 410 I=1,ILBE2 

II=I+ILBE1 
DO 400 J=1,ILBE2 

Bl(II)=Bl(II)+CRBE2(J,I)•IBE2(J,ID)-CRBE2(I,J)•IBE2(I,ID) 
400 COITIIUE 
410 COITIIUE 

Bl(ILBE1+1LBE2+1)=Y•IPROT(ID)•SUMB(ID)-IBE2(1,ID)•SUMHE(1,ID)­
IBE3(ID)•SUMHE(2,ID) 

DO 420 I=1,ILB 
II=I+ILBE1+1LBE2+1 
Bl(II)=(IS(I,ID)/IE(ID))•(RB(ILH+1,I)+2.0•IE(ID)•CR(I,ILB+1))­

l(I,ID)•CR(I,ILB+1) 
420 COITIIUE 

DO 440 I=1,ILB 
II=I+ILBE1+1LBE2+1 
DO 430 J=t ,ILB 

Bl(II)=Bl(II)+CR(J,I)•l(J,ID)-CR(I,J)•l(I,ID) 
430 COITIIUE 
440 COITIIUE 

Bl(IEQl)=1.0-IBE3(ID)•SUMBE(2,ID) 
DO 460 IL=1,IEQI 

DO 450 J=1,IEQI 
DD(IL,IIE)=DD(IL,IIE)+AJl(IL,J)•Bl(J)•IE(ID) 

450 COITIIUE 
460 COITIIUE 
C 
C ITOT AID DERIVATIVES THEREOF 
C 

PR(lll+1)=1E(ID) 
PR(HE)=IE(ID) 
DO 470 IL=1,ILBE1 

PR(lll+1)=PR(lll+1)+1BE1(IL,ID) 
470 CONTIIUE 

DO 490 IL=1,ILBE1 
DO 480 J=1,IH 

PR(J)=PR(J)+DD(IL,J) 
480 COITIIUE 
490 COITIIUE 

DO 500 IL=1,ILBE2 
PR(lll+1)=PR(lll+t)+IBE2(IL,ID) 

500 COITIIUE 
DO 520 IL=1,ILBE2 

DO 510 J:1,111 
PR(J)=PR(J)+DD(IL+ILBE1,J) 

510 COITIIUE 
520 COITINUE 

PR(lll+1)=PR(lll+1)+1BE2(1,ID)•SUMBE(1,ID)•IE(ID) 
PR(IIT)=PR(IIT)+IBE2(1,ID)•DSBEDT(1,ID)•IE(ID)•TEMP(ID) 
PR(IIE)=PR(IIE)+IBE2(1,ID)•SUMBE(1,ID)•IE(ID) 
DO 530 J=1,IH 

PR(J)=PR(J)+DD(ILBE1+1,J)•SUMBE(1,ID)•IE(ID) 
530 COITIIUE 

PR(INl+1)=PR(lll+1)+1BE3(ID)•(1.0+SUMHE(2,ID)•IE(ID)) 
PR(IIT)=PR(IIT)+IBE3(ID)•DSBEDT(2,ID)•IE(ID)•TEMP(ID) 
PR(IIE)=PR(IIE)+IBE3(ID)•SUMBE(2,ID)•IE(ID) 
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DO 540 J:1,111 
PR(J)=PR(J)+DD(ILBE1+1LBE2+1,J)•(1.0+SUMBE(2,ID)•IE(ID)) 

540 COITIIUE 
DO 550 IL=1,ILB 

PR(lll+1)=PR(lll+1)+1(IL,ID) 
550 COITIIUE 

DO 570 IL=1,ILB 
DO 560 J=1,III 

PR(J)=PR(J)+DD(IL+ILBE1+1LBE2+1,J) 
560 COITIIUE 
570 COITIIUE 

PR(lll+1)=PR(lll+1)+1PROT(ID)•(1.0+SUMB(ID)•IE(ID)) 
PR(IIT)=PR(IIT)+IPROT(ID)•DSBDT(ID)•IE(ID)•TEMP(ID) 
PR(IIE)=PR(IIE)+IPROT(ID)*SUMB(ID)•IE(ID) 
DO 580 J:1,111 

PR(J)=PR(J)+DD(ILBE1+1LBE2+1LB+2,J)•(1.0+SUNB(ID)•IE(ID)) 
580 COITIIUE 

ITOT(ID)=PR(lll+1) 
C 
C ELECTROI SCATTERIIG 
C 

10=111+1 
DO 600 J=1,III 

DO 590 IJ=1,IJ 
CBI(IJ,J)=O.O 
ETA(IJ,J):0.0 

590 COITIIUE 
600 COITIIUE 

DO 610 IJ=1,IJ 
CBI(IJ,IO)=IE(ID)•SIGE 
CBI(IJ,IIE)=CBI(IJ,10) 
ETA(IJ,10)=0. 

610 COITIIUE 
C 
C BELIUN BOUID-FREE OPACITIES 
C 

DO 650 IL=1,ILBE1 
DO 620 IJ=1,IJ 

E(IJ)=SIGBE1(IL,IJ)•IBE1S(IL,ID)•EI(IJ) 
ETA(IJ,IO)=ETA(IJ,IO)+E(IJ) 
CBI(IJ,IO)=CBI(IJ,IO)+SIGBE1(IL,IJ)•IBE1(IL,ID) 
ETA(IJ,IIT)=ETA(IJ,IIT)+E(IJ)•(-1.5+BKT•(FREQ(IJ)-

FRQBE1(IL))) 
ETA(IJ,IIE)=ETA(IJ,IIE)+E(IJ) 

620 COITIIUE 
DO 640 J=1,III 

00 630 IJ=1,IJ 
ETA(IJ,J)=ETA(IJ,J)+E(IJ)•DD(ILBE1+1,J)/IBE2(1,ID) 
CBI(IJ,J)=CBI(IJ,J)+SIGBE1(IL,IJ)•DD(IL,J) 

630 COITIIUE 
640 COITIIUE 
650 COITIIUE 

DO 690 IL=ILBE1+1,ILBE1S 
DO 660 IJ=1,IJ 

C(IJ)=SIGBE1(IL,IJ)•IHE1S(IL,ID) 
E(IJ)=C(IJ)•EI(IJ) 
ETA(IJ,IO)=ETA(IJ,IO)+E(IJ) 
CHI(IJ,IO)=CBI(IJ,IO)+C(IJ) 
ETA(IJ,IIT)=ETA(IJ,IIT)+E(IJ)•(-1.S+BKT•(FREQ(IJ)-

FRQHEi(IL))) 
CBI(IJ,IIT)=CBI(IJ,IIT)+C(IJ)•(-1.5-BKT•FRQBE1(IL)) 
ETA(IJ,IIE)=ETA(IJ,IIE)+E(IJ) 
CBI(IJ,IIE)=CBI(IJ,IIE)+C(IJ) 

660 COITIIUE 
DO 680 J=1,III 

DO 670 IJ=1,IJ 
ETA(IJ,J)=ETA(IJ,J)+E(IJ)•DD(ILBE1+1,J)/IBE2(1,ID) 
CBI(IJ,J)=CBI(IJ,J)+C(IJ)•DD(ILBE1+1,J)/IBE2(1,ID) 

670 COITIIUE 
680 COITIIUE 
690 COITIIUE 

DO 730 IL=1,ILBE2 
DO 700 IJ=1,IJ 

E(IJ)=SIGBE2(IL,IJ)•IBE2S(IL,ID)•EI(IJ) 
ETA(IJ,IO)=ETA(IJ,IO)+E(IJ) 
CBI(IJ,IO)=CBI(IJ,IO)+SIGBE2(IL,IJ)•RBE2(IL,ID) 
ETA(IJ,IRT)=ETA(IJ,RIT)+E(IJ)•(-1.5+BKT•(FREQ(IJ)-

FRQBE2(IL))) 
ETA(IJ,IIE)=ETA(IJ,IIE)+E(IJ) 

700 COITIIUE 
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00 720 J=t ,111 
00 710 IJ=1,IJ 

ETA(IJ,J)=ETA(IJ,J)+E(IJ)•DD(ILBE1+1LHE2+1,J)/IHE3(IO) 
CBI(IJ,J)=CBI(IJ,J)+SIGHE2(IL,IJ)•DD(ILHE1+IL,J) 

710 COITIIUE 
720 COITIIUE 
730 COITIIUE 

00 770 IL=ILBE2+1,ILHE2S 
00 740 IJ=1,IJ 

C(IJ)=SIGBE2(IL,IJ)•IBE2S(IL,IO) 
E(IJ)=C(IJ}•EI(IJ) 
ETA(IJ,IO)=ETA(IJ,IO)+E(IJ) 
CBI(IJ,IO)=CBI(IJ,IO)+C(IJ) 
ETA(IJ,IIT)=ETA(IJ,IIT)+E(IJ)•(-1.5+HKT•(FREQ(IJ)-

FRQBE2 (IL))) 
CBI(IJ,IIT)=CBI(IJ,IIT)+C(IJ)•(-1.5-HKT•FRQBE2(IL)) 
ETA(IJ,IIE)=ETA(IJ,IIE)+E(IJ) 
CBI(IJ,IIE)=CBI(IJ,IIE)+C(IJ) 

740 COITIIUE 
DO 760 J=1,III 

DO 750 IJ=1,IJ 
CBI(IJ,J)=CBI(IJ,J)+C(IJ)•DD(ILBE1+1LBE2+1,J)/IBE3(IO) 
ETA(IJ,J)=ETA(IJ,J)+E(IJ)•DD(ILBE1+1LBE2+1,J)/IBE3(ID) 

750 COITIIUE 
760 COITIIUE 
770 COITIIUE 
C 
C FREE-FREE OPACITIES 
C 

IO=IBE3(IO)•IE(I0)••2 
I1=IO•SUIIBE(2,IO) 
00 780 IL=1,ILBE2 

I1=I1+1E(ID)•IBE2(IL,IO) 
780 CDITIIUE 

OD 820 J=t,111 
00 790 IJ=1,IJ 

OC=IE(I0)••2•SUIIBE(2,ID)•SKK(IJ,2)•DD(ILHE1+1LBE2+1,J) 
CBI(IJ,J)=CBI(IJ,J)+DC 
ETA(IJ,J)=ETA(IJ,J)+DC•EI(IJ) 

790 COITIIUE 
DO 810 IL=1,ILBE2 

00 800 IJ=1,IJ 
DC=IE(ID)*SKK(IJ,2)•DD(ILBE1+IL,J) 
CBI(IJ,J)=CBI(IJ,J)+DC 
ETA(IJ,J)=ETA(IJ,J)+DC•EI(IJ) 

800 COITIIUE 
810 COITIIUE 
820 COITIIUE 

DO 830 IJ=1,IJ 
C(IJ)=It•SKK(IJ,2) 
E(IJ)=C(IJ)•EI(IJ) 
ETA(IJ,IO)=ETA(IJ,IO)+E(IJ) 
CBI(IJ,IO)=CBI(IJ,IO)+C(IJ) 
DC=IO•DSBEDT(2,ID)•SKK(IJ,2)+I1•DSKKDT(IJ,2) 
OE=(DC+I1•SKK(IJ,2)•HKT•FREQ(IJ)•T1)•EI(IJ) 
ETA(IJ,IIT)=ETA(IJ,IIT)+DE•TEMP(ID) 
CBI(IJ,IIT)=CHI(IJ,IIT)+DC•TEMP(IO) 

830 COITIIUE 
I1=2.•IE(ID)•IHE3(ID)•SUIIHE(2,IO) 
DO 840 IL=1,ILBE2 

I1=I1+1BE2(IL,ID) 
840 COITIIUE 

DO 850 IJ=1,IJ 
DC=I1•SKK(IJ,2)•1E(ID) 
ETA(IJ,IIE)=ETA(IJ,IIE)+DC•EI(IJ) 
CBI(IJ,IIE)=CBI(IJ,IIE)+OC 
C(IJ)=IBE3(ID)•IE(ID)•SKK(IJ,3) 
E(IJ)=C(IJ)•EI(IJ) 
ETA(IJ,IO)=ETA(IJ,IO)+E(IJ) 
CBI(IJ,IO)=CBI(IJ,IO)+C(IJ) 
ETA(IJ,IIT)=ETA(IJ,IIT)+E(IJ)•BKT•FREQ(IJ)+IHE3(ID)•IE(ID)* 

OSKKOT(IJ,3)•EI(IJ)•TEMP(ID) 
CBI(IJ,IIT)=CBI(IJ,IIT)+IBE3(ID)*IE(ID)•DSKKDT(IJ,3)•TEMP(IO) 
ETA(IJ,IIE)=ETA(IJ,IIE)+E(IJ) 
CBI(IJ,IIE)=CHI(IJ,IIE)+C(IJ) 
C(IJ)=IPROT(ID)•IE(IO)•SKK(IJ,1) 
E(IJ)=C(IJ)•EI(IJ) 
ETA(IJ,IO)=ETA(IJ,IO)+E(IJ) 
CBI(IJ,IO)=CBI(IJ,IO)+C(IJ) 
ETA(IJ,IIT)=ETA(IJ,IIT)+E(IJ)•BKT•FREQ(IJ)+IPROT(ID)•IE(ID)* 
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DSKKDT(IJ,t)•EI(IJ)•TENP(ID) 
CBI(IJ,IIT)=CBI(IJ,IIT)+IPROT(ID)•IE(ID)•DSKKDT(IJ,t)•TEMP(ID) 
ETA(IJ,IIE)=ETA(IJ,IIE)+E(IJ) 
CBI(IJ,IIE)=CBI(IJ,IIE)+C(IJ) 

850 COITIIUE 
DO 870 J=t,111 

DO 860 IJ=1,IJ 
DC=SKK(IJ,3)•DD(ILBE1+1LBE2+1,J)•IE(ID) 
CBI(IJ,J)=CBI(IJ,J)+DC 
ETA(IJ,J)=ETA(IJ,J)+DC•EX(IJ) 
DC=SKK(IJ,1)•DD(ILBE1+1LBE2+1LB+2,J)•IE(ID) 
CBI(IJ,J)=CBI(IJ,J)+DC 
ETA(IJ,J)=ETA(IJ,J)+DC•EX(IJ) 

860 COITIIUE 
870 COITIIUE 
C 
C BYDIUJGEI BOUID-FREE OPACITIES 
C 

DO 910 IL=1,ILB 
DO 880 IJ=1,IJ 

E(IJ)=SIG(IL,IJ)•IS(IL,ID)•EX{IJ) 
ETl{IJ,IO)=ETA(IJ,IO)+E(IJ) 
CBI(IJ,IO)=CBI(IJ,IO)+SIG(IL,IJ)•l(IL,ID) 
ETA(IJ,IIT)=ETA(IJ,IIT)+E(IJ)•(-1.5+BKT•(FREQ(IJ)-

FRQB(IL))) 
ETl(IJ,IIE)=ETA(IJ,IIE)+E(IJ) 

880 COITIIUE 
DO 900 J=t,1111 

DO 890 IJ=t,IJ 
ETA(IJ,J)=ETl(IJ,J)+E(IJ)•DD(ILBE1+1LBE2+1LB+2,J)/ 

IPROT(ID) 
CBI(IJ,J)=CBI(IJ,J)+SIG(IL,IJ)•DD(ILBE1+1LBE2+1+IL,J) 

890 COITIIUE 
900 COITIIUE 
910 COITIIUE 

DO 950 IL=ILB+t,ILBS 
DO 920 IJ=t,IJ 

C(IJ)=SIG(IL,IJ)•IS(IL,ID) 
E(IJ)=C(IJ)•EI(IJ) 
ETl(IJ,10):ETA(IJ,IO)+E(IJ) 
CBI(IJ,IO)=CBI(IJ,IO)+C(IJ) 
ETA(IJ,IIT)=ETl(IJ,IIT)+E(IJ)•(-1.5+BKT•(FREQ(IJ)-

FRQB(IL))) 
CBI(IJ,IIT)=CBI(IJ,IIT)+C(IJ)•(-1.5-BKT•FRQB(IL)) 
ETl(IJ,IIE)=ETl(IJ,IIE)+E(IJ) 
CBI(IJ,IIE)=CBI(IJ,IIE)+C(IJ) 

920 COITIIUE 
DO 940 J=i ,1111 

DO 930 IJ=t,IJ 
ETl(IJ,J)=ETl(IJ,J)+E(IJ)•DD(ILBE1+1LBE2+1LB+2,J)/ 

IPROT(ID) 
CBI(IJ,J)=CBI(IJ,J)+C(IJ)•DD(ILBE1+1LBE2+1LB+2,J)/ 

IPROT(ID) 
930 COITIIUE 
940 COITIIUE 
950 COITIIUE 
C 
C LIIE OPACITIES 
C 

DO 960 IJ=ITPTRB,ITPTRBEt-1 
L=LOWB(IJ) 
U=UPB(IJ) 
IT=ITRB(L,U) 
FRQO=FRQB(L)-FRQB(U) 
DOP=SRT2•FRQO•DOPCOF 
X=DELQUAD•!IOD(IJ-ITPTRB,IQUAD)•SRT 
SIGMA=PIE2MC•OSCB(IT)•EIP(-X•X)/DOP/1.7724539 
C(IJ)=SIGMA 
SIGMAT=SIGMA•(X•X-0.5) 
ETl(IJ,IO)=ETA(IJ,IO)+GB(L)•SIGMl•l(U,ID)/GB(U) 
CBI(IJ,IO)=CBI(IJ,IO)+SIGMA•l(L,ID) 
ETl(IJ,IIT)=ETl(IJ,IIT)+GB(L)•SIGMlT•l(U,ID)/GB(U) 
CBI(IJ,IIT)=CBI(IJ,IIT)+SIGMAT•l(L,ID) 

960 COITIIUE 
DO 980 IJ=ITPTRB,ITPTRBEt-1 

L=LOWB(IJ) 
U=UPB(IJ) 
DO 970 J=t,111 

ETl(IJ,J)=ETl(IJ,J)+GB(L)•C(IJ)•DD(ILBE1+1LBE2+1+U,J)/ 
GB(U) 
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CBI(IJ,J)=CBI(IJ,J)+c(IJ)•DD(ILBE1+1LHE2+1+L,J) 
970 COITIIUE 
980 COITIIUE 

DO 990 IJ=ITPTRBE1,ITPTRBE2-1 
L=LOWBE1(IJ) 
U=UPBE1(IJ) 
IT=ITRBE1(L,U) 
FRQO=FRQBE1(L)-FRQBE1(U) 
DOP=SRT2•FRQO•DOPCOF•0.5 
I=DELQUAD•IIOD(IJ-ITPTRBE1,IQUAD)•SRT 
SIGIIA=PIE2NC•OSCBE1(IT)•EIP(-I•I)/DOP/1.7724539 
C(IJ)=SIGNA 
SIGIIAT=SIGIIA•(I•I-0.5) 
ETA(IJ,IO)=ETA(IJ,IO)+GBE1(L)•SIGMA•IBE1(U,ID)/GBE1(U) 
CBI(IJ,IO)=CBI(IJ,IO)+SIGIIA•IBE1(L,ID) 
ETA(IJ,IIT)=ETA(IJ,IIT)+GBE1(L)•SIGMAT•IBE1(U,ID)/GBE1(U) 
CBI(IJ,IIT)=CBI(IJ,IIT)+SIGMAT•IBE1(L,ID) 

990 COITIIUE 
DO 1010 IJ=ITPTRBE1,ITPTRBE2-1 

L=LOWBE1(IJ) 
U=UPBE1(IJ) 
DO 1000 J=1,IIII 

ETA(IJ,J)=ETA(IJ,J)+GBE1(L)•C(IJ)•DD(U,J)/GBE1(U) 
CBI(IJ,J)=CBI(IJ,J)+C(IJ)•DD(L,J) 

1000 COITIIUE 
1010 COITIJIUE 

DO 1020 IJ=ITPTRBE2,IJ 
L=LOWBE2(IJ) 
U=UPBE2(IJ) 
IT=ITRBE2(L,U) 
FRQO=FRQBE2(L)-FRQBE2(U) 
DOP=SRT2•FRQO•DOPCOF•0.5 
I=DELQUAD•MOD(IJ-ITPTRBE2,IQUAD)•SRT 
SIGIIA=PIE2MC•OSCBE2(IT)•EIP(-I•I)/DOP/1.7724539 
C(IJ)=SIGNA 
SIGMAT=SIGMA•(I•I-0.5) 
ETA(IJ,IO)=ETA(IJ,IO)+GBE2(L)•SIGMA•IHE2(U,ID)/GHE2(U) 
CBI(IJ,IO)=CBI(IJ,IO)+SIGIIA•IBE2(L,ID) 
ETA(IJ,IIT)=ETA(IJ,IIT)+GBE2(L)•SIGMAT•IBE2(U,ID)/GBE2(U) 
CBI(IJ,IIT)=CBI(IJ,IIT)+SIGIIAT*IHE2(L,ID) 

1020 COITIIUE 
DO 1040 IJ=ITPTRBE2,IJ 

L=LOWBE2(IJ) 
U=UPBE2(IJ) 
DO 1030 J=t,111 

ETA(IJ,J)=ETA(IJ,J)+GHE2(L)•C(IJ)•DD(ILBE1+U,J)/GBE2(U) 
CBI(IJ,J)=CBI(IJ,J)+C(IJ)•DD(ILHE1+L,J) 

1030 COITIIUE 
1040 COITIIUE 

DO 1050 IJ=t,IJ 
EI(IJ)=BBCOF•FREQ(IJ)••3 

1050 COJITIIUE 
DO 1070 J=1,111+1 

DO 1060 IJ=1,IJ 
CBI(IJ,J)=CBI(IJ,J)-ETA(IJ,J) 
ETA(IJ,J)=EI(IJ)•ETA(IJ,J) 

1060 COITIIUE 
1070 COITIIUE 
C 
C COJIVERT OPACITIES TO MASS COEFFICIEITS 
C 

DO 1090 J=1,III 
DO 1080 IJ=1,IJ 

CBI(IJ,J)=(CBI(IJ,J)-CBI(IJ,111+1)•MU1•PR(J)/IM(ID))/ 
IM(ID)/MBYD 

ETA(IJ,J)=(ETA(IJ,J)-ETA(IJ,111+1)•MU1•PR(J)/IM(ID))/ 
IM(ID)/MHYD 

1080 COITIIUE 
1090 COITIIUE 

DO 1100 IJ=t,IJ 
CBI(IJ,IIE)=CBI(IJ,IIE)+CBI(IJ,111+1)•MU1•1E(ID)/IM(ID)/ 

IM(ID)/MBYD 
ETA(IJ,IIE)=ETA(IJ,IIE)+ETA(IJ,111+1)•MU1•1E(ID)/IM(ID)/ 

IM(ID)/MBYD 
CBI(IJ,111+1)=CBI(IJ,IIJl+1)/IM(ID)/MBYD 
ETA(IJ,lll+t)=ETA(IJ,111+1)/IM(ID)/MBYD 

1100 COJITIIUE 
RETURI 
EID 

SUBROUTIIE GAB 



C 
C BE VERBOSE 
C 

C 

C 

C 

IMPLICIT IOIE 

COMA 
COMAI 
COl'IC 

IITEGER I, ID, IJ, IL, J, 10, 11 
REAL DIS, SUII 

C PRIIT BOUID-FREE JUMPS 
C 

WRITE (6,1001) 
WRITE (6,1002) 
WRITE (6,1003) 
IL=1 
DO 10 IJ=2,ITPTRB-1 
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IF (SIG(IL,IJ).EQ.O)TBEI 
DIS=-2.5•LOG10(FB(IJ-1)•RAD(IJ-1,1)/FB(IJ)/RAD(IJ,1)) 
WRITE (6,1004)IL,DIS 
IL=IL+1 

EIDIF 
IF (IL.GT.ILB)GO TO 20 

10 COITIIUE 
20 WRITE (6,1005) 

IL=1 
DO 30 IJ=2,ITPTRB-1 

IF (SIGBE1(IL,IJ).EQ.O)TBEI 
DIS=-2.5•LOG10(FB(IJ-1)•RAD(IJ-1,1)/FB(IJ)/RAD(IJ,1)) 
WRITE (6,1004)IL,DIS 
IL=IL+1 

EIDIF 
IF (IL.GT.ILBE1)GO TO 40 

30 COIITIIIUE 
40 WRITE (6,1006) 

IL=1 
DO 50 IJ=2,ITPTRB-1 

IF (SIGBE2(IL,IJ).EQ.O)TBEI 
DIS=-2.5•LOG10(FB(IJ-1)•RAD(IJ-1,1)/FB(IJ)/RAD(IJ,1)) 
WRITE (6,1004)IL,DIS 
IL=IL+1 

EIDIF 
IF (IL.GT.ILBE2)GO TO 60 

50 COIITIIUE 
C 
C PRIIT TOT AL FLUX 
C 

SUM=O. 
60 DO 70 I=1,IJ 

SUl'l=SUl'l+WT(I)•FB(I)•RAD(I,1) 
70 COIITIIUE 

WRITE (6,1007)SUM 
C 
C PRIIT BASIC MODEL PARAMETERS AID POPULATIOIS 
C 

C 

WRITE (6,1001) 
WRITE (6,1008) 
WRITE (6,1009)(M(I),TEMP(I),ITOT(I),IE(I),IPROT(I),I=1,IDEPTB) 

C PRIIT POPULATIOIS 
C 

WRITE (6,1010) 
10=1 
11=Mil(ILB,3) 

80 WRITE (6,1011) (I,I,I=I0,11) 
DO 90 ID=1,IDEPTB 

WRITE (6,101S)M(ID),(l(I,ID),l(I,ID)/IS(I,ID),I=I0,11) 
90 COITIIUE 

IF (It.LT .ILB)TBEI 
10=11+1 
11=Mil(ILB,11+3) 
GO TO 80 

EIDIF 
WRITE (6,1012) 
10=1 
ll1=Mil(ILBE1,3) 

100 WRITE (6,1011) (I,I,I=I0,11) 
DO 110 ID=1,IDEPTB 
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WRITE (6,1015)N(ID),(IBE1(I,ID),IBE1(I,ID)/IBE1S(I,ID), 
I=I0,11) 

110 COITIIUE 
IF (11.LT.ILBE1)TBEI 

10=11+1 
11=Nil(ILBE1,11+3) 
GO TO 100 

EIDIF 
WRITE (6,1013) 
10=1 
11=Nil(ILBE2,3) 

120 WRITE (6,1011) (I,I,I=I0,11) 
DO 130 ID=1,IDEPTB 

WRITE (6,1015)N(ID),(IBE2(I,ID),IBE2(I,ID)/IBE2S(I,ID), 
I=I0,11) 

130 COITIIUE 
IF (11.LT.ILBE2)TBEI 

10=11+1 
11=Nil(l1+3,ILBE2) 
GO TO 120 

EIDIF 
WRITE (6,1014) 
DO 140 ID=1,IDEPTB 

WRITE (6,1015)N(ID),IBE3(ID) 
140 COITIIUE 
C 
C PRIIT RATES AS A DIAGIOSTIC 
C 

IF (.IOT.FPRIIT)RETURI 
WRITE (6,1001) 
WRITE (6,1016) 
WRITE (6,1017) 
DO 150 I=1,ILB 

WRITE (6,1018)(CR(I,J),J=1,ILB+1) 
150 COITIIUE 

WRITE (6, 1019) 
DO 160 I=1,ILBE1 

WRITE (6,1018)(CRBE1(I,J),J=1,ILBE1+1) 
160 COITIIUE 

WRITE (6,1020) 
DO 170 I=1,ILBE2 

WRITE (6,1018)(CRBE2(I,J),J=1,ILBE2+1) 
170 COITIIUE 

WRITE (6,1001) 
WRITE (6,1021) 
WRITE (6,1017) 
DO 180 I=1,ILB+1 

WRITE (6,1018)(RB(I,J),J=1,ILB+1) 
180 COITIIUE 

WRITE (6,1019) 
DO 190 I=1,ILBE1+1 

WRITE (6,1018)(RBE1(I,J),J=1,ILBE1+1) 
190 COITIIUE 

WRITE (6,1020) 
DO 200 I=1,ILBE2+1 

WRITE (6,1018)(RBE2(I,J),J=1,ILBE2+1) 
200 COITIIUE 

WRITE (6,1001) 
RETURI 

C 
1001 FORMAT (1B1) 
1002 FORMAT(• BOUID-FREE JUMPS:') 
1003 FORMAT (' BYDROGEI ') 
1004 FORMAT(• ',I2,': ',F6.2) 
1005 FORMAT(' BELIUN I') 
1006 FORMAT(' BELIUN II') 
1007 FORMAT(• TOTAL SURFACE FLUX= ',E14.6) 
1008 FORMAT (4I,'NASS',5I,'TENPERATURE',6I,'TOTAL l',111,'IE',131,'IP') 
1009 FORMAT (E11.3,4E15.8) 
1010 FORMAT ('1',551,'BYDROGEI POPULATIOIS') 
1011 FORMAT (6I,'NASS',3(6I,'l(',I2,')',5I,'IS(',I2,')')) 
1012 FORMAT ('1',321,'BELIUN I POPULATIOIS') 
1013 FORMAT ('1',321,'BELIUN II POPULATIOIS') 
1014 FORMAT ('1',321,'BELIUN III POPULATIOl'//61,'NASS',61,'I') 
1015 FORMAT (E11.3,6E11.3) 
1016 FORMAT (11,'COLLISIOI RATES AT DEPTH') 
1017 FORMAT (41,'BYDROGEI') 
1018 FORMAT (1I,7E11.4) 
1019 FORMAT (41,'IEUTRAL BELIUN') 
1020 FORMAT (41,'IOIIZED BELIUN') 



1021 FORMAT (11,'RADIATIVE RATES AT DEPTH') 
EID 

SUBROUTIIE IIDEXX(l,ARRil,IIDX) 
C 
C FROII "IUIIERICAL RECIPES" 
C 
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C CREATES Al IIDEX ARRAY FOR A VECTOR ARRII. 
C 

REAL ARRil(I) 
IITEGER IIDX(I) 
DO 10 J=1,I 

IIDX(J)=J 
10 COITIIUE 

L=l/2+1 
IR=I 

20 COITIIUE 
IF (L.GT. t)TBEI 

L=L-1 
IIDXT=IIDX(L) 
Q=ARRII (IIDXT) 

ELSE 
IIDXT=IIDX(IR) 
Q=ARRil(IIDXT) 
IIDX(IR)=IIDX(1) 
IR=IR-1 
IF (IR.EQ.t)TBEI 

IIDX(1)=IIDXT 
RETURI 

EIDIF 
EIDIF 
I=L 
J=L+L 

30 IF (J.LE.IR)TBEI 
IF (J.LT.IR)TBEI 

IF (ARRil(IIDX(J)).LT.ARRil(IIDX(J+1)))J=J+1 
EIDIF 
IF (Q.LT.ARRil(IIDX(J)))TBEI 

IIDX(I)=IJIDX(J) 
I=J 
J=J+J 

ELSE 
J=IR+i 

EIDIF 
GO TO 30 
EIDIF 
IIDX(I)=IJIDXT 

GO TO 20 
EID 

SUBROUTIIE LIIEAR 
C 
C IIAII LIIEARIZATIOI ROUTIIE 
C 

IIIPLICIT IOIE 
C 
C IIACROS 
C 

COIi! 
COIIF 

C 
C LOCAL VARIABLES 
C 

C 

C 

C 

IITEGER I, IBASE, ID, J, K 
REAL D(ll111,11111+1), IU(IIIII), IUO(IIIII) 
EQUIVALEICE (D(1,IIJIIJl+1), JIU(1)) 

IITEGER IOSTATUS 
REAL IIATGEI, IIATIIV, OUT, RDABS, WRABS, XTEIDABS 
EXTERIAL IOSTATUS, IIATGEI, IIATIIV, OUT, RDABS, WRABS, XTEIDABS 

DO 130 ID=t,IDEPTB 

C GEIER.ATE LEVEL IIATRICES 
C 

CALL IIATGEl(ID) 
IF (ID.EQ.t)GO TO SO 
DO 40 I=t,111 

DO 10 K=t,111 
Q(I)=Q(I)+A(I,K)*JIU(K) 



10 COITIIUE 
DO 30 J=1,III 

DO 20 K=1,III 
B(I,J)=B(I,J)-A(I,K)*D(K,J) 

20 COITIIUE 
30 COITIIUE 
40 COITIIUE 
SO CALL MATIIV(B,111,MIII) 

IBASE=IOSTATUS(8,I) 
DO 80 I=1,III 

IU(I)=O.O 
60 COITIIUE 

DO 80 I=1,III 
DO 70 J=1,III 

IU(I)=IU(I)+B(I,J)*Q(J) 
70 COITIIUE 
80 COITIIUE 

IF (ID.EQ.IDEPTB)GO TO 130 
DO 120 J=1,III 

DO 90 I=1,III 
D(I,J)=O. 

90 COITIIUE 
DO 110 I=1,III 

DO 100 K=1,III 
D(I,J)=D(I,J)+B(I,K)*C(K,J) 

100 COITIIUE 
110 COITIIUE 
120 COITIIUE 

IBASE=(ID-1)*Klll*(Mlll+1) 
CALL WIUBS(8,D,Klll*(Mlll+1),IBASE) 

130 COITIIUE 
DO 180 ID=IDEPTB,1,-1 

IBASE=IOSTATUS(8,I) 
IF (ID.EQ.IDEPTB)GO TO 160 
DO 150 I=1,III 

DO 140 J=1,III 
IU(I)=IU(I)+D(I,J)*IUO(J) 

140 COITIIUE 
150 COITIIUE 
180 IBASE=IOSTATUS(9,I) 

DO 170 I=1,III 
IUO(I)=IU(I) 

170 COITIIUE 
CALL WIUBS(9,IUO,lll,Mlll*(ID-1)) 
IF (ID.EQ.1)GO TO 190 
IBASE=(ID-2)*Klll*(Mlll+1) 
CALL aDABS(8,D,Mlll*(M111+1),IBASE) 

180 COITIIUE 
190' CALL OUT 

RETURI 
EID 

SUBROUTIIE LIIIT(ITER) 
C 
C CALCULATE VALUE FOR SWITCBIIG PARAMETER 
C 

C 

C 

C 

C 

IMPLICIT IOIE 

COMA 
COKC 

IITEGER I, ITER, J 
REAL FAC 

REAL COLRAT, IUIUTE, WTSET 
EXTERIAL COLRAT, IUIUTE, WTSET 

C KEEP LAKBDA=1.0 IF 10 SWITCBIIG EMPLOYED 
C 

IF ((.IOT.FSWITCB).AID.(ITER.GT.1))RETURI 
C 
C IIITIALIZE IF FIRST ITEIUTIOI 
C 

IF (ITER.LE.1)TBEI 
C 
C SET UMBDA=1.0 IF 10 SWITCBIIG EMPLOYED. 
C 

IF (.IOT.FSWITCB)TBEI 
UMC=t.O 
UML=t.O 

ELSE 

211 
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C 
C LAMBDA IOT SPECIFIED II IIPUT FILE 
C 

UIIL=1.0 
IF (LAIIC.LE.O)TBEI 

C 
C FIID IIAXIIIUII OF R/C (IDT !III C/R SIICE R IIAY BE ZERO) 
C 

CALL VTSET( 1. ) 
LAIIC=1. 
CALL COLRAT(TEIIP(1),CR,CRBE1,CRBE2) 
CALL IURATE(1) 
LAIIC=O. 
DO 20 I=1,ILB 

DO 10 J=I+1,ILB+1 
UIIC=IIAX(LAIIC,RB(I,J)/CR(I,J)) 

10 COITIIUE 
20 COITIIUE 

DO 40 I=1,ILBE1 
DO 30 J=I+1,ILBE1+1 

UIIC=IIAX(LAIIC,RBE1(I,J)/CRBE1(I,J)) 
30 COITIIUE 
40 COITIIUE 

DO 60 I=1,ILBE2 
DO SO J=I+1,ILBE2+1 

UIIC=IIAX(LAIIC,RBE2(I,J)/CRBE2(I,J)) 
50 COITIIUE 
60 COITIIUE 

LAIIC=IE(1)/UIIC 
EIDIF 
IF (RULE(2))TBEI 

LAIIL=LAIIC 
UIIC=t. 

EIDIF 
EIDIF 

ELSE 
C 
C SUBSEQUEIT ITERATIOIS WBEI EIIPLOYIIG SWITCBIIG 
C 

FAC=10. 
IF (LIIERR.GT.(.02))FAC=2. 
IF (LIIERR.GT.(.10))FAC=1. 
LAIIC=FAC•LAIIC 
IF (LAIIC.GT.(.1))UIIC=1.0 
LAIIL=FAC•LAIIL 
IF (LAIIL.GT.(.1))UIIL=1.0 

EIDIF 
CALL WTSET(UIIL) 
RETURI 
EID 

SUBROUTIIE IIATGEl(IDD) 
C 
C GEIERATE LIIEARIZATIOI IIATRICES 
C 

IIIPLICIT IOIE 
C 
C IIACROS 
C 

C 

COIIA 
COIIAI 
COIIC 
COIIF 

C LOCAL VARIABLES 
C 

IITEGER I, IB, ID, IDD, IJ, J 
REAL BETA(IIIB), BETO(IIIB,llllll), BETP(IIIB,11111) 
REAL CBill(IIIJ,11111+1), CBIO(IIJIJ,llllll+1), ETAO(IIIJ,11111+1) 
REAL CBIP(IIIJ,IIIDEPTB), ETAP(IIIJ,IIIDEPTB) 
REAL DEL(IIJIB), DELO(IIJIB,11111), GAIIIIA(IIIB) 
REAL GAllll(IIIB,11111), GAIIO(IIIB,11111), GAIIP(IIJIB,11111) 
REAL KAPll(IIIB), KAPP(IIIB), KAPPA(IIIB) 
REAL PBI(IIJIB), PRll(IIIB+3) 
REAL PRP(IIIB+3), PRO(IIJIB+3), RBO(IIIB) 
REAL TT(ll111) 
REAL XIOPP(IIJIB), XIOPPO(IIIB,llllll), XIOPPP(IIIB,11111) 
REAL XIOPO(IIIB), XIOPOO(IIIB,11111), XIOPOP(IINB,11111) 
REAL XIIIOO(IIJIB), XIIIOOll(IIIB,11111), XIIIOOO(IIIB,11111) 
REAL XIIIOll(IIIB), XIIIOllll(IIIB,11111), XIIIOIIO(IIIB,11111) 
REAL COIE, DELI!, DELP, DELTA, VI, Vii, VY, VZ, VZ1, VZ2 
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C 
EQUIVALEJlCE (CHIP,CHI), (ETAP,ETA), (BETA,GAMMA,OEL) 
EQUIVALEJlCE (BETO,GAMO,OELO), (BETP,GAMP) 

C 
C BE SURE ALL THE LOCAL VARIABLES ARE RETAIIIED FOR THE 
C IIEXT CALL. 
C 

SAVE 
C 
C EXTERIIAL PROCEDURES 
C 

REAL OGEIIER 
EXTERIIAL OGEJlER 

C 
C START OF EXECUTABLE STATEMEIITS 
C 
C CLEAR EVERYTBIIIG FIRST 
C 

ID=IDO 
COIIE=IIE(ID)*SIGE/IM(IO)/MHYD 
DO 10 I=1,III 

Q(I)=0.0 
10 COIITIIIUE 

DO 30 I=1,IIIII 
DO 20 J=1,llllll 

B(J,I)=O.O 
A(J,I)=O.O 
C(J,I)=O.O 

20 COIITIIIUE 
30 COIITIIIUE 
C 
C TRAJ!SFER EQUATIOIIS 
C 
C FIRST DEPTB POIIT 
C 

IF (ID.GT.1)GO TO 210 
C 
C CLEAR SUMMATIOIIS 
C 

DO 40 IB=i,IB 
KAPP(IB)=0. 
KAPPA(IB)=0. 
RHO(IB)=O. 
PHI(IB)=O. 
BETA(IB)=0. 
XIOPP(IB)=O.O 
XIOPO(IB)=O.O 

40 COITIIUE 
DO 60 IB=1,l1B 

DO 50 J=1,lllll 
BETO(IB,J)=O. 
BETP(IB,J)=O. 
XIOPPO(IB, J)=O. 
XIOPPP(IB, J)=O. 
XIOPOO(IB,J)=O. 
XIOPOP(IB,J)=O. 

50 COITIIUE 
60 COIITIIIUE 
C 
C ACCUMULATE SOURCE TERMS 
C 

DO 70 IJ=1,IJ 
IB=BLOCK(IJ) 
KAPPA(IB)=KAPPA(IB)+IIT(IJ)*FK(IJ,1)•RAD(IJ,1) 
KAPP(IB)=KAPP(IB)+IIT(IJ)•FK(IJ,2)*RAD(IJ,2) 
RHO(IB)=RBO(IB)+WT(IJ)•RAD(IJ,1) 
PHI(IB)=PHI(IB)+WT(IJ)•RAO(IJ,1)*FH(IJ) 

70 COIITiliUE 
CALL OGEIER(1,PRO) 

C 
C SAVE LOWER LEVEL OPACITIES 
C 

DO 90 J=1,1111+1 
DO 80 IJ=1,IIJ 

CHIO(IJ,J)=CHI(IJ,J) 
ETAO{IJ,J)=ETA(IJ,J) 

80 COITIIIUE 
90 COIITiliUE 

CALL OGEliER(2,PRP) 
C 
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C SOURCE SUMS 
C 

DO 110 IJ=1,BJ 
IB=BLOCK(IJ) 
VY=WT(IJ)•((CHIO(IJ,BBB+1)-COBE)•RAD(IJ,1)-ETAO(IJ,BBB+1))/ 

CBIO(IJ ,BBB+1) 
VZ=CHIO(IJ,BBB+1)+CHIP(IJ,BBB+1) 
BETA(IB)=BETA(IB)+VY•VZ 
DO 100 I=1,BBB 

VX=-COBE•MU1•PRO(I)/BM(1) 
BETO(IB,I)=BETO(IB,I)+WT(IJ)•((CHIO(IJ,I)-VI)*RAD(IJ,1)­

ETAO(IJ,I))•VZ/CHIO(IJ,BBB+1)+VY•CHIO(IJ,I)* 
(1.-VZ/CHIO(IJ,BBB+1)) 

BETP(IB,I)=BETP(IB,I)+VY•CHIP(IJ,I) 
100 COBTIBUE 

VI=COBE•(1.0+MU1•BE(1)/BM(1)) 
BETO(IB,BBE)=BETO(IB,BIE)-WT(IJ)•VI•RAD(IJ,1)•VZ/CHIO(IJ,BBN+1) 
BETO(IB,IB)=BETO(IB,IB)+WT(IJ)•(CHIO(IJ,BBB+1)-COBE)*RAD(IJ,1)* 

VZ/CHIO(IJ,BBB+1) 
110 COBTIBUE 
C 
C OPACITY SUMS 
C 

DO 130 IJ=1,BJ 
IB=BLOCK(IJ) 
VI1=CHIP(IJ,BBB+1)+CHIO(IJ,BBB+1) 
VI=WT(IJ)•FK(IJ,2)•RAD(IJ,2)/VX1 
IIOPP(IB)=IIOPP(IB)+VX 
VY=WT(IJ)•FK(IJ,1)•RAD(IJ,1)/VX1 
IIOPO(IB)=IIOPO(IB)+VY 
DO 120 I=1,BBB 

IIOPPO(IB,I)=IIOPPO(IB,I)-VX•CBIO(IJ,I)/VX1 
IIOPPP(IB,I)=IIOPPP(IB,I)-VX•CHIP(IJ,I)/VI1 
IIOPOO(IB,I)=IIOPOO(IB,I)-VY•CHIO(IJ,I)/VI1 
IIOPOP(IB,I)=IIOPOP(IB,I)-VY•CHIP(IJ,I)/VX1 

120 COBTIBUE 
130 CONTIBUE 
C 
C BORMALIZE 
C 

DO 150 IB=1,NB 
IIOPP(IB)=2.•IIOPP(IB)/KAPP(IB) 
IIOPO(IB)=2.•XIOPO(IB)/KAPPA(IB) 
PHI(IB)=PHI(IB)/RHO(IB) 
BETA(IB)=0.5•BETA(IB) 

150 CONTIBUE 
DO 170 IB=1,BB 

DO 160 I=1,BBB 
BETO(IB,I)=0.5•BETO(IB,I) 
BETP(IB,I)=0.5•BETP(IB,I) 
IIOPPO(IB,I)=2.•IIOPPO(IB,I)/KAPP(IB) 
IIOPPP(IB,I)=2.•XIOPPP(IB,I)/KAPP(IB) 
XIOPOO(IB,I)=2.•XIOPOO(IB,I)/KAPPA(IB) 
XIOPOP(IB,I)=2.•XIOPOP(IB,I)/KAPPA(IB) 

160 CONTIBUE 
170 COIITIBUE 
C 
C BOW CALCULATE THE ACTUAL LIIIEARIZATION MATRIX ELEMENTS 
C 

DELP=M(2)-M(1) 
DO 190 IB=1,NB 

DO 180 I=1,NBB 
B(IB,I)=-(XIOPPO(IB,I)•KAPP(IB)-XIOPOO(IB,I)•KAPPA(IB))/ 

DELP+0.5•DELP•BETO(IB,I) 
C(IB,I)=(XIOPPP(IB,I)•KAPP(IB)-XIOPOP(IB,I)•KAPPA(IB))/ 

DELP-0.5•DELP•BETP(IB,I) 
180 CONTIBUE 
190 CONTIBUE 

DO 200 IB=1,NB 
B(IB,IB)=B(IB,IB)+XIOPO(IB)•KAPPA(IB)/DELP+PHI(IB)•RHO(IB) 
C(IB,IB)=C(IB,IB)+XIOPP(IB)•KAPP(IB)/DELP 
Q(IB)=(XIOPP(IB)•KAPP(IB)-XIOPO(IB)•KAPPA(IB))/DELP-

PHI(IB)•RHO(IB)-0.5•DELP•BETA(IB) 
200 CONTINUE 

GO TO 540 
C 
C MOVE SUMS DOWII IF NOT AT SURFACE 
C 
210 DO 220 IB=1,NB 

KAPM(IB)=KAPPA(IB) 



KAPPA(IB)=KAPP(IB) 
KAPP(IB)=0. 
GANMA(IB)=0. 
XINOO(IB)=XI0PP(IB) 
XIOPP(IB)=O.O 
XIN0N(IB)=XI0PO(IB) 
XIOPO(IB)=O.O 

215 

220 COITIIUE 
DO 240 IB=1,IB 

DO 230 J=1,IH 
GANN(IB,J)=0. 
GAN0(IB,J)=0. 
GANP(IB,J)=0. 
XINOON(IB,J)=XI0PPO(IB,J) 
XIOPPO(IB,J)=O. 
XINOO0(IB,J)=XI0PPP(IB,J) 
XIOPPP(IB,J)=O. 
XIN0NN(IB,J)=XI0POO(IB,J) 
XIOPOO(IB,J)=O. 
XIN0N0(IB,J)=XI0P0P(IB,J) 
XIOPOP(IB,J)=O. 

230 COITIJUE 
240 COJTIIUE 

DO 250 I=1,IJll+1 
PRN(I)=PRO(I) 
PRO(I)=PRP(I) 

250 COITIIUE 
C 
C SAVE LOWER LEVEL OPACITIES 
C 

DO 270 · J=t,111+1 
DO 260 IJ=1,IJ 

CBIN(IJ,J)=CBIO(IJ,J) 
CBIO(IJ,J)=CBIP(IJ,J) 
ETAO(IJ,J)=ETAP(IJ,J) 

260 COITIIUE 
270 COITIIUE 
C 
C TRAISFER F.QUATIOI AT OROIIARY DEPTH POIIT 
C 

IF (IO.F.Q.JDEPTH)GO TO 380 
C 
C ACCUMULATE RADIATIOI NONEIT SUNS AID OPACITIES THAT 
C DRAW UPOI THE PREVIOUS OPACITY CALCULATIOIS 
C 

C 

DELN=DELP 
DELP=N(ID+1)-N(ID) 
DELTA=O.S•(DELP+DELN) 
CALL DGEJER(ID+1,PRP) 

C SOURCE SUNS 
C 

DO 290 IJ=1,IJ 
IB=BLOCK(IJ) 
KAPP(IB)=KAPP(IB)+WT(IJ)•FK(IJ,ID+t)•RAD(IJ,I0+1) 
VY=DELP•(CHIO(IJ,111+1)+CBIP(IJ,111+1))+DELN•(CBIO(IJ,111+1)+ 

CHIN(IJ,1111+1)) 
VX=WT(IJ)•((CBIO(IJ,111+1)-COIE)•RAD(IJ,ID)-ETAO(IJ,111+1))/ 

CBIO(IJ,1111+1) 
GANMA(IB)=GANNA(IB)+VX•VY 
DO 280 J=1,HI 

VZ=-COIE•NUt•PRO(J)/JN(ID) 
GANN(IB,J)=GANN(IB,J)+VX•DELN•CBIN(IJ,J) 
GANP(IB,J)=GANP(IB,J)+VX•DELP*CBIP(IJ,J) 
GANO(IB,J)=GANO(IB,J)+VX•((DELN+DELP)•CBIO(IJ,J)-VY• 

CBIO(IJ,J)/CBIO(IJ,111+1))+WT(IJ)•VY•(( 
CBIO(IJ,J)-VZ)•RAD(IJ,ID)-ETAO(IJ,J))/ 
CBIO(IJ,111+1) 

280 COJTIJUE 
VZ=COJE•(1.0+NU1•1E(IO)/JN(ID)) 
GANO(IB,IJE)=GANO(IB,IIE)-WT(IJ)•VZ•RAD(IJ,ID)•VY/ 

CBIO(IJ,111+1) 
GANO(IB,IB)=GANO(IB,IB)+WT(IJ)•(CBIO(IJ,111+1)-COIE)•VY* 

RAD(IJ,ID)/CBIO(IJ,111+1) 
290 COJTIJUE 
C 
C OPACITY SUNS 
C 

DO 310 IJ=1,IJ 
IB=BLOCK(IJ) 



VX1=CBIP(IJ,111+1)+cBIO(IJ,111+1) 
VX=IIT(IJ)•FK(IJ,ID+1)*RAD(IJ,ID+1)/VX1 
XIOPP(IB)=XIOPP(IB)+VX 
VY=IIT(IJ)•FK(IJ,ID)*RAD(IJ,ID)/VX1 
XIOPO(IB)=XIOPO(IB)+VY 
DO 300 I=1,III 
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XIOPPO(IB,I)=XIOPPO(IB,I)-VX•CBIO(IJ,I)/VX1 
XIOPPP(IB,I)=XIOPPP(IB,I)-VX*CBIP(IJ,I)/VX1 
XIOPOO(IB,I)=XIOPOO(IB,I)-VY•CBIO(IJ,I)/VX1 
XIOPOP(IB,I)=IIOPOP(IB,I)-VY•CBIP(IJ,I)/VX1 

300 COITIIUE 
310 COITIIUE 
C 
C IORM.lLIZE 
C 

DO 320 IB=1,IB 
XI0PP(IB)=2.•XI0PP(IB)/KAPP(IB) 
XI0PO(IB)=2.•XI0P0(IB)/KAPPA(IB) 
GAMIIA(IB)=0.25•GAMIIA(IB) 

320 COITIIUE 
DO 340 IB=1,IB 

DO 330 I=t,111 
XIOPPO(IB,I)=2.•XIOPPO(IB,I)/KAPP(IB) 
XIOPPP(IB,I)=2.•XIOPPP(IB,I)/KAPP(IB) 
XIOPOO(IB,I)=2.•XIOPOO(IB,I)/KAPPA(IB) 
XIOPOP(IB,I)=2.•XIOPOP(IB,I)/KAPPA(IB) 
GAMM(IB,I)=0.25•GANN(IB,I) 
GAMO(IB,I)=0.25•GANO(IB,I) 
GANP(IB,I)=0.2S•GAMP(IB,I) 

330 COITIIUE 
340 COIITIIUE 
C 
C IDW CALCUUTE THE ACTUAL LIIEARIZATIOI 11.lTRIX ELEMEITS 
C 

DO 360 IB=1,IIB 
DO 350 J=1,IIII 

A(IB,J)=(XIM0NN(IB,J)•KAPN(IB)-XIMO0N(IB,J)•KAPPA(IB))/ 
DELN-GANN(IB,J) 

B(IB,J)=-(XIOPPO(IB,J)•KAPP(IB)-XIOPOO(IB,J)•KAPPA(IB))/ 
DELP+(XINOOO(IB,J)•KAPPA(IB)-XINOMO(IB,J)•KAPN(IB))/ 
DELN+GAMO(IB,J) 

C(IB,J)=(XIOPPP(IB,J)•KAPP(IB)-XIOPOP(IB,J)•KAPPA(IB))/ 
DELP-GAMP(IB,J) 

350 COITIIUE 
360 COITIIUE 

DO 370 IB=1,IB 
A(IB,IB)=A(IB,IB)+XIMON(IB)•KAPN(IB)/DELN 
B(IB,IB)=B(IB,IB)+XIOPO(IB)•KAPPA(IB)/DELP+XIMOO(IB)•KAPPA(IB)/ 

DELM 
C(IB,IB)=C(IB,IB)+XIOPP(IB)•KAPP(IB)/DELP 
Q(IB)=(XIOPP(IB)•KAPP(IB)-XIOPO(IB)•KAPPA(IB))/DELP­

(XIMOO(IB)•KAPPA(IB)-XINOM(IB)•KAPN(IB))/DELN-
GAMIIA(IB) 

370 COITIIUE 
GO TO 540 

C 
C TRAISFER EQUATIOI AT LOWER BOUIDARY 
C 
380 DO 390 IB=1,IB 

DEL(IB)=O. 
390 COIITIIIUE 

DO 410 IB=1,IB 
DO 400 J=t,1111 

DELO(IB,J)=O. 
400 COIITIIIUE 
410 COIITIIUE 

C 

DO 430 IJ=1,IJ 
IB=BLOCK(IJ) 
VI=BK•FREQ(IJ)/TEMP(IIDEPTB) 
VI1=EXP(VX) 

C PLAIK FUICTIOI 
C 

VZ=BBCOF•FREQ(IJ)••3/(VX1-1.0) 
C 
C DERIVATIVE OF PLAIK FUICTIOI WITH TEMPERATURE 
C 

VZ1=VZ•VX•VX1/(VX1-1.0)/TEMP(ID) 
C 
C DERIVATIVE OF (DERIVATIVE OF PUIK FUICTIOI WITH TEMPERATURE) WITH 



C LOG TEMPERATURE 
C 

VZ2=VZ1•(-2.0-VI+2.0•VI•VI1/(VI1-1.0)) 
VY=IIT(IJ)•VZ1/CBIO(IJ,111+1) 
DEL(IB)=DEL(IB)+VY 
DO 420 J=i ,111 
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DELO(IB,J)=DELO(IB,J)-VY•CBIO(IJ,J)/CBIO(IJ,111+1) 
420 COITIIUE 

DELO(IB,IIT)=DELO(IB,IIT)+WT(IJ)•VZ2/CBIO(IJ,111+1) 
430 COITIIUE 

VY=O. 
DO 440 IB=1,IB 

VY=VY+DEL{IB) 
440 COITIIUE 

DO 450 J=t,111 
TT(J)=O. 

450 COITIIUE 
DO 470 IB=1,IB 

DO 460 J=t ,111 
TT(J)=TT(J)+DELO(IB,J) 

460 COITIIUE 
470 COITIIUE 

DO 480 IB=1,IB 
DEL(IB)=BO•DEL(IB)/VY 

480 COITIIUE 
DO S00 IB=1,IB 

DO 490 J=t,111 
DELO(IB,J)=(-DEL(IB)•TT(J)+BO•DELO(IB,J))/VY 

490 COITIIUE 
S00 COITIIUE 
C 
C IOW BUILD LIIEARIZATIOI MATRICES 
C 

DELM=DELP 
DO S20 IB=t,IB 

DO S10 J=t,111 
A(IB,J)=-(IIMO0M(IB,J)•KAPPA(IB)-IIM0MM(IB,J)•KAPM(IB))/DELM 
B(IB,J)=(IIMOO0(IB,J)•KAPPA(IB)-IIM0MO(IB,J)•KAPM(IB))/ 

DELM-DELO(IB,J) 
S10 COITIIUE 
S20 COITIIUE 

DO S30 IB=1,IB 
A(IB,IB)=A(IB,IB)+IIMOM(IB)•KAPM(IB)/DELM 
B(IB,IB)=B(IB,IB)+IIMO0(IB)•KAPPA(IB)/DELM 
Q(IB)=DEL(IB)-(IIMOO(IB)•KAPPA(IB)-IIMOM(IB)•KAPM(IB))/ 

DELM 
S30 COITIIUE 
C 
C RADIATIVE EQUILIBRIUM 
C 
S40 DO S50 IJ=1,IJ 

VI=WT(IJ)•((CBIO(IJ,111+1)-COIE)•RAD(IJ,ID)-ETAO(IJ,111+1)) 
Q(IIT)=Q(IIT)+Vi 

SSO COITIIUE 
DO S70 J=t,111 

VZ=-COIE•MUt•PRO(J)/IM(ID) 
DO 560 IJ=t,IJ 

B(IIT,J)=B(IIT,J)-WT(IJ)•((CBIO(IJ,J)-VZ)•RAD(IJ,ID)­
ETAO(IJ,J)) 

S60 COITIIUE 
S70 COITIIUE 

VZ=COIE•(1.o+MU1•1E(ID)/IM(ID)) 
DO S80 IJ=i,IJ 

B(IIT,IIE)=B(IIT,IIE)+IIT(IJ)•VZ•RAD(IJ,ID) 
S80 COITIIUE 

DO S90 IJ=1,IJ 
IB=BLOCK{IJ) 
B(IIT,IB)=B(IIT,IB)-IIT(IJ)•{CBIO(IJ,111+1)-COIE)•RAD(IJ,ID) 

S90 COITIIUE 
C 
C HYDROSTATIC EQUILIBRIUM 
C 
C SURFACE 
C 

IF {ID.GT.1)GO TO 630 
DO 610 IJ=1,IJ 

IB=BLOCK(IJ) 
VI=BYDCOF•IIT(IJ)•FB(IJ)•RAD(IJ,1) 
Q(lll)=Q(lll)-VI•CBI0{IJ,111+1) 
DO 600 I=t ,111 
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B(lll,I)=B(lll,I)+VI•CBI0(IJ,I) 
600 COITIIUE 

B(lll,IB)=B(lll,IB)+VI•CBI0(IJ,111+1) 
610 COITIIUE 

DO 820 I=1,III 
B(lll,I)=B(lll,I)+PR0(I)•TEIIP(1)/M(1) 

620 COITIIUE 

C 

B(lll,IIT)=B(lll,IIT)+PRO(lll+1)*TEMP(1)/M(1) 
IF (.ABS(Q(lll)).GT.GRJ.V/KB)WRITE (6,*)'EDDIIGTOI LIMIT WARIIIG' 
Q(lll)=Q(lll)-PR0(lll+1)•TEMP(1)/N(1)+GRAV/KB 
RETURI 

C IORMAL DEPTH POIIT 
C 
630 DO 640 IB=1,IB 

A(lll,IB)=PRM(IB)•TEMP(ID-1)+BYDCOF*KAPM(IB) 
B(lll,IB)=PRO(IB)•TEMP(ID)+BYDCOF•KAPPA(IB) 
Q(lll)=Q(lll)-BYDCOF•(KAPPA(IB)-KAPM(IB)) 

640 COITIIUE 
A(lll,IIT)=(PRM(IIT)+PRM(111+1))*TEIIP(ID-1) 
A(lll,lll)=PRM(lll)•TEMP(ID-1) 
B(lll,IIT)=(PRO(IIT)+PRO(lll+1))•TEIIP(ID) 
B(lll,lll)=PR0(lll)•TEMP(ID) 
Q(lll)=Q(lll)+(M(ID)-M(ID-1))•GRJ.V/KB-TEIIP(ID)•PRO(lll+1)+ 

TEMP(I0-1)•PRM(lll+1) 
RETURI 
EID 

SUBROUTIIE IUPOP(IDD) 
C 
C RECALCUUTE POPUUTIOIS BASED 01 RADIATIOI FIELD 
C 

C 

C 

IMPLICIT IOIE 

COIIJ. 
COIIJ.I 
COMC 

IITEGER IDD, ID, I 
C 

C 

C 

REAL COLRJ.T, LIISLV, RATEQ 
EITERIAL COLRJ.T, LIISLV, RATEQ 

REAL SB, SBBE1, SBBE2 
SB(I,ID)=ACCOF•EIP(BK•FRQB(I)/TEIIP(ID))•GB(I)/TEMP(ID)/ 

SQRT(TEIIP(ID)) 
SBBE1(I,ID)=ACCOF*EIP(BK•FRQBE1(I)/TEMP(ID))•GBE1(I)/ 

TEMP(ID)/SQRT(TEMP(ID))/2. 
SBBE2(I,ID)=ACCOF•EIP(BK•FRQBE2(I)/TEMP(ID))•GB(I)/ 

TEMP(ID)/SQRT(TEMP(ID)) 

ID=IDD 
CALL COLRAT(TENP(ID),CR,CRBE1,CRBE2) 
CALL RJ.TEQ(ID,IE(ID),Al,BI) 
CALL LIISLV(Al,Bl,AIS,IEQl,IEQI) 
ITOT(ID)=IE(ID) 
DO 10 I=1,ILB 

l(I,ID)=AIS(I+ILBE1+1LBE2+1) 
ITOT(ID)=ITOT(ID)+l(I,ID) 

10 COITIIUE 
IPROT(ID)=AIS(ILBE1+1LBE2+1LB+2) 
ITOT(ID)=ITOT(ID)+IPROT(ID)*(1.0+SUMB(ID)•IE(ID)) 
DO 20 I=1 ,ILBE1 

IBE1(I,ID)=AIS(I) 
ITOT(ID)=ITOT(ID)+AIS(I) 

20 COITIIUE 
DO 30 I=1,ILBE2 

IBE2(I,ID)=AIS(I+ILBE1) 
ITOT(ID)=ITOT(ID)+IBE2(I,ID) 

30 COITIIUE 
ITOT(ID)=ITOT(ID)+IBE2(1,ID)•SUMBE(1,ID)•IE(ID) 
IBE3(ID)=AIS(ILBE1+1LBE2+1) 
ITOT(ID)=ITOT(ID)+IBE3(ID)•(1.0+IE(ID)•SUMBE(2,ID)) 
DO 40 I=1,ILBS 

IS(I,ID)=IE(ID)•IPROT(ID)•SB(I,ID) 
40 COITIIUE 

DO 50 I=1,ILBE1S 
IBE1S(I,ID)=IE(ID)•IBE2(1,ID)•SBBE1(I,ID) 

50 COITIIUE 
DO 60 I=1,ILBE2S 

IBE2S(I,ID)=IE(ID)•IHE3(ID)•SBBE2(I,ID) 



60 COITIIUE 
IM(ID)=(ITOT(ID)-IE(ID))•MU1 
RETURI 
EID 

SUBROUTIIE IURATE(IDD) 
C 
C CALCULATE RADIATIVE RATE BRACKETS 
C 

IMPLICIT IOIE 
C 
C MACROS 
C 

COMA 
COMAI 

C 
C LOCAL VARIABLES 
C 

IITEGER I, IDD, ID, IJ, IL, IT, J 
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REAL DOP, DOPT, EX, FRQO, BKT, BKTT, P, S, SIGMA, SIGMAT, SRT 
REAL SRT2, I 
REAL DSPIDT(MIJ), SPI(MIJ), SR(MIJ) 

C 
C EITERIAL PROCEDURE 
C 

REAL PARTI 
EITERIAL PARTI 

C 
C START OF EXECUTABLE ST.lTEMEITS 
C 

C 

ID=IDD 
SRT=SQRT(TLIIE/TEMP(ID)) 
SRT2=SQRT(TEMP(ID)) 
BKT=BK/TEMP(ID) 
BKTT=BKT/TEMP(ID) 

C CLEAR RATES 
C 

DO 20 I=1,ILB+1 
DO 10 J=1,ILB+1 

RB(I,J)=O. 
DRB(I,J)=O. 

10 COITIIUE 
20 COITIIUE 

DO 40 I=1,ILBE1+1 
DO 30 J=1,ILBE1+1 

RBE1(I,J)=O. 
DRBE1(I,J)=O. 

30 COITIIUE 
40 COITIIUE 

DO 60 I=1,ILBE2+1 
DO 50 J=1,ILBE2+1 

RBE2(I,J)=O. 
DRBE2(I,J)=O. 

50 COITIIUE 
60 COITIIUE 
C 
C PREPARE FREQUEICY-DEPEIDEIT VECTORS 
C 

IF (FLTE)GO TO 260 
DO 70 IJ=1,IJ 

S=LAMC•SCOF•WT(IJ)/FREQ(IJ) 
EI=EXP(-BKT•FREQ(IJ)) 
P=BBCOF•FREQ(IJ)••3+RAD(IJ,ID) 
SR(IJ)=S•RAD(IJ,ID) 
SPI(IJ)=S•P•EI 
DSPIDT(IJ)=BKTT•FREQ(IJ)•SPI(IJ) 

70 COITIIUE 
C 
C TEMPERATURE DERIVATIVE OF RATE 
C 

DO 90 IL=1,ILB 
DO 80 IJ=1,ITPTRB-1 

DRB(ILB+1,IL)=DRH(ILB+1,IL)+SIG(IL,IJ)•DSPIDT(IJ) 
80 COITIIUE 
90 COITIIUE 
C 
C SOME OF THE FOLLOWIIG LOOPS ARE DOIE II A CLUMSY WAY 
C II ORDER TO EIBAICE VECTORIZATIOI. 
C 

DO 120 IT=1,ILB 
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DO 100 IJ=1,ITPTRB-1 
IUl(IT,ILB+1)=1Ul(IT,ILB+1)+SIG(IT,IJ)•SR(IJ) 

100 COITIIUE 
DO 110 IJ=1,ITPTRB-1 

IUl(nB+1,IT)=RB(ILB+1,IT)+SIG(IT,IJ)•SPX(IJ) 
110 COITIIUE 
120 COITIIUE 

DO 140 IL=1,ILBE1 
DO 130 IJ=1,ITPTRB-1 

DRBE1(1LBE1+1,IL)=DRBE1(1LHE1+1,IL)+SIGBE1(IL,IJ)•DSPXDT(IJ) 
130 COITIIUE 
140 COITIIUE 

DO 170 IL=1,ILBE1 
DO 150 IJ=1,ITPTRB-1 

IUIE1(IL,ILBE1+1)=IUIE1(IL,ILBE1+1)+SIGBE1(IL,IJ)•SR(IJ) 
150 COITIIUE 

DO 160 IJ=1,ITPTRB 
IUIE1(1LBE1+1,IL)=IUIE1(1LBE1+1,IL)+SIGBE1(IL,IJ)•SPX(IJ) 

160 COITIIUE 
170 COITIIUE 

DO 190 IL=1,ILBE2 
DO 180 IJ=1,ITPTRB-1 

DRBE2(1LBE2+1,IL)=DRBE2(1LBE2+1,IL)+SIGBE2(IL,IJ)•DSPXDT(IJ) 
180 COITIIUE 
190 COITIIUE 

DO 220 IL=1,ILBE2 
DO 200 IJ=1,ITPTRB-1 

IUIE2(IL,ILBE2+1)=IUIE2(IL,ILBE2+1)+SIGBE2(IL,IJ)•SR(IJ) 
200 COITIIUE 

DO 210 IJ=1,ITPTRB-1 
IUIE2(1LBE2+1,IL)=IUIE2(1LBE2+1,IL)+SIGBE2(IL,IJ)•SPX(IJ) 

210 COITIIUE 
220 COITIIUE 
C 
C LIIE TIUISITIOIS 
C 

DO 230 IJ=ITPTRB,ITPTRBE1-1 
I=LOWB(IJ) 
J=UPB(IJ) 
IT=ITRB(I,J) 
FRQO=FRQB(I)-FRQB(J) 
DOP=SRT2•FRQO•DOPCOF 
X=DELQUAD•MOD(IJ-ITPTRB,IIQUAD)•SRT 
SIGll!=PIE2MC•OSCB(IT)•EXP(-X•X)/OOP/l.7724539 
SIGll!T=SIGIIA•(X•X-0.5)/TEIIP(ID) 
RB(I,J)=IUl(I,J)+SIGMA•SR(IJ) 
DRB(I,J)=DIUl(I,J)+SIGMAT•SR(IJ) 
RB(J,I)=IUl(J,I)+SIGMA•SPX(IJ) 
DRB(J,I)=DIUl(J,I)+SIGMAT•SPX(IJ)+SIGMA•DSPXDT(IJ) 

230 COIITIIUE 
DO 240 IJ=ITPTRBE1,ITPTIUIE2-1 

I=LOWBE1(IJ) 
J=UPBEi(IJ) 
IT=ITRBE1(I,J) 
FRQO=FRQBE1(I)-FRQBE1(J) 
DOP=SRT2•FRQO•DOPCOF*0.5 
X=DELQUAD•MOD(IJ-ITPTRBE1,IQUAD)•SRT 
SIGll!=PIE2MC•OSCBE1(IT)•EXP(-X•X)/OOP/1.7724539 
SIGll!T=SIGIIA•(X•X-0.5)/TEIIP(ID) 
RBE1(I,J)=IUIE1(I,J)+SIGMA•SR(IJ) 
DIUIE1(I,J)=DRBE1(I,J)+SIGMAT•SR(IJ) 
RBE1(J,I)=RBE1(J,I)+SIGMA•SPX(IJ) 
DRBE1(J,I)=DRBE1(J,I)+SIGMAT•SPX(IJ)+SIGMA•DSPXDT(IJ) 

240 COITIIUE 
DO 250 IJ=ITPTRBE2,IJ 

I=LOWBE2(IJ) 
J=UPBE2(IJ) 
IT=ITRBE2(I,J) 
FRQO=FRQBE2(I)-FRQBE2(J) 
DOP=SRT2•FRQO•DOPCOF•0.5 
X=DELQUAD•MOD(IJ-ITPTRBE2,IQUAD)•SRT 
SIGll!=PIE2MC•OSCBE2(IT)•EXP(-X•X)/DOP/1.7724539 
SIGll!T=SIGMA•(X•X-0.5)/TEIIP(ID) 
RBE2(I,J)=RBE2(I,J)+SIGMA•SR(IJ) 
DRBE2(I,J)=DRBE2(I,J)+SIGMAT•SR(IJ) 
RBE2(J,I)=IUIE2(J,I)+SIGMA•SPX(IJ) 
DRBE2(J,I)=DRBE2(J,I)+SIGll!T•SPX(IJ)+SIGMA•DSPXDT(IJ) 

250 COITIIUE 
260 CALL P!RTI(ID) 

RETURI 



EIIO 

SUBROUTIJIE OUT 
C 
C APPLY CORRECTIOIIS CALCULATED Ill LIIIEAR. 
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C OIILY RAD, IIE, AIIO TE!IP CORRECTIOIIS ARE BOTHERED WITH 
C SIIICE TBE REST ARE OEFIIIEO BY TBE SUBSEQUEIIT LAMBDA ITERATIOII. 
C 

IMPLICIT IIOIIE 
C 

C 

C 

C 

COMA 
COMAI 

REAL ERRM.ll, ERRJM.ll, ERRTMAX, ERRTOT, IU(MIIIII) 
IITEGER IB, IO, IJ, IL 
REAL DEL, OELJ 

IITEGER IOSTATUS 
REAL &DABS 
EXTERIAL IOSTATUS, &DABS 

ERRM.ll=0. 
ERRTMAI=O. 
ERRJMAX=O. 
ERRTOT=0. 
00 20 ID=t,IOEPTH 

CALL RDABS(9,IIU,llllll,(IO-1)*MIIIIII) 
IJ=IOSTATUS(9,IL) 

OT=0. 
DO 20 ID=t,IOEPTB 

CALL RDABS(9,IU,llll,(ID-1)*MIIIIII) 
IJ=IOSTATUS(9,IL) 
00 10 IB=t,IIB 

ERRJMAI=MAX(ABS(IU(IB)),ERRJNAX) 
10 COITIIUE 

ERRMAX=MAX(ERRMAX,ABS(IU(IIIIE))) 
ERRTMAI=MAX(ERRTMAX,ABS(IU(IIT))) 

20 COITIJIUE 

C 

WRITE (6,*)'MAXINUM J ERROR= ',ERRJMAX 
WRITE (6,*)'MAXIMUM IE ERROR= ',ERRNAX 
WRITE (6,*)'MAXIMUM TERROR= ',ERRTMAX 
FEIIT=.FALSE. 
ERRTOT=MAI(ERRTMAX,ERRMAX) 
IF (ERRTOT.LT.(.0001).AID.LAMC.EQ.(1.).AIO.LAML.EQ.(1.)) 

FEXIT=.TRUE. 
LIIERR=ERRTOT 

C SCALE OOWI LARGE CORRECTIOIS TO IICREASE CIRCLE OF COIVERGEICE 
C 

OEL=Mil(0.2/ERRTOT,1.0) 
WRITE (6,*)'USIIG CORRECTIOI FACTOR OF ',DEL 

C 
C IOW APPLY CORRECTIOIS 
C 

00 60 ID=t,IOEPTB 
CALL RDABS(9,IU,lll,(IO-1)*MIIII) 
IJ=IOSTATUS(9,IL) 
00 SO IJ=1, IJ 

IB=BLOCK(IJ) 
RAD(IJ,IO)=RAD(IJ,ID)*MAX(0.1,1.0+0EL*IU(IB)) 

SO COITIIUE 
TENP(IO)=TEMP(ID)*(1.0+0EL*IU(IIT)) 
IE(ID)=IE(ID)*(1.0+DEL*IU(IIE)) 

60 COITIIUE 
RETURI 
EID 

SUBROUTIIE PARTI(IOO) 
C 
C CALCULATE UPPER-STATE SUMS 
C 

IMPLICIT IOIE 
C 

COMA 
COMAI 

C 

C 

IITEGER IOO, IO, IL, IT 
REAL BKT, I 

REAL SB, SBBE1, SBHE2 



C 
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SB(IL,ID)=ACCOF°'l'EIP(BK•FRQB(IL)/TENP(ID))•GB(IL)/TEMP(ID)/ 
SQRT(TEIIP(ID)) 

SBBE1(IL,ID)=ACCOF•EIP(BK•FRQBE1(IL)/TENP(ID))•GBE1(IL)/ 
TEMP(ID)/SQRT(TEMP(ID))/2. 

SBBE2(IL,ID)=ACCOF•EIP(BK•FRQBE2(IL)/TENP(ID))•GB(IL)/ 
TEMP(ID)/SQRT(TEMP(ID)) 

ID=IDD 
BKT=BK/TEMP(ID) 
SUNB(ID)=O. 
DSBDT(ID)=O. 
DO 10 IT=1,2 

SUNBE(IT,ID)=0. 
DSBEDT(IT,ID)=O. 

10 COITIIUE 
Do' 20 IL=ILB+1,NQB 

I=SB(IL,ID) 
SUNB(ID)=SUNB(ID)+I 
DSBDT(ID)=DSBDT(ID)-I•(1.5+BKT•FRQB(IL))/TENP(ID) 

20 COITIIUE 
DO 30 IL=ILBE1+1,NQBE1 

I=SBBE1(IL,ID) 
SUNBE(1,ID)=SUNBE(1,ID)+I 
DSBEDT(1,ID)=DSBEDT(1,ID)-I•(1.S+HKT•FRQBE1(IL))/TEMP(ID) 

30 COITIIUE 
DO 40 IL=ILBE2+1,NQB•2 

I=SBBE2(IL,ID) 
SUNBE(2,ID)=SUNBE(2,ID)+I 
DSBEDT(2,ID)=DSBEDT(2,ID)-X•(1.S+BKT•FRQBE2(IL))/TEMP(ID) 

40 COITIIUE 
RETURI 
EID 

SUBROUTIIE PUTOUT 
C 
C PUICB OUT RESULT 
C 

IMPLICIT IOIE 
C 

C 

C 

COIi! 
COIIAI 

IITEGER ID,I 

WRITE (12,1001)(N(ID),TENP(ID),ITOT(ID),IE(ID),ID=1,IDEPTB) 
WRITE (12,1002)1 
WRITE (12,1002)0,0,ILB,ITRB 
WRITE (12,1003)(FRQB(I),I=1,ILB) 
DO 10 I=1,ITRB 

WRITE (12,1002)LOVERB(I),UPPERB(I) 
10 COITIIUE 

WRITE (12,1003)((1(I,ID),I=1,ILB),IPROT(ID),ID=1,IDEPTB) 
WRITE (12,1002)2 
WRITE (12,1002)0,0,ILBE1,ITRBE1,ILBE2,ITRBE2 
WRITE (12,1003)(FRQBE1(I),I=1,ILBE1) 
DO 20 I=1,ITRBE1 

WRITE (12,1002)LOVERBE1(I),UPPERBE1(I) 
20 COITIIUE 

WRITE (12,1003)(FRQBE2(I),I=1,ILBE2) 
DO 30 I=1,ITRBE2 

WRITE (12,1002)LOVERBE2(I),UPPERBE2(I) 
30 COITIIUE 

C 

WRITE (12,1003)((1BE1(I,ID),I=1,ILBE1),(IBE2(I,ID),I=1,ILBE2), 
IBE3(ID),ID=1,IDEPTB) 

WRITE (12,1002)0 
RETURI 

1001 FORMAT (4E15.7) 
1002 FORMAT (16IS) 
1003 FORMAT (SE15.7) 

EID 

SUBROUTIIE RATEQ(IDD,ELEC,AAl,BBI) 
C 
C PRODUCE RATE EQUATIOIS 
C 

IMPLICIT IOIE 
C 

COIi! 
COIIAI 



C 

C 

C 

C 

COMC 

REAL AAl(IEQl,IEQI), BBl(IEQI) 
IITEGER ID, IDD, I, II, IT, J, JJ, 10 
REAL ELEC, BKT, I 

REAL IURATE 
EXTERIAL IURATE 
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REAL SB, SBBE1, SBBE2 
SB(I,ID)=ACCOF•EXP(BK•FRQB(I)/TEMP(ID))•GB(I)/TEIIP(ID)/ 

SQRT(TEMP(ID)) 
SBBE1(I,ID)=ACCOF•EXP(HK•FRQBE1(I)/TEMP(ID))•GHE1(I)/ 

TEIIP(ID)/SQRT(TEMP(ID))/2. 
SBBE2(I,ID)=ACCOF•EXP(HK•FRQBE2(I)/TEMP(ID))•GH(I)/ 

TEIIP(ID)/SQRT(TEMP(ID)) 

ID=IDD 
CALL IURATE(ID) 
DO 10 I=1,IEQI 

BBl(I)=O. 
10 COITIIUE 

DO 30 I=1,IEQI 
DO 20 J=1,IEQI 

ill(I,J)=O. 
20 COITIIUE 
30 COITIIUE 

HKT=HK/TEMP(ID) 
DO 40 I=1,ILHE1 

AAl(I,I)=RHE1(I,ILHE1+1)+ELEC•CRBE1(I,ILHE1+1) 
AAl(I,ILBE1+1)=-ELEC•SBHE1(I,ID)•(RHE1(1LHE1+1,I)+ 

ELEC•CRHE1(I,ILHE1+1)) 
40 COITIIUE 

DO 70 I=1,ILHE1 
DO SO J=1,I-1 

ill(I,I)=AAl(I,I)+ELEC•CRHE1(I,J) 
ill(I,J)=-ELEC•CRHE1(J,I) 
X=GHE1(J)•EXP(HKT•(FRQBE1(J)-FRQHE1(I)))/GHE1(I) 
ill(I,I)=AAl(I,I)+X•RHE1(I,J) 
AAl(I,J)=AAl(I,J)-RHE1(J,I) 

SO COITIIUE 
DO 60 J=I+1,ILHE1 

AAl(I,I)=AAl(I,I)+ELEC•CRHE1(I,J) 
ill(I,J)=-ELEC•CRHE1(J,I) 
X=GHE1(I)•EXP(HKT•(FRQHE1(I)-FRQHE1(J)))/GHE1(J) 
ill(I,I)=AAl(I,I)+RBE1(I,J) 
ill(I,J)=AAl(I,J)-X•RHE1(J,I) 

60 COITIIUE 
70 COITIIUE 

DO 100 I=1,ILHE2 
II=I+ILHE1 
AAl(II,II)=RHE2(I,ILHE2+1)+ELEC•CRHE2(I,ILHE2+1) 
AAl(II,ILHE1+1LHE2+1)=-ELEC•SBHE2(I,ID)•(RHE2(1LBE2+1,I)+ 

ELEC•CRHE2(I,ILHE2+1)) 
DO 80 J=1,I-1 

JJ=ILBE1+J 
AAl(II,II)=AAl(II,II)+ELEC•CRHE2(I,J) 
ill(II,JJ)=-ELEC•CRBE2(J,I) 
X=GH(J)•EXP(HKT•(FRQHE2(J)-FRQHE2(I)))/GH(I) 
ill(II,II)=AAl(II,II)+X•RHE2(I,J) 
ill(II,JJ)=AAl(II,JJ)-RHE2(J,I) 

80 COITIIUE 
DO 90 J=I+1,ILHE2 

JJ=J+ILHE1 
ill(II,II)=AAl(II,II)+ELEC•CRHE2(I,J) 
ill(II,JJ)=-ELEC•CRHE2(J,I) 
X=GH(I)•EXP(HKT•(FRQHE2(I)-FRQHE2(J)))/GH(J) 
ill(II,II)=AAl(II,II)+RHE2(I,J) 
ill(II,JJ)=AAl(II,JJ)-X•RHE2(J,I) 

90 COITIIUE 
100 COITIIUE 

DO 110 I=1,ILHE1+1LHE2+1 
AAl(ILBE1+1LHE2+1,I)=1.0 

110 COITIIUE 
AAl(ILHE1+1LHE2+1,ILHE2+1)=AAl(ILHE1+1LHE2+1,ILHE2+1)+ 

ELEC•SUMHE(1,ID) 
AAl(ILHE1+1LHE2+1,ILBE1+1LHE2+1)=AAl(ILBE1+1LHE2+1,ILHE1+1LHE2+1)+ 

ELEC•SUMBE(2,ID) 
DO 120 I=1,ILB+1 

AAl(ILBE1+1LBE2+1,I+ILBE1+1LHE2+1)=-Y 
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120 COITIIUE 
AAl(ILBE1+1LBE2+1,IEQl)=AAl(ILBE1+1LBE2+1,IEQl)-Y•ELEC•SUMB(ID) 
DO 150 I=t,ILB 

II=I+ILBE1+1LBE2+1 
Ail(II,II)=RB(I,ILB+1)+ELEC*CR(I,ILB+1) 
DO 130 J=t ,I-1 

JJ=J+ILBE1+1LBE2+1 
ill(II,II)=AAl(II,II)+ELEC•CR(I,J) 
ill(II,JJ)=-ELEC•CR(J,I) 
X=GB(J)•EXP(HKT•(FRQB(J)-FRQB(I)))/GB(I) 
ill(II,II)=AAl(II,II)+X•RB(I,J) 
ill(II,JJ)=Ail(II,JJ)-RB(J,I) 

130 COITIIUE 
DO 140 J=I+1,ILB 

JJ=J+ILBE1+1LBE2+1 
ill(II,II)=Ail(II,II)+ELEC*CR(I,J) 
ill(II,JJ)=-ELEC•CR(J,I) 
X=GB(I)•EXP(HKT•(FRQB(I)-FRQB(J)))/GB(J) 
ill(II,II)=Ail(II,II)+RB(I,J) 
ill(II,JJ)=Ail(II,JJ)-X•RB(J,I) 

140 COITIIUE 
Ail(II,IEQl)=-ELEC•SB(I,ID)•(RB(ILB+1,I)+ELEC•CR(I,ILB+1)) 

150 COITIIUE 
DO 160 I=1,ILBE2 

J=I+ILBE1 
Ul(IEQl,J)=t.0 

160 COJITIIUE 
AAl(IEQl,ILBE1+1LBE2+1)=2.0+ELEC•SUMBE(2,ID) 
AAl(IEQl,IEQl)=t.O 
BBl(IEQl)=ELEC 
RETURI 
EID 

SUBROUTIIE SETUP 
C 
C READ II MODEL APPROXIMATIOI 
C PERFORM ALL PRECALCULATIOIS (E.G. OF CROSS-SECTIOIS) 
C 

IMPLICIT IOIE 
C 
C MACROS 
C 

C 

COMA 
COMAI 
COIN 

C LOCAL VARIABLES 
C 

CBARACTER•ao READER 
IITEGER I, II, ID, IJ, IL, IT, J, 10, 11, 12, 13 
REAL ABUID(92) 
REAL COi, DOP, FCOI, FRQ3, GLOG, SRT, TEFF, Vt, Z 

C 
C TABLE OF ATOMIC WEIGHTS 
C 

C 

REAL VEIGBT(92) 
DATA VEIGBT/1.0,4.0,6.9,9.0,10.8,12.0,14.0,16.0,19.0,20.2,23.0, 
24.3,27.0,28.1,31.0,32.1,35.5,39.9,39.1,40.1,45.0,47.9,50.9,52.0, 
54.9,55.8,58.9,58.7,63.5,65.4,69.7,72.6,74.9,79.0,79.9,83.8,85.5, 
87.6,88.9,91.2,92.9,95.9,98.9,101.1,102.9,106.4,107.9,112.4, 
114.8,118.7,121.8,127.6,126.9,131.3,132.9,137.3,138.9,140.1, 
140.9,144.2,145.0,150.4,152.0,157.3,158.9,162.5,164.9,167.3, 
168.9,173.0,175.0,178.5,180.9,183.9,186.2,190.2,192.2,195.1, 
197.0,200.6,204.4,207.2,209.0,209.0,210.0,222.0,223.0,226.0, 
227.0,232.0,231.0,238.0/ 

C TABLE GIVIIG QUAITUM IUMBER OF ACTIVE ELECTROI OF EACH IEUTRAL 
C HELIUM STATE TREATED BY THE PROGRAM 
C 

IJITEGER Ql(25) 
DATA Ql/1,4*2,6•3,8•4,5,6,7,8,9,10/ 

C 
C EXTERIAL PROCEDURES 
C 

REAL CREATE, EXIT, GAUIT, BEGAUIT, IUPOP, PARTI 
EXTERIAL CREATE, EXIT, GAUIT, BEGAUIT, IUPOP, PARTI 

C 
C STATEMEIT FUICTIOIS 
C 

REAL SB, SBBE1, SBBE2 
SB(IL,ID)=ACCOF•EXP(BK•FRQB(IL)/TEMP(ID))•GH(IL)/TEMP(ID)/ 
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: SQRT(TEMP(ID)) 
SBBE1(IL,ID)=ACCOF•EIP(BK•FRQBE1(IL)/TEMP(ID))•GHE1(IL)/TEMP(ID)/ 

SQRT(TEMP(ID))/2. 
SBBE2(IL,ID)=ACCOF•EIP(BK•FRQBE2(IL)/TEMP(ID))•GH(IL)/TEIIP(ID)/ 

SQRT(TEMP(ID)) 
C 
C START OF EXECUTABLE STATENEITS 
C 

WRITE (6,*)'101-LTE ATNOSPBERE PROGRAM' 
READ (S,1001)BEADER 
WRITE (12,1001)HEADER 
READ (S,1002)TEFF,TLIIE,GLOG,Y,Z,IITER,FLTE,FPRIIT,FSWITCB 
WRITE (12,1002)TEFF,TLIIE,GLOG,Y,Z,IITER,FLTE,FPRIIT,O 
IF (FSWITCH)READ (S,1007)LAMC 
IF (FLTE)THEI 

WRITE (6,*)'LTE MODEL' 
ELSE 

WRITE (6,*)'101-LTE NODEL' 
EIDIF 
IF (FSWITCH)WRITE (6,*)'RADIATIVE/COLLISIOIAL SWITCBIIG EMPLOYED' 
IF (FPRIIT)WRITE (6,•)'DIAGIOSTICS PRIITED' 
H0=S.6692E-S•TEFF••4/(4.•PI) 
GRAV=EIP(2.302585093•GLOG) 
WRITE (6,1001)HEADER 
WRITE (6,1004)TEFF,GRAV,Y,HO 

C 
C ELEMEITAL ABUIDAICES 
C 

READ (S,100S)(ABUID(I),I=1,92) 
WRITE (12,100S)(ABUID(I),I=1,92) 
MU1=1.+4.•Y 
ZTOT=1.+Y 
IF (FPRIIT)WRITE (6,*)' ELEMEITAL ABUIDAICES' 
DO 10 I=3,92 

V1=1.E-12•EIP(2.302585093•ABUID(I))•Z 
IF (FPRIIT)WRITE (6,*)I,V1 
ZTOT=ZTOT+V1 
MU1=MU1+Z•WEIGHT(I) 

10 COITIIUE 

C 

MU1=NU1/ZTOT 
WRITE (6,*)'MEAI MOLECULAR WEIGHT= ',MU1 
WRITE (6,*)'IUCLEI PER PROTOI = ',ZTOT 

C WAVELEIGTH GRID 
C 

C 

READ (S,1003)1DEPTH,IJ 
WRITE (12,1003)1DEPTH,IJ 
WRITE (6,*)'DEPTB POIITS = ',IDEPTH 
READ (S,1006)(FREQ(I),I=1,IJ) 
WRITE (12,1006)(FREQ(I),I=1,IJ) 

C QUADRATURE WEIGHTS 
C 

DO 20 IJ=1,DJ 
WT0(IJ)=0. 

20 COITIIUE 
30 READ (S,1003)10,11 

WRITE (12,1003)10,11 
IF (IO.EQ.1)TBEI 

C 
C SKIP EITRY 
C 

GO TO 30 
ELSE IF (IO.EQ.2)TBEI 

C 
C TRAPEZOIDAL RULE 
C 

V1=ABS(FREQ(l1+1)-FREQ(l1)) 
WT0(l1+1)=WT0(l1+1)+0.5•V1 
WT0(l1)=WT0(l1)+o.S•V1 
GO TO 30 

ELSE IF (IO.EQ.3)TBEI 
C 
C SIMPSOl'S RULE 
C 

V1=ABS(FREQ(l1+1)-FREQ(l1-1)) 
WT0(l1+1)=WT0(l1+1)+V1/6. 
WT0(l1)=WT0(l1)+2.•V1/3. 
WT0(l1-1)=WT0(l1-1)+V1/6. 
GO TO 30 



EIDIF 
C 
C READ OPACITY RULE 
C 

READ (S, 1003)RULE 
WRITE (12,1003)RULE 
IF (RULE(2))TBEI 

WRITE (6,•)'LIIES IICLUDED' 
ELSE 

WRITE (6,•)'COITIIUUN OILY' 
EIDIF 
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READ (S,1007)(N(I),TENP(I),ITOT(I),IE(I),I=1,IDEPTH) 
C 
C NASS GRID OR NASS DIFFEREICE GRID? NAKE SURE OF THE FORMER 
C 

IF (N(IDEPTB).LE.N(IDEPTH-1))TBEI 
DO 40 ID=2,IDEPTH 

N(ID)=N(ID)+N(ID-1) 
40 COITIIUE 

EIDIF 
C 
C READ !TONIC OCCUPATIOI IUNBERS 
C 
SO READ (S,1003)I 

IF (I.EQ.1)TBEI 
C 
C READ IUNBER OF BYDROGEI LEVELS TO USE FOR EACH IOIIZATIOI. 
C ALSO READ LIIES TO USE. 
C 

READ (S,1003)10,11,12,ITRB 
IF (11.IE.O)THEI 

WRITE (6,•)'PLEASE DO IOT SPECIFY AIY B- LIIES.' 
CALL EXIT(1) 

EIDIF 
C 
C THROW AWAY IEGATIVE BYDROGEI IOIIZATIOI FREQUEICY. 
C 

IF (10.IE.O)READ (S,1006)COI 
C 
C READ IEUTRAL BYDROGEI IOIIZATIOI FREQUEICIES. 
C 

READ (S,1006)(FRQB(IL),IL=1,12) 
C 
C READ LIST OF LIIES TO USE FOR BYDROGEI 
C 

IF (ITRB.GT.0) 
READ (S,1008)(LOWERB(J),UPPERB(J),J=1,ITRB) 

C 
C READ ALL BYDROGEI OCCUPATIOI IUNBERS. 
C IEGATIVE BYDROGEI IOI OCCUPATIOI IS TBROWI AWAY. 
C 

READ (S,1006)((COl,IL=1,IO),(l(IL,ID),IL=1,12), 
IPROT(ID),ID=1,JDEPTB) 

C 
C CALCULATE LTE POPULATIOIS FOR LEVELS IOT IICLUDED II APPROXIMATE 
C IJPUT NODEL. 
C 

DO 70 ID=1,IDEPTB 
DO 60 IL=12+1,ILB 

l(IL,ID)=IPROT(ID)•IE(ID)•SB(IL,ID) 
60 COITIIUE 
70 COITIIUE 

GO TO SO 
ELSE IF (I.EQ.2)TBEI 

C 
C TREAT BELIUN THE SANE WAY AS BYDROGEI. 
C 

READ (S,1003)10,11,12,ITRBE1,13,ITRBE2 
IF (11.IE.O)THEI 

WRITE (6,•)'PLEASE DO IOT SPECIFY AIY BE- LIIES.' 
CALL EXIT(1) 

EIDIF 
IF (10.IE.O)READ (S,1006)COI 
READ (S,1006)(FRQBE1(IL),IL=1,12) 
IF (ITRBE1.GT.O) 

READ (S,1008)(LOWERBE1(J),UPPERBE1(J),J=1,ITRBE1) 
READ (S,1006)(FRQBE2(IL),IL=1,13) 
IF (ITRBE2.GT.O) 

READ (S,1008)(LOWERBE2(J),UPPERBE2(J),J=1,ITRBE2) 
READ (S,1006)((COl,IL=1,IO),(IBE1(IL,ID),IL=1,12), 
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(IHE2(IL,m),IL=1,13),IHE3(ID),m=1,IDEPTH) 
DO 100 ID=1,IDEPTH 

DO 80 IL=l2+1,ILBE1 
IHE1(IL,m)=IBE2(1,ID)•IE(ID)•SBHE1(IL,ID) 

80 COITIIUE 
DO 90 IL=l3+1,ILBE2 

IBE2(IL,m)=IBE3(ID)•IE(ID)•SBHE2(IL,ID) 
90 COITIIUE 
100 COITIIUE 

GO TO 50 
ELSE IF (I.IE.O)TBEI 

C 
C OTHER ELE!IEITS IICLUDED BUT JOT WAITED. 
C PARDOI THE AIACBROIISTIC USE OF THE TERMS "CARDS" AID "DECK." 
C THESE ARE PROBABLY REALLY LIIES II Al EDITOR-CREATED DISK FILE. 
C 

WRITE (6,*) 'PLEASE REMOVE HEAVY IOI CARDS FRON DECK' 
CALL EIIT(1) 

EIDIF 
C 
C RENAIIDER OF DECK IS IGIORED. 
C PREPARE PRECALCUUTED QUAITITIES. 
C 

ITPTRB=IJ+1 
ITPTRBE1=ITPTRH 
ITPTRBE2=ITPTRH 
IF (RULE(2))THEI 

SRT=SQRT(TLIIE) 
C 
C HYDROGEI LIIES 
C 

11=1TRB 
DO 130 IL=1,11 

C 
C GET UPPER AID LOWER LEVEL IUNBERS. 
C 

C 

J=UPPERB(IL) 
I=LOWERH(IL) 
IT=ITRB(I,J) 

C REJECT LIIE IF FORBIDDEI 
C 

IF (IT.EQ.O)THEI 
WRITE (6,*)'H LIIE ',I,' TO ',J,' IS FORBIDDEI.' 
GO TO 130 

EIDIF 
C 
C CALCULATE LIIE CEITRAL FREQUEICY AID DOPPLER WIDTH. 
C IOTE THAT THIS PROGRAM ASSUMES LIIE BROADEIIIG IS DONIIATED 
C BY DOPPLER BROADEIIIG. 
C 

C 

FCOl=FRQH(I)-FRQH(J) 
DOP=SRT•FCOl•DOPCOF 
IF (FCOI.LE.O)TBEI 

WRITE (6,*) 'H IOIIZATIOI FREQUEICY ERROR FOR LIIE ', 

FCOl=-FCOI 
EIDIF 
IF (FPRIIT)WRITE (6,*)' H ',I,' TO ',J,': FREQ= ',FCOI, 

' DOP = ',DOP 

C ADD FREQUEICIES TO FREQUEICY LIST FOR THE LIIE. 
C 

DO 110 II=1,IQUAD 
FREQ(II+IJ)=FCOI 
UPH(II+IJ)=J 
LOWB(II+IJ)=I 

110 COITIIUE 
C 
C CALCULATE WEIGHTS FOR THE LIIE FREQUEICIES. 
C IOTE THAT SINPSOl'S RULE IS USED; THUS IQUAD SHOULD BE ODD. 
C 

DO 120 I=1,IQUAD-2,2 
WTO(I+IJ)=WTO(I+IJ)+2.0•DELQUAD•DOP/3.0 
WTO(I+IJ+1)=WTO(I+IJ+1)+8.•DELQUAD•DOP/3.0 
WTO(I+IJ+2)=WTO(I+IJ+2)+2.0•DELQUAD•DOP/3.0 

120 COITIIUE 
IJ=IJ+IQUAD 

130 COITIIUE 
C 
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C IOW DO ALL THE SAJIIE FOR IEUTRAL AID SIIGLY IOIIZED HELIUM. 
C 

ITPTRBE1=1J+1 
11=1TRBE1 
DO 160 IL=1,11 

J=UPPERBE1 (IL) 
I=LOWERBE1(IL) 
IT=ITRBEt(I, J) 
IF (IT.F.Q.O)TBEI 

WRITE (6,*)'BE1 LIIE ',I,' TO ',J,' IS FORBIDDEI.' 
GO TO 160 

EIDIF 
FCOl=FRQBE1(I)-FRQBE1(J) 
DOP=SRT•FCOl•DOPCOF*O.S 
IF (FCOI.LE.O)TBEI 

WRITE (6,•) 'BE1 IOIIZATIOI FRF.QUEICY ERROR FOR LIIE '• 

FCOl=-FCOI 
EIDIF 
IF (FPRIIT)WRITE (6,•)• BE1 ',I,' TO •,J,•: FRF.Q = ',FCOI, 

' DOP = ',DOP 
DO 140 II=1,IQUAD 

FRF.Q(II+IJ)=FCOI 
UPBEt(II+IJ)=J 
LOWBEt(II+IJ)=I 

140 COITIIUE 
DO 150 I=1,IQUAD-2,2 

WTO(I+IJ)=WTO(I+IJ)+2.0•DELQUAD•DOP/3.0 
WTO(I+IJ+1)=WTO(I+IJ+1)+8.0•DELQUAD•DOP/3.0 
WTO(I+IJ+2)=WTO(I+IJ+2)+2.0•DELQUAD•DOP/3.0 

150 COITIIUE 
IJ=IJ+IQUAD 

160 COITIIUE 
ITPTRBE2=1J+1 
11=1TRBE2 
DO 190 IL=1,11 

J=UPPERBE2(IL) 
I=LOWERBE2(IL) 
IT=ITRBE2(I,J) 
IF (IT.F.Q.O)TBEI 

WRITE (6,*)'BE2 LIIE ',I,' TO ',J,' IS FORBIDDEI.' 
GO TO 190 

EIDIF 
FCOl=FRQBE2(I)-FRQBE2(J) 
DOP=SRT•FCOl•DOPCOF•O.S 
IF (FCOI.LE.O)TBEI 

WRITE (6,*) 'BE2 IOIIZATIOI FRF.QUEICY ERROR FOR LIIE ', 

FCOl=-FCOI 
EIDIF 
IF (FPRIIT)WRITE (6,*)' BE2 ',I,• TO ',J,': FREQ= ',FCOI, 

' DOP = ',DOP 
DO 170 II=1,IQUAD 

FRF.Q(II+IJ)=FCOI 
UPBE2(II+IJ)=J 
LOWBE2(II+IJ)=I 

170 COITIIUE 
DO 180 I=1,IQUAD-2,2 

WTO(I+IJ)=WTO(I+IJ)+2.0•DELQUAD•DOP/3.0 
WTO(I+IJ+1)=WTO(I+IJ+1)+8.0•DELQUAD•DOP/3.0 
WTO(I+IJ+2)=WTO(I+IJ+2)+2.0•DELQUAD•DOP/3.0 

180 COITIIUE 
IJ=IJ+IQUAD 

190 COITIIUE 
EIDIF 
IF (IJ.GT.NIJ)TBEI 

WRITE (6,•) 'TOO NAIY FRF.QUEICY POIITS' 
CALL EIIT(1) 

EIDIF 
WRITE (6,•)• FREQUEICY POIITS = ',IJ 
IF (FPRIIT)TBEI 

WRITE (6,•) 
WRITE (6,•)• FRF.QUEICIES AID WEIGHTS' 
WRITE (6,1007)(FRF.Q(IJ),WTO(IJ),IJ=1,IJ) 

EIDIF 
DO 200 IJ=t,IJ 

WT(IJ)=WTO(IJ) 
200 COITIIUE 

DO 240 IJ=1,IJ 
FRQ3=FREQ(IJ)••3 



V1=2.815E29/FRQ3 
DO 210 IL=1,ILBE2S 

SIGBE2{IL,IJ)=0. 

229 

IF {FREQ{IJ).GT.FRQBE2{IL)) 
SIGBE2{IL,IJ)=16.•V1•GAUIT{IL,FREQ(IJ)/4.0)/FLOAT{IL)••5 

210 COITIIUE 
DO 220 IL=1,ILBE1S 

SIGBE1(IL,IJ)=0. 
IF (FREQ(IJ).GT.FRQBE1(IL)) 

SIGBE1(IL,IJ)=V1•BEGAUIT(IL,FREQ(IJ))/FLOAT(Ql(IL))**5 
220 COITIIUE 

DO 230 IL=t,ILBS 
SIG(IL,IJ)=O. 
IF (FREQ(IJ).GT.FRQB(IL)) 

SIG{IL,IJ)=V1•GAUIT(IL,FREQ(IJ))/FLOAT(IL)**5 
230 COITIIUE 

SIG(ILBS+1,IJ)=3.69E8/FRQ3 
240 COITIIUE 

DO 250 I=1,IJ 
FF(I,1)=Nil(FRQB(ILBS+1),FREQ(I)) 
FF(I,2)=Nil(FRQBE1(1LBE1S+1),FREQ(I)) 
FF(I,3)=Nil(FRQBE2(1LBE2S+1),FREQ(I)) 

250 COITIIUE 
DO 290 ID=1,IDEPTB 

IF (FLTE)TBEI 
CALL IUPOP(ID) 

ELSE 
CALL PARTI(ID) 
00 260 IL=1,ILBS 

IS(IL,ID)=IE(ID)•JIPROT(ID)•SB(IL,ID) 
260 COITIIUE 

00 270 IL=1,ILBE2S 
IBE2S(IL,ID)=IE(ID)•IHE3(ID)•SBBE2(IL,ID) 

270 COJITIIUE 
00 280 IL=1,ILBE1S 

IBE1S(IL,ID)=IE(ID)•IBE2(1,ID)•SBBE1(IL,ID) 
280 COITIIUE 

IN(ID)=(ITOT(ID)-JIE(ID))•NU1 
EIDIF 

290 COJITIIUE 
RETURI 

C 
1001 FORMAT (!80) 
1002 FORMAT (2F9.0,F8.2,F8.3,F8.5,4I5) 
1003 FORMAT (16I5) 
1004 FORMAT(• EFFECTIVE TEMPERATURE= ',F10.3/' GRAVITY= ',E10.3,/ 

'HELIUM ABUIDAICE=',F7.4/' SURFACE FLUX=',E13.5) 
1005 FORMAT (8F10.6) 
1006 FORMAT (5E15.7) 
1007 FORMAT (4E15.7) 
1008 FORMAT (2I5) 

EID 

BLOCK DATA TABLES 
C 
C COJIUIIS ALL DAU STATENEITS FOR CONNOJI BLOCKS, II ACCORDAJICE 
C WITH THE OSI SUIDARD 
C 

COMA 
CONAI 

C 

C 

C 

C 

C 

DATA GBE1/1. ,3., 1. ,9. ,3. ,3., 1. ,9. ,5., 15. ,3. ,3., 1. ,9. ,5., 15. ,3., 
: 21., 7. ,100., 144., 196. ,256. ,324. ,400. ,484. ,576. ,676., 784. ,900., 
: 1024./ 

DATA GBE2/2. ,8., 18. ,32. ,50. , 72. ,98., 128., 162. ,200. ,242. ,288. ,338., 
: 392. ,450. ,512. ,578. ,648., 722. ,800. ,882. ,968., 1058., 1152., 1250., 
: 1352.,1458.,1568.,1682.,1800.,1922.,2048./ 

DATA OSCB/4.162E-1,7.910E-2,2.899E-2,1.394E-2, 6.408E-1,1.193E-1, 
:4.467E-2, 8.420E-1,1.506E-1, 1.038/ 

DATA (ITRB(1,I),I=1,5)/0,1,2,3,4/ 
DATA (ITRB(2,I),I=1,5)/1,0,5,6,7/ 
DATA (ITRB(3,I),I=1,5)/2,5,0,8,9/ 
DATA (ITRB(4,I),I=t,5)/3,6,8,0,10/ 
DATA (ITRB(5,I),I=t,5)/4,7,9,10,0/ 

DATA OSCBEt/.2762,.0734,.0302, .5391,.06446,.0231, .3764,.1514, 
: .0507, .0693, .6090, .0118,. 1250, .0480,. 7110, .00834, .1220, .8960, 
: .0429, .6290,. 1400, .1110, .1450, .4820, .0139, .00858, 1.0100, 



C 

C 

C 

C 

C 

C 

C 

C 

230 

: .0205,1.0200, .1030,.6470, 1.2100, .8530, .2000/ 

DATA (ITRBE1(1,I),I=1,19)/0,0,0,0,1,0,0,0,0,0,2,0,0,0,0,0,3,0,0/ 
DATA (ITRBE1(2,I),I=1,19)/0,0,0,4,0,0,0,5,0,0,0,0,0,6,0,0,0,0,0/ 
DATA (ITRBE1(3,I),I=1,19)/0,0,0,0,7,0,0,0,0,0,8,0,0,0,0,0,9,0,0/ 
DATA (ITRBE1(4,I),I=1,19)/0,4,0,0,0,10,0,0,0,11,0,12,0,0,0,13, 

: 3•0/ 
DATA (ITRBE1(5,I),I=1,19)/1,0,7,0,0,0,14,0,15,0,0,0,16,0,17, 

: 4•0/ 
DATA (ITRBE1(6,I),I=1,19)/0,0,0,10,0,0,0,18,0,0,0,0,0,19,5*0/ 
DATA (ITRBE1(7,I),I=1,19)/0,0,0,0,14,0,0,0,0,0,20,0,0,0,0,0,21, 

: 2•0/ 
DATA (ITRBE1(8,I),I=1,19)/0,2,0,0,0,18,0,0,0,22,0,23,0,0,0,24, 

: 3~/ 
DATA (ITRBE1(9,I),I=1,19)/0,0,0,0,15,0,0,0,0,0,25,0,0,0,0,0,26, 

: 0,27/ 
DATA (ITRBE1(10,I),I=1,19)/0,0,0,11,0,0,0,22,0,0,0,0,0,28,0,0, 

: 0,29,0/ 
DATA (ITRBE1(11,I),I=1,19)/2,0,8,0,0,0,20,0,25,0,0,0,30,0,31, 

: 4~/ 
DATA (ITRBE1(12,I),I=1,19)/0,0,0,12,0,0,0,23,0,0,0,0,0,32,5*0/ 
DATA (ITRBE1(13,I),I=1,19)/0,0,0,0,16,0,0,0,0,0,30,0,0,0,0,0, 

: 33,0,0/ 
DATA (ITRBE1(14,I),I=1,19)/0,6,0,0,0,19,0,0,0,28,0,32,0,0,0,34, 

: 0,0,0/ 
DATA (ITRBE1(15,I),I=1,19)/0,0,0,0,17,0,0,0,0,0,31,0,0,0,0,0,0, 

: 0,0/ 
DATA (ITRBE1(16,I),I=1,19)/0,0,0,13,0,0,0,24,0,0,0,0,0,34,0,0, 

: 0,0,0/ 
DATA (ITRBE1(17,I),I=1,19)/0,0,0,0,0,0,21,0,26,0,0,0,33,0,0, 

: 0,0,0,0/ 
DATA (ITRBE1(18,I),I=l,19)/0,0,0,0,0,0,0,0,0,29,0,0,0,0,0,0, 

: 0,0,0/ 
DATA (ITRBE1(19,I),I=1,19)/0,0,0,0,0,0,0,0,27,0,0,0,0,0,0,0, 

: 0,0,0/ 

DATA 0SCBE2/4.162E-1,7.910E-2,2.899E-2,1.394E-2,7.800E-3, 
4.814E-3,3.184E-3,2.216E-3,1.605E-3, 6.408E-1,1.193E-1, 
4.467E-2,2.209E-2,1.271E-2,8.037E-3,5.429E-3,3.851E-3, 
8.420E-1,1.506E-1,5.585E-2,2.768E-2,1.604E-2,1.023E-2, 

6.981E-3, 1.038,.1794,6.551E-2,3.229E-2,1.872E-2,1.195E-2, 
1.231,.2070,7.455E-2,3.644E-2,2.102E-2, 1.424,.234,.08315, 

.04038, 1.616,.2609,.09163, 1.807,.2876, 1.999/ 

DATA (ITRBE2(1,I),I=l,10)/ 0, 1, 2, 3, 4, 5, 6, 7, 8, 9/ 
DATA (ITRBE2(2,I),I=1,10)/ 1, o,10,11,12,13,14,15,16,17/ 
DATA (ITRBE2(3,I),I=1,10)/ 2,10, 0,18,19,20,21,22,23,24/ 
DATA (ITRBE2(4,I),I=l,10)/ 3,11,18, 0,25,26,27,28,29,30/ 
DATA (ITRBE2(5,I),I=1,10)/ 4,12,19,25, 0,31,32,33,34,35/ 
DATA (ITRBE2(6,I),I=l,10)/ 5,13,20,26,31, 0,36,37,38,39/ 
DATA (ITRBE2(7,I),I=1,10)/ 6,14,21,27,32,36, 0,40,41,42/ 
DATA (ITRBE2(8,I),I=1,10)/ 7,15,22,28,33,37,40, 0,43,44/ 
DATA (ITRBE2(9,I),I=1,10)/ 8,16,23,29,34,38,41,43, 0,45/ 
DATA (ITRBE2(10,I),I=1,10)/9,17,24,30,35,39,42,44,45, 0/ 

DATA FRQB/3.28799E15,0.821997E15,0.365332E15,0.205499E15, 
0.131519E15,0.0913329E15,0.0671018E15,0.0513748E15, 
0.0405924E15,0.0328799E15,0.0271735E15,0.0228333E15, 
0.0194556E15,0.0167755E15,0.0146133E15,0.0128437E15/ 

DATA FRQBE1/5.94520E15,1.15305E15,0.957439E15,0.876230E15, 
0.811774E15,0.451896E15,0.400142E15,0.381976E15,0.362850E15,. 
0.366032E15,0.362480E15,0.240134E15,0.217774E15,0.212670E15, 
0.202689E15,0.205704E15,0.202057E15,0.202703E15,0.199689E15, 
0.131520E15,0.0913331E15,0.0671018E15,0.0513748E15, 
0.0405924E15,0.0328799E15,0.0271735E15,0.0228333E15, 
0.0194556E15,0.0167755E15,0.0146133E15,0.0128437E15/ 

DATA FRQBE2/13.1520E15,3.28799E15,1.46133E15,0.821997E15, 
0.526078E15,0.365332E15,0.268407E15,0.205499E16,0.162370E16, 
0.131619E16,0.108694E16,0.0913329E16,0.0778222E16, 
0.0671018E16,0.0684632E16,0.0513748E16,0.0466086E16, 
0.0406924E16,0.0364320E16,0.0328799E16,0.0298230E16, 
0.0271736E16,0.0248619E16,0.0228333E16,0.0210431E16, 
0.0194566E16,0.0180411E16,0.0167766E16,0.0166386E16, 
0.0146133E16,0.0136867E16,0.0128437E16/ 

EID 

SUBROUTIIE WTSET(LLAN) 



C SET THE IITEGIUTIOI WEIGHTS 
C 

C 

C 

C 

Il'IPLICIT IOIE 

COlll 
COl'IW 

IITEGER IJ 
REAL LLAl'I 

DO 10 IJ=ITPTRB,IJ 
WT(IJ)=LLAl'l*WTO(IJ) 

10 COITIIUE 
RETURI 
EID 

231 



232 

D. Program HYD 

Only those portions of HYD that differ significantly from ANDERS are listed here. 



C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

233 

PROGRAM BYD 

Al ADAPTIOI OF PORTIOIS OF TBE MIBAUS et al. (1975) CODE TO TBE 
AIDERSOI ALGORITHM FOR TBE EFFICIEIT SOLUTIOI OF URGE IUMBERS OF 
TRAISFER EQUATIOIS II 101-LTE. 

PARAMETERS: 

MIB 
MIDEPTB 
MIJ 
MIJC 
MITRB 
MITRBE1 
MITRBE2 
MQB 
MQBE1 
IEQI 
IQUAD 

ILB 
ILBE1 
ILBE1S 
ILBE2 
ILBE2S 
ILBS 

ACCOF 
BBCOF 
cc 
DELQUAD 
DOPCOF 
EMASS 
ESU 
BK 
BP 
BYDCOF 
KB 
MBYD 
PI 
PIE2MC 
SCOF 
SIGE 

VARIABLES: 

FEIIT 
RULE 

BLOCK 
ITPTRB 
ITRB 

LOVB 

M.UIMUM IUNBER OF FREQUEICY BLOCKS 
MAXIMUM IUNBER OF DEPTH POIITS 
M.UIMUM TOTAL IUMBER OF FREQUEICIES 
M.UIMUM IUNBER OF COITIIUUM FREQUEICY POIITS 
M.UIMUM IUNBER OF BYDROGEI TRAISITIOIS 
M.UIMUM IUNBER OF IEUTRAL HELIUM TRAISITIOIS 
M.UIMUM IUNBER OF IOIIZED HELIUM TRAISITIOIS 
M.UIMUM QUAITUM IUMBER II PARTITIOI SUNS OF BYDROGEI 
M.UIMUM QUAITUM IUMBER II PARTITIOI SUNS OF HELIUM I 
TOTAL IUNBER OF ATOMIC STATES 
SPECIFIES IUMBER OF QUADRATURE POIITS 01 EACH SIDE 

OF PROFILE. 
IUMBER OF 101-LTE BYDROGEI LEVELS 
IUMBER OF 101-LTE HELIUM LEVELS 
TOTAL BELIUM LEVELS 
IUMBER OF 101-LTE IOIIZED HELIUM LEVELS 
TOTAL IOIIZED HELIUM LEVELS 
TOTAL BYDROGEI LEVELS 

SABA ACTIVITY COEFFICIEIT 
PUIK FUICTIOI COEFFICIEIT 
VELOCITY OF LIGHT 
FRACTIOI OF DOPPLER WIDTH PER LIIE IITEGRATIOI IITERVAL 
DOPPLER WIDTH COEFFICIEIT 
ELECTROI MASS 
ELECTROI CHARGE 
PUIK'S COISTAIT OVER BOLTZMAll'S COISTAIT 
PUIK'S COISTAIT 
HYDROSTATIC EQUATIOI RADIATIVE COEFFICIEIT 
BOLTZMAll'S COISTAIT 
MASS OF BYDROGEI ATOM 
PI 
CUSSICAL ELECTROI ABSORPTIOI COEFFICIEIT 
RADIATIVE RATE COEFFICIEIT 
ELECTROI TBOMPSOI CROSS-SECTIOI 

FUG TO EXIT 
FUG TO IICLUDE VARIOUS OPACITIES 

BLOCK ASSIGIMEITS 
POIITS TO BYDROGEI LIIE FREQUEICIES 
TRAISITIOI IIDICES FOR BYDROGEI; 

I.E. ITRB(L,U) IS TRAISITIOI IIDEI OF 
BYDROGEI L LEVEL TO U LEVEL. 

LOVER LEVEL OF DOMIIAIT BYDROGEI TRAISITIOI AT THE 
SPECIFIED FREQUEICY 

LOVERB LOVER LEVEL OF BYDROGEI TRAISITIOIS REQUESTED BY USER 
LOVERBE1 "OF IEUTRAL HELIUM 
LOVERBE2 "OF IOIIZED HELIUM 
IB IUMBER OF FREQUEICY BLOCKS 
IDEPTB IUMBER OF DEPTH POIITS 
IITER IUMBER OF ITERATIOIS TO MAKE 
IJ IUMBER OF FREQUEICIES 
ITRB IUMBER OF BYDROGEI TRAISITIOIS 
ITRBE1" OF IEUTRAL HELIUM TRAISITIOIS 
ITRBE2 "OF IOIIZED HELIUM TRAISITIOIS 
UPB UPPER LEVEL OF DOMIIAIT BYDROGEI TRAISITIOI AT THE 

UPPERB 
UPPERBE1 
UPPERBE2 

FREQUEICY SPECIFIED. 
UPPER BYDROGEI LEVELS OF TRAISITIOIS REQUESTED BY USER 
"OF IEUTRAL HELIUM 
"OF IOIIZED HELIUM 

A A MATRIX OF LIIEARIZATIOI 
Al LBS OF POPULATIOI EQUATIOIS 
!IS RESULT OF POPULATIOI CALCULATIOI 
B B MATRIX OF LIIEARIZATIOI 
Bl RBS OF POPULATIOI EQUATIONS 
C C-MATRIX OF LIIEARIZATIOI 
CBI OPACITY MATRIX 



C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

CBIOV 
CR 
ETA 
ETAOV 
FF 
FB 
FK 
FREQ 
FR.QB 
FRQBE1 
FRQBE2 
GB 
GBE1 
BO 
OSCB 
II 
IIU1 
I 
IE 
IBE1 
IBE1S 
IBE2 
IBE2S 
IBE3 
Ill 
IPROT 
IS 
ITOT 
Q 
RAD 
RB 
RHOS. 
RBUS 
SIG 
SIGFRE 
SIGL 
SUIIB 
SUIIBE 
TEIIP 
TLIIE 
WT 
WTO 
y 
ZTOT 

IIATRII OF 101-BYDROGEI OPACITY 
COLLISIOI RATES FOR BYDROGEI 
EIIISSIVITY IIATRII 
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IIATRII OF 101-BYDROGEI EIIISSIVITY 
FREE-FREE CUTOFF (TO ACCOUIT FOR UPPER STATES) 
EDDIIGTOI FACTOR FOR FLUX 
EDDIIGTOI FACTOR FOR RADIATIVE PRESSURE 
FREQUEICY GRID 
IOIIZATIOI FREQUEICIES OF BYDROGEI 
"OF IEUTRAL BELIUII 
"OF IOIIZF.D BELIUII 
STATISTICAL WEIGHTS OF BYDROGEIIC LEVELS 
"OF IEUTRAL BELIUII 
SURFACE FLUX 
BYDROGEI OSCILLATOR STREIGTBS LISTF.D BY TRAISITIOI IIDEI 
11.&SS GRID 
IUCLEI PER PROTOI 
BYDROGEI IUIIBER DEISITIES 
ELECTROI DEISITY 
IEUTRAL BELIUII DEISITIES 
LTE IEUTRAL BELIUII DEISITIES 
IOIIZED BELIUII DEISITIES 
LTE IOIIZED BELIUII DEISITIES 
DOUBLY-IOIIZED BELIUII DEISITIES 
FICTIOIAL IIASSIVE PARTICLE DEISITY 
PROTOI DEISITY 
LTE BYDROGEI DEISITIES 
TOTAL PARTICLE DEISITY 
RBS OF LIIEARIZATIOI 
IIEAI IITEISITY OF RADI.&TIOI 
BYDROGEI RADIATIVE BRACKETS 
SECOIDARY RATES OF BYDROGEI DOWI 
SECONDARY RATES OF BYDROGEI UP 
BYDROGEI CROSS-SECTIOIS PLUS FREE-FREE 
FREE-FREE BYDROGEI OPACITY 
BOUID-BOUIID CROSS SECTIOI FOR BYDROGEI 
BYDROGEI UPPER STATE SUit 
BELIUII UPPER STATE SUIIS 
TEIIPERATURE 
TEIIPERATURE ASSUIIED TO DETERIIIIE LIIE FREQUEICY GRID 
FREQUEICY QUADRATURE WEIGHTS IIODIFIED BY SWITCBIIG 
UIIIODIFIF.D FREQUENCY QUADRATURE WEIGHTS 
RATIO OF BELIUII TO BYDROGEI BY IUIIBER 
PROTOIS PER IUCLEUS 

CLICHE COIIA 
C 
C IICLUDES PARAMETERS 
C 

C 

C 

C 

C 

C 

C 

C 

C 

IITEGER NIB, MIDEPTB, MIJC, MQB, MQBE1, ILB, ILBE1, ILBE2 
IITEGER IQUAD 
PARAMETER (MIB=4O, MIDEPTB=7O, NIJC=1OS, MQB=16, MQBE1=37) 
PARAMETER (ILB=1O, ILBE1=31, ILBE2=15, IQUAD=S) 

IITEGER MNTRB, MITRBE1, IIITRBE2 
PARAMETER (MITRB=1O, IIITRBE1=14, MITRBE2=1O) 

IITEGER MIJ 
PARAMETER (MIJ=NIJC+(2•1QUAD+1)•MITRB) 

IITEGER IEQI 
PARAMETER (IEQl=ILB+1) 

REAL CC, DELQUAD, EIIASS, ESU, BP, KB, MBYD, PI 
PARAMETER (CC=2.997925E1O, DELQUAD=O.6, EMASS=9.1O953E-28) 
PARAIIETER (ESU=4.8O32SE-1O, BP=6.62618E-27, KB=1.38066E-16) 
PARAMETER (IIBYD=1.6726SE-24, PI:3.141592654) 

REAL ACCOF, BBCOF, DOPCOF, BK, BYDCOF, PIE2MC, SCOF, SIGE 
PARAMETER (ACCOF=2.O74E-16, BBCOF=2.•BP/(CC•CC), DOPCOF=4.286E-7) 
PARAMETER (BK=BP/KB, BYDCOF=4.•PI/(CC•KB)) 
PARAMETER (PIE2MC=PI•ESU•ESU/(EIIASS•CC), SCOF=4.•PI/BP) 
PARAMETER (SIGE=S.•PI•ESU•ESU•ESU•ESU/ 

(3.•EIIASS•EIIASS•CC•CC•CC•CC)) 

IITEGER BLOCK(NIJ), ITPTRB, IB, IDEPTB, IITER 
IITEGER IJ, ITRB, ITRBE1, ITRBE2 

LOGICAL FEIIT, RULE(2) 
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C I.B.: THE SECOID DIMEISIOI OF THE VARIABLES CBI AID ETA 
C !!UST BE THE GREATER OF IIIB+3 OR IIIDEPTH. 
C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

REAL B(IIIB,IIIB), CBI(IIIJ,IIIDEPTH), CBIOV(IIIJ,IIIDEPTB) 
REAL ETA(IIIJ ,IIIDEPTH), ETAOV(IIIJ ,IIIDEPTB) 
REAL FB(IIIJ), FK(IIIJ,IIIDEPTB), FREQ(IIIJ), BO, Q(IIIB) 
REAL ll(IIIDEPTB), IIU1, l(ILH,IIIDEPTB), IE(IIIDEPTH) 
REAL IBE1(1LHE1,IIIDEPTB), IHE1S(ILBE1,IIIDEPTH) 
REAL IBE2(1LHE2,IIIDEPTB), IBE2S(ILBE2,IIIDEPTB), IBE3(111DEPTB) 
REAL lll(IIIDEPTB), IPROT(IIIDEPTB), IS(ILB,IIIDEPTB), ITOT(IIIDEPTB) 
REAL lW>(IIIJ,IIIDEPTB), RH(ILB+1,ILB+1), RHDS(115,IIIDEPTB) 
REAL RBUS(115,IIIDEPTB), SIG(ILB+t,IIIJ), SIGL(IIIJ,IIIDEPTB) 
REAL SIGFRE(IIIJ,IIIDEPTB) 
REAL SUIIH(IIIDEPTB), SUIIBE(2,IIIDEPTH), TEIIP(IIIIDEPTH), TLIIE 
REAL VT(IIIJ), Y, ZTOT 

COIIIIOI //ITPTRH, BLOCK, IB, IDEPTB, IITER, IJ, ITRH, ITRHE1, 
ITRHE2, FEXIT, RULE, Q, B, CBI, CHIOV, ETA, ETAOV, FH, FK, 
FREQ, BO, II, IIU1, I, IE, IBE1, IBE1S, IHE2, IHE2S, IHE3, Ill, 
IPROT, IS, ITOT, RAD, RH, RHOS, RBUS, SIG, SIGL, SIGFRE, 
SUIIB, SUIIBE, TEIIP, TLIIE, VT, Y, ZTOT 

EIDCLICBE 

CLICHE COIIAI 

IITEGER ITRH(ILH,IIQH+t) 
IITEGER LOVERH(IIITRH), LOVERHE1(111TRHE1), LOVERHE2(111TRHE2) 
IITEGER LOVH(IIIJ), UPB(IIIJ) 
IITEGER UPPERB(IIITRH), UPPERHE1(111TRHE1) 
IITEGER UPPERHE2(111TRHE2) 
REAL FRQH(IIQB), FRQHE1(11QHE1), FRQHE2(2•11QB), GB(IIQB) 
REAL GBE1(11QHE1), GHE2(2•11QB), OSCB(1O5) 
EQUIVALEICE (GHE2(1),GB(1)) 

COIIIIOI /COIIAI/ITRH, LOWERB, LOVERHE1, LOWERHE2, LOVB, UPH, 
: UPPERB, UPPERHE1, UPPERHE2, FRQH, FRQHE1, FRQHE2, GBE1, GHE2, 
: OSCH 

EIDCLICBE 

CLICHE COIIC 

REAL Al(IEQl,IEQI), AIS(IEQI), Hl(IEQII), CR(IILB,ILH+t,IIIDEPTH) 

COIIIIOI /COIIC/ll, AIIS, Bl, CR 

EIDCLICBE 

CLICHE COIIF 

REAL A(IIIB,IIIB), C(IIIB,IIIB) 

COIIIIOI /COIIF/A, C 

EIDCLICHE 

CLICHE COIIR 

REAL A1H(ILB,IIQH),A2H(ILH,IIQB),A3B(ILH,IIQH),A4H(ILH,IIQH) 
REAL A5B(IILB,IIQH) 
REAL COH(ILH), C1H(ILH), C2H(ILH), C3H(ILH), C4H(ILB),C5H(5) 

COIIIIOI /COIIR/A1H,A2H,A3H,A4H,A5H,COH,C1H,C2B,C3H,C4B,C5H 
EIDCLICHE 

CLICHE COIIT 

LOGICAL FSH(1O5), FSET 

COIIIIOI /COIIT/FSH, FSET 

EIDCLICHE 

PROGRAII BYD 

C EITRY POIIIT 
C 

IIIPLICIT IIOIIE 
C 



C MACROS 
C 

COIi! 
C 
C LOCAL VARIABLES 
C 

C 

CHARACTER USER*6, ACC*6, DROP•8, SUFFI1•1 
IITEGER LEIGTH 

C ElTERUL PROCEDURES 
C 
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REAL BLOCKS, COITROL, CREATE, DESTROY, EIIT, LIIK, PUTOUT, SETUP 
REAL USERIIFO, OPEi 

C 

C 

ElTERIAL BLOCKS, COITROL, CREATE, DESTROY, EIIT, LIIK, PUTOUT 
ElTERIAL SETUP, USERIIFO, OPEi 

C START OF EXECUTABLE STATEIIEITS. 
C 
C THE FILE input COITAIIS A FIRST-APPROlIMATIOI MODEL. 
C THE FILE output COITAIIS THE MODEL HEREII CALCULATED. 
C THE FILE 110nitor COITAIIS .ILL OTHER OUTPUT. 
C 

C 

CALL LIIK("UIITS=(input,OPEl,TEIT),UIIT12=(output,CREATE,TE1T), 
: UIIT6=(■onitor,CREATE,TE1T)//") 

C SET UP STARK TABLES 
C 

LEIGTH=S0•21*4*105 
CALL OPEl(10,'stark.t',4,LEIGTH) 

C 
C READ II THE FIRST APPROlIMATIOI AID SET UP EVERYTHIIG 
C PREPARATORY TO BEGIIIIIG CALCULATIOIS. 
C 

CALL SETUP 
C 
C GET USER SUFFIX (SO THAT SCRATCH FILES CAI HE UIIQUELY WANED) 
C 

CALL USERIIFO(USER,ACC,DROP,SUFFil) 
C 
C CREATE ·SCRATCH FILES 
C 

LEIGTH=NJIB•(MIB+t)•(IDEPTH-1) 
CALL CREATE(8,'Y.ser8'//SUFFI1,4,LEIGTH) 
LEIGTH=NJIB•IDEPTH 
CALL CREATE(9,'Y.ser9'//SUFFI1,4,LEIGTH) 

C 
C SET UP FREQUEIC~ BIIIIIG. 
C 

CALL BLOCKS 
C 
C EITER !!AIi COITROL ROUTIIE AID CARRY OUT THE CALCULATIOIS. 
C 

CALL COITROL 
C 
C WRITE THE RESULTS. 
C 

CALL PUTOUT 
C 
C DELETE SCRATCH FILES AID EIIT. 
C 

C 

C 

CALL DESTROY('Y.ser8'//SUFFI1) 
CALL DESTROY(•Y,ser9'//SUFFI1) 
CALL ElIT(O) 
EID 

REAL FUICTIOI ASY(IL,IU,ALPHA,TEMP,DEI) 

IMPLICIT IOIE 

C CALCULATES QUASI-STATIC STARK BROADEIIIG OF HYDROGEI. 
C THE DOPPLER COIVOLUTIOI IS IGIORED; THIS FUICTIOI IS VALID 
C OILY FOR THE WIIGS OF THE LIIE. 
C 

C 
IITEGER I, J, K, IL, ISC(10,9), IU 

REAL ALAM, ALPHA, B, CKIIAI, CKMII, CORE, DEi, DIU, DOP, FO, FAC 
REAL FAC1, SHIELD, TEMP, 11, 12, 13, Y1, Y2, Y3 
REAL CK(127,10,9), FF(127,10,9), FIELD(301), W(300,S), 11(300) 
REAL lY(S), IZ(S), YARR(301) 



C 
C 
C 

C 

C 

C 

237 

STARK COMPOIEIT TABLES 

(1236 lines of DATA statements omitted) 

REAL WFLD 
EXTERIAL WFLD 

COMMOI /MICRO/W, SHIELD 

C START OF EXECUTABLE STATEMEITS 
C 

SHIELD=0.0898*DEl**(1./6.)/SQRT(TEMP) 
ALAM=1.E8/(109678.758•((1./IL)**2-(1./IU)**2)) 
FAC=O. 
DO 10 K=2,ISC(IU,IL) 

FAC=FAC+FF(K,IU,IL)•WFLD(ALPHA/CK(K,IU,IL))/CK(K,IU,IL) 
10 COITIIUE 

ASY=FAC 
RETURI 
EID 

REAL FUICTIOI HEIIPROF(L,U,DIU,T,DEI) 
C 
C CALCULATE HELIUM II QUASISTATIC PROFILE 
C 

IMPLICIT IOIE 
C 
C MACROS 
C 

C 

COMA 
COMA! 

C LOCAL VARIABLES 
C 

IITEGER I, IT, L, U 
REAL CORE, DADIU, DEi, DIU, FO, FRQO, STARK, STREIGTB, T, VO 

C 

C 

C 

C 

IITEGER ITRBE2(8,10) 
REAL OSCHE2(44) 

DATA OSCHE2/ 
4.162E-1, 7.910E-2, 2.899E-2, 1.394E-2, 7.800E-3, 
4.814E-3, 3.184E-3, 2.216E-3, 1.605E-3, 6.408E-1, 
1.193E-1, 4.467E-2, 2.209E-2, 1.271E-2, 8.037E-3, 
5.429E-3, 3.851E-3, 8.420E-1, 1.506E-1, 5.585E-2, 
2.768E-2, 1.604E-2, 1.023E-2, 6.981E-3, 1.038E+o, 
1.794E-1, 6.551E-2, 3.229E-2, 1.872E-2, 1.195E-2, 
1.231E+o, 2.070E-1, 7.455E-2, 3.644E-2, 2.102E-2, 
1.424E+o, 2.340E-1, 8.315E-2, 4.038E-2, 1.616E+o, 
2.609E-1, 9.163E-2, 1.807E+O, 2.876E-1/ 

DATA (ITRBE2(1,I),I=1,10)/ 0, 1, 2, 3, 4, 5, 6, 7, 8, 9/ 
DATA (ITRBE2(2,I),I=1,10)/ 1, 0,10,11,12,13,14,15,16,17/ 
DATA (ITRBE2(3,I),I=1,10)/ 2,10, 0,18,19,20,21,22,23,24/ 
DATA (ITRHE2(4,I),I=1,10)/ 3,11,18, 0,25,26,27,28,29,30/ 
DATA (ITRHE2(5,I),I=1,10)/ 4,12,19,25, 0,31,32,33,34,35/ 
DATA (ITRBE2(6,I),I=1,10)/ 5,13,20,26,31, 0,36,37,38,39/ 
DATA (ITRHE2(7,I),I=1,10)/ 6,14,21,27,32,36, 0,40,41,42/ 
DATA (ITRBE2(8,I),I=1,10)/ 7,15,22,28,33,37,40, 0,43,44/ 

C EXTERIALS 
C 

REAL ASY 
EXTERIAL ASY 

C 
C START OF EXECUTABLE STATEMEITS 
C 

C 

IT=ITRHE2(L,U) 
STREIGTH=OSCHE2(IT)*PIE2MC 
FRQO=FRQHE2(L)-FRQHE2(U) 
F0=1.25E-9•DEl**(2./3.) 

C DOPPLER CORE 
C 

VO=DOPCOF•FRQO•SQRT(T)•0.5 
CORE=EXP(-(DIU/V0)**2)/V0/1.7724539 

C 
C HYDROGEIIC STARK PROFILE 
C 
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STARK=O. 
IF (DIU.GT.VO)THEI 

DADIU=3.2E9•CC/FO/FRQO/FRQO 
STARK=DADIU•ASY(L,U,ABS(DIU-FRQ0*4.03E-4)•DADIU,T,DEI) 

EIDIF 
C 
C IOV DECIDE WHICH TO USE: VE ASSUME DOPPLER PROFILE FOR 
C DIU < VO, AID TAKE TBE GREATER OF THE DOPPLER OR STARK PROFILES 
C FOR DIU> VO 
C 

HEIIPROF=STREIGTH•NAI(STARK,CORE) 
RETURI 
EID 

REAL FUICTIOI HPROFILE(L,U,DIU,T,IEL) 
C 
C CALCULATE B LIIE PROFILES 
C 
C HYDROGEI LIIES 1-2 TO 2-5 ARE TREATED USIIG THE FULL UIIFIED 
C STARK THEORY WITH LOVER STATE IITERACTIOIS AS OUTLIIED BY VIDAL, 
C COOPER, AID SNITH (1973). 
C 
C ALL OTHER LIIES ARE TREATED APPROIINATELY USIIG TBE QUASI-STATIC 
C STARK THEORY. 
C 

IMPLICIT IOIE 
C 
C MACRO 
C 

CONA 
CONAI 

C 
C LOCAL VARIABLES 
C 

IITEGER I, J, K, IAO, IIO, IT, L, U, TRCUR 
REAL ALPHA, CORE, DADIU, LALPBA, DIU, FO, FRQO, LIEL, LT, IEL 
REAL STARK, STREIGTH, T, VO 

C 

REAL SPROF(S0,21,4), SPI(4), SPl(4), SPT(4), IT(4), IIE(21) 
REAL IALPBA(50) 

C EITERIALS 
C 

C 

REAL POLY, ASY, RDABS 
IITEGER IOSTATUS 
EITERIAL POLY, ASY, RDABS, IOSTATUS 

C PROFILE DATA 
C 
C LOG TEMPERATURES 
C 

DATA IT/4.0, 4.30103, 4.60206, 4.90309/ 
C 
C LOG ELECTROI IUMBER DEISITIES 
C 

DATA IIE/ 
: 8.0, 8.5, 9.0, 9.5, 10.0, 10.5, 11.0, 11.5, 12.0, 12.5, 
:13.0, 13.5, 14.0, 14.S, 15.0, 15.5, 16.0, 16.5, 17.0, 17.S, 
:18.0/ 

C 
C 
C 

C 
C 
C 

C 
C 
C 
C 
C 

C 

LOG ALPHA (=VAVELEIGTH OVER IORNALIZED FIELD STREJIGTH) 

DATA IALPBA/ 
:-5.8, -5.6, -5.4, -5.2, -5.0, -4.8, -4.6, -4.4, -4.2, -4.0, 
:-3.8, -3.6, -3.4, -3.2, -3.0, -2.8, -2.6, -2.4, -2.2, -2.0, 
:-1.8, -1.6, -1.4, -1.2, -1.0, -0.8, -0.6, -0.4, -0.2, o.o. 
: 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0, 
: 2.2, 2.4, 2.6, 2.8, 3.0, 3.2, 3.4, 3.6, 3.8, 4.0/ 

TRAISITIOI 1 TO 2 10000. 8.0 (IIITIAL TABLE II MEMORY) 

(1061 lines of DATA statements omitted.) 

IIDICATE THAT THE DATA FOR THE FIRST TRAISITIOI ARE 
ALREADY II THE ARRAY SPROF. OTHER TRAISITIOI TABLES 
ARE READ IITO MEMORY AS REQUIRED. 

DATA TRCUR/1/ 

C BE SURE THE PROGRAM SAVES TRCUR AID SPROF. THIS IS A 10-0P 
C FOR NOST COMPILERS, SIICE VERY FEW FORTRAI COMPILERS USE 



C AIYTHIIG BUT STATIC NEMORY FOR VARIABLES. 
C 

SAVE 
C 
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C CALCULATE TOTAL LIIE OPACITY AID FREQUEICY 
C 

IT=ITRB(L,U) 
C 
C IF IECESSARY, READ II THE TABLES FOR THE IEIT TRAISITIOI. 
C 

C 

IF (IT.IE.TRCUR)THEI 
TRCUR=IT 
I=S0•21•4 
J=(IT-2)•I 
CALL RDABS(10,SPROF,I,J) 
I=IOSTATUS(10,J) 

EIDIF 
STREIGTB=OSCH(IT)•PIE2NC 
FRQO=FRQH(L)-FBQH(U) 

C CALCULATE IORIIALIZED FIELD STREIGTH AID COIVERSIOI 
C FACTOR FRON FREQUEICY TO THE DIKEISIOILESS QUAITITY ALPHA. 
C 

C 

F0=1.25E-9•1EL••(2./3.) 
DADIU=1.E8•CC/FO/FRQO/FRQO 
ALPHA=ABS(DIU•DADIU) 

C PREPARE TO IITERPOUTE FRON TABLE 
C 

C 

LT=LOG10(T) 
LIEL=LOG10(1EL) 
LALPHA=LOG10(NAI(1.E-6,ALPHA)) 

C CHECK IIPUT QUAITITIES TO SEE IF THEY ARE 01 THE TABLE 
C GRID. IF IOT, FOLLOW APPROXIMATE PROCEDURES FOR EACH CASE. 
C 

IF (LT.LT.IT(1))THEI 
C 
C TEMPERATURE OFF BOTTON OF SCALE: THIS SHOULD IEVER HAPPEi. 
C 

WRITE (6,•)'TEMPERATURE TOO LOW: U=',U,' L=',L,' T=',T 
STOP 

ELSE IF (LT.GT.IT(4).0R.LIEL.GT.IIE(21))THEI 
C 
C TEMPERATURE OR ELECTROI DEISITY OFF THE TOP OF THE SCALE; 
C THIS HAPPEIS OILY AT GREAT OPTICAL DEPTH, THUS Al ACCURATE 
C TREATNEIT IS OF 10 IMPORTAICE. WE USE THE QUASI-STATIC 
C PROFILE WITHOUT DOPPLER COIVOLUTIOI; THIS GIVES ACCURATE 
C WIIGS, WHICH ARE THE OILY PART OF THE PROFILE THAT NIGHT 
C POSSIBLY BE INPORTAIT AT SUCH GREAT DEPTHS. 
C 

STARK=ASY(L,U,ALPHA,T,IEL) 
HPROFILE=STREIGTH•STARK•DADIU 

ELSE IF (LIEL.LT.IIE(1))THEI 
C 
C VERY LOW ELECTROI DEISITY; WE USE THE DOPPLER PROFILE, 
C SIICE WIIGS WILL BE UIIMPORTAIT AT SUCH LOW DEISITY. 
C 

VO=DOPCOF•FBQO•SQRT(T) 
HPROFILE=STREIGTB•EIP(-(DIU/V0)••2)/V0/1.7724539 

ELSE IF (ULPBA.GT.IALPBA(SO))THEI 
C 
C 'WAY OUT II THE WIIGS. WE TAKE THE GREATER OF THE 
C DOPPLER PROFILE OR THE STARK PROFILE. 
C 

VO=DOPCOF•FBQO•SQRT(T) 
CORE=EIP(-(DIU/V0)••2)/V0/1.7724539 
STARK=DADIU•ASY(L,U,ALPHA,T,IEL) 
HPROFILE=STREIGTH•NAI(CORE,STARK) 

ELSE 
C 
C TEMPERATURE AID ELECTROI IUNBER ARE BOTH 01 THE SCALE. 
C 
C FIRST CHECK AID SEE IF ALL THE GRID POUTS REQUIRED ARE THERE. 
C 

IIO=NAI(1,Nil(18,IIT(2•(LIEL-8.0)))) 
IAO=NAI(1,NI1(47,IIT(S•(LALPHA+5.8)))) 
DO 20 I=1,4 

DO 10 J=IIO,Ilo+3 
IF (SPROF(1,J,I).EQ.(O.))GO TO 60 
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10 COITIIUE 
20 COITIIUE 

DO SO I=1,4 
DO 40 J=1,4 

DO 30 K=1,4 
SPl{K)=SPROF{IAo+I-1,IIO+K-1,J) 

30 COITIIUE 
SPT{J)=POLY(4,XIE(IIO),SPl,LIEL) 

40 COITIIUE 
SPI(I)=POLY(4,XT,SPT,LT) 

SO COITIIUE 
STARK=POLY(4,XALPBA(IAO),SPI,ULPBA) 
BPROFILE=STREIGTB•EXP(2.302585093•STARK)•DADIU 

EIDIF 
RETURI 

60 BPROFILE=STREIGTB•DADIU•ASY(L,U,ALPBA,T,IEL) 
EID 

BLOCK DATA !!FIELD 
C 
C MICROFIELD DISTRIBUTIOI 
C 

C 

C 

REAL V(300,S) 
CONNOI /MICRO/V, SHIELD 

(659 lines of DATA statements omitted) 

EID 

REAL FUICTIOI POLY(ll,XT,YT,X) 
C 
C II-PT POLYIOMIAL IITERPOLATIOI 
C 

REAL XT(ll),YT(II) 
C 

SUM=O. 
DO 20 I=1,II 

TEIUl=YT(I) 
DO 10 J=1,II 

IF (I.IE.J)TBEI 
TERN=TERN•(X-XT(J))/(XT(I)-XT(J)) 

EIDIF 
10 COITIIUE 

SUN=SUN+TERN 
20 COITIIUE 

POLY=SUM 
RETURI 
EID 

BLOCK DATA COMTT 
C 
C DATA STATENEITS FOR COMNOI BLOCK CONT 
C 

IMPLICIT IOIE 
C 
C MACROS 
C 

C 

C 

C 

CONT 

DATA FSET/.FALSE./ 
DATA FSB/105•.TRUE./ 

EID 

SUBROUTIIE TRIDAG(A,l,IR) 

C IIVERT TRIDIAGOIAL MATRIX II PUCE 
C 

C 
REAL A(IR,IR) 

A(1,2)=A(1,2)/A(1,1) 
A(t,1)=1./A(t,1) 
DO 30 I=2,l-1 

A(I,I)=A(I,I)-A(I,I-1)•A(I-1,I) 
DO 10 J=1,I-1 



A(I,J)=-A(I,I-t)•A(I-1,J) 
10 COITIIUE 

DIV=A(I,I) 
DO 20 J=t,I-1 

A(I,J)=A(I,J)/DIV 
20 COITIIUE 

A(I ,I)=t ./DIV 
A(I,I+t)=A(I,I+t)/DIV 

30 COITIIUE 
A(l,l)=A(l,l)-A(l,l-t)•A(l-1,1) 
DO 40 J=t,1-1 

A(l,J)=-A(l,l-t)•A(l-1,J)/A(l,I) 
40 COITIIUE 

A(l,1)=1./A(l,I) 
DO 70 I=l-1,1,-1 

DIV=ACI,I+t) 
DO 50 J=t,I 

A(I,J)=A(I,J)-DIV•A(I+t,J) 
SO COITIIUE 

DO 60 J=I+t,I 
A(I,J)=-DIV•A(I+t,J) 

60 COITIIUE 
70 COITIIUE 

RETUIUI 
EID 

SUBROUTIIE TWOATN 
C 
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C ESTIMATES RATE BRACKETS FOR A LIIE TRAISITIOI USIIG Al EQUIVALEIT 
C TWO-LEVEL ATON APPROACH. OILY THE RATE COEFFICIEITS ARE ACTUALLY 
C SAVED FOR USE II THE NAIi CALCULATIOI. 
C 
C THIS ROUTIIE IS CALLED OICE OILY TO MAKE Al IIITIAL ESTIMATE OF 
C THE RELEVAIT RATES; THIS IS ODIE AFTER THE RATES FOR EXPLICIT 
C TRAISITIOIS ARE CALCULATED FRON THE IIPUT MODEL, WHICH SHOULD BE 
C A 101-LTE MODEL ATMOSPHERE WITH THE NOST INPORTAIT LIIES ALREADY 
C REPRESEITED. 
C 

IMPLICIT IOIE 
C 
C MACROS 
C 

C 

COMA 
CONAI 
CONC 
CONT 

C LOCAL VARIABLES AID PARAMETERS 
C 

IITEGER INU 
PARAMETER (INU=3) 

C 

C 

C 

C 

C 

IITEGER I, INU, J, ID, IJ, IT, ITT, L, LL, U, UU 
REAL U(NIDEPTH), l2(NIDEPTH), A3(NNDEPTH), A4(NNDEPTH) 
REAL CHIC(NIDEPTH), CHIL(NIDEPTH), ETAC(NNDEPTH), ETAL(NNDEPTH) 
REAL FN(NNDEPTH), MAT(NIDEPTH,NNDEPTH), NAU(NNDEPTH) 
REAL NAK(NNDEPTH), NAV(NNDEPTH), DT(NNDEPTH), MAQ(NIDEPTH) 
REAL NAW(NNDEPTH,NNDEPTH), AS(NNDEPTH,NNDEPTH), NEAIJ(NNDEPTH) 
REAL BB, CHIT, DOP, OTC, EI, Fl 
REAL FRQO, MAVSUN(NNDEPTH), SIGNA(NQUAD ,NNDEPTH) 
REAL VI, VY, VZ 

REAL NU(INU),WTNU(NNU) 
DATA WTNU/.2777777777777778,.44444444444444, 

: .2777777777777778/,NU/.887298334820742,.S,.112701665379258/ 

REAL FWT(O:NQUAD-1) 
DATA FWT/.6888867,2.8866667,1.3333333,2.6688687,.8866667/ 

SAVE 

C EITEIUIALS 
C 

REAL TEDDFAC, HPROFILE, LIISLV, TGEIER, TRIDAG 
EITEIUIAL TEDDFAC, BPROFILE, LIISLV, TGEJIER, TRIDAG 

C 
C FUICTIOIS 
C 

REAL SB, SBHE1, SBHE2 
SB(I,ID)=ACCOF•EIP(HK•FRQH(I)/TENP(ID))*GH(I)/TENP(ID)/ 
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SQRT(TENP(ID)) 
SBBE1(I,ID)=ACCOF•EIP(BK•FRQBE1(I)/TENP(ID))•GHE1(I)/ 

TEIIP(ID)/SQRT(TEIIP(ID))/2. 
SHBE2(I,ID)=ACCOF•EIP(HK•FRQBE2(I)/TENP(ID))•GHE2(I)/ 

TEIIP(ID)/SQRT(TEMP(ID)) 
C 
C START OF EXECUTABLE STATEIIEJITS 
C 
C IF IOT ALREADY DOIE (I.E. THIS IS FIRST ITERATIOI) SET UP FS'S 
C 

IF ( . IOT. FSET) TBEI 
DO 10 I=t,ITRB 

L=LOWERB(I) 
U=UPPERB(I) 
IT=ITRB(L,U) 
FSH(IT)=.FALSE. 

10 COITIIUE 
EIDIF 

C 
C BEGII ESTIMATIIG RATES OF SECOIDARY TRAISITIOIS IIVOLVIIG 
C UPPERMOST LEVELS (l>ILB), WHICH ARE ADDED TO THE COITIIUUM 
C RATES. 
C 

DO 350 LL=1,ILB-1 
DO 340 UU=LL+1,ILB 

L=LL 
U=UU 
IT=ITRB(L,U) 
IF (FSH(IT))TBEI 

FRQO=FRQH(L)-FRQH(U) 
IF (FRQO.LT .O)TBEI 

FRQO=ABS(FRQO) 
L=UU 
U=LL 

EIDIF 
C 
C CALCULATE LIIE PROFILE 
C 

DOP=SQRT(TLIIE)•FRQO•DOPCOF 
DO 30 IJ=t,IQUAD 

DO 20 ID=t,IDEPTB 
SIGMA(IJ,ID)=HPROFILE(L,U,DOP•DELQUAD•(IJ-1), 

TEIIP(ID),IE(ID)) 
20 COITIIUE 
30 COITIIUE 
C 
C ACCUMULATE RATES TO/FROM COITIIUUM 
C 

DO 40 ID=t,IDEPTH 
A1(ID)=RHUS(ITRH(L,MQH+1),ID)+IE(ID)•CR(L,ILH+1,ID) 
A2(ID)=IS(L,ID)•(RBDS(ITRB(L,MQH+1),ID)+IE(ID)• 

CR(L,ILB+1,ID)) 
A3(ID)=RBUS(ITRH(U,MQH+1),ID)+IE(ID)•CR(U,ILH+1,ID) 
A4(ID)=IS(U,ID)•(RBDS(ITRB(U,MQH+1),ID)+IE(ID)• 

CR(U,ILB+1,ID)) 
40 COITIIUE 
C 
C ACCUMUUTE RATES TO/FROM LEVELS OTHER THAI LAID U 
C 

DO 70 I=t ,L-1 
DO 50 ID=t,IDEPTB 

A1(ID)=A1(ID)+IE(ID)•CR(L,I,ID) 
A2(ID)=A2(ID)+l(I,ID)•IE(ID)•CR(I,L,ID) 

50 COITIIUE 
ITT=ITRB(I,L) 
IF (ITT.IE.O)TBEI 

DO 60 ID=1,IDEPTH 
VX=IS(I,ID)/1S(L,ID) 
A1(ID)=A1(ID)+VX•RHDS(ITT,ID) 
A2(ID)=A2(ID)+l(I,ID)•RBUS(ITT,ID) 

60 COITIIUE 
EIDIF 

70 COITIIUE 
DO 100 I=L+1,ILB 

IF (I.IE.U)THEI 
DO 80 ID=t,IDEPTH 

A1(ID)=A1(ID)+IE(ID)•CR(L,I,ID) 
A2(ID)=A2(ID)+l(I,ID)•IE(ID)•CR(I,L,ID) 

80 COITIIUE 
ITT=ITRH(L,I) 
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IF (ITT.IE.O)THEI 
DO 90 ID=1,IDEPTH 

VI=IS(L,ID)/IS(I,ID) 
A1(ID)=A1(ID)+RHUS(ITT,ID) 
A2(ID)=A2(ID)+l(I,ID)•VI•RBDS(ITT,ID) 

90 COITIIUE 
EIDIF 

EIDIF 
100 COITIIUE 

DO 130 I=1,U-1 
IF (I.IE.L)THEI 

DO 110 ID=1,IDEPTH 
A3(ID)=A3(ID)+IE(ID)•CR(U,I,ID) 
A4(ID)=A4(ID)+l(I,ID)*IE(ID)•CR(I,U,ID) 

110 COITIIUE 
ITT=ITRB(I,U) 
IF (ITT.IE.O)THEI 

DO 120 ID=1,IDEPTB 
VI=IS(I,ID)/IS(U,ID) 
A3(ID)=A3(ID)+VI•RBDS(ITT,ID) 
A4(ID)=A4(ID)+l(I,ID)*RBUS(ITT,ID) 

120 COITIIUE 
EIDIF 

EIDIF 
130 COITIIUE 

DO 160 I=U+1,ILB 
DO 140 ID=1,IDEPTH 

A3(ID)=A3(ID)+IE(ID)*CR(U,I,ID) 
A4(ID)=A4(ID)+l(I,ID)*IE(ID)•CR(I,U,ID) 

140 COITIIUE 
ITT=ITRB(U,I) 
IF (ITT.IE.O)TBEI 

DO 150 ID=1,IDEPTH 
VI=IS(U,ID)/IS(I,ID) 
A3(ID)=A3(ID)+RBUS(ITT,ID) 
A4(ID)=A4(ID)+l(I,ID)•VI•RBDS(ITT,ID) 

150 COITIIUE 
EIDIF 

160 COITIIUE 
C 
C IITEGRATE PROFILE 
C 

DO 180 ID=1,IDEPTB 
NAVSU!l(ID)=0. 
DO 170 IJ=1,IQUAD 

NAVSUN(ID)=NAVSUN(ID)+ 
SIGNA(IJ,ID)•DELQUAD*DOP•FWT(IJ-1) 

170 COITIIUE 
180 COITIIUE 
C 
C CALCULATE TERNS REPRESEITIIG LIIE SCATTERIIG AID LIIE THERMAL 
C TERNS. 
C 

BB=BBCOF•FRQO•FRQO•FRQO 
DO 190 ID=1,IDEPTB 

EI=EIP(HK•FRQO/TENP(ID)) 
VI=A2(ID)+A4(ID) 
VY=VI•(IE(ID)•CR(L,U,ID)•EI+SCOF*NAVSUN(ID)•BB/FRQO-

IE(ID)•CR(L,U,ID))+GH(U)*A2(ID)•A3(ID)/GH(L)­
U(ID)*A4(ID) 

VZ=(VI•IE(ID)•CR(L,U,ID)+A1(ID)•A4(ID))/VY 
VY=VI•SCOF/FRQO/VY 
U(ID)=BB•VY 
A2(ID)=BB•VZ 

190 COITIIUE 
C 
C A1 IOW COITAIIS SCATTERIIG LIIE SOURCE TERN; A2 IS THERMAL 
C (OR OTHER TRAISITIOI) SOURCE TERN. 
C 
C CALCULATE COITIIUUN OPACITIES FOR THIS TRAISITIOI. 
C 

CALL TGEIER(FRQO,CBIC,ETAC) 
C 
C CLEAR RYBICKI MATRICES 
C 

DO 210 I=1,IDEPTB 
DO 200 J .. 1,IDEPTB 

NAW(I,J)=0. 
200 COITIIUE 
210 COITIIUE 



DO 220 I=t,IDEPTH 
l!l!W(I,I)=-1. 
IIAQ{I)=O. 
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220 COITIIUE 
DO 320 IJ=O,IQUAD-1 

C 
C CALCULATE FREQUEICY IITEGR.&L WEIGHTS ilD LIIE OPACITY 
C FRO!! PROFILE CALCULATED EARLIER. 
C 

DO 230 ID=1,IDEPTH 
IIAV{ID)=DELQUAD•DOP•FWT{IJ)•SIGIIA{IJ+1,ID) 
ETAL{ID)=GH{L)•l{U,ID)/GH{U) 
CHIL{ID)=SIGIIA{IJ+1,ID)•{l{L,ID)-ETAL(ID))/ 

lll{ID)/IIHYD 
ETAL{ID)=SIGIIA(IJ+1,ID)•ETAL{ID)•BB/lll{ID)/IIBYD 

230 COITIIUE 
C 
C GEIER.I.TE IIOIIEIT FACTORS 
C 

CALL TEDDFAC(FRQO,CHIC,ETAC,CHIL,ETAL,Fll,FI) 
C 
C OPTICAL DEPTHS 
C 

DO 240 ID=t,IDEPTH-1 
DT(ID)={ll{ID+1)-ll{ID))•O.S•{CHIL(ID+1)+cHIL{ID)+ 

CHIC{ID+t)+CHIC(ID)) 
240 COITIIUE 
C 
C SET UP SOURCE IIATIUCES 
C 

IIAU{1)=0. 
11.&K{t)=0. 
DO 250 ID=2,IDEPTH-1 

CHIT=CHIC(ID)+CHIL{ID) 
IIAU{ID)=CHIL{ID)•At{ID)/CHIT 
IIAK(ID)=-{ETAC(ID)+A2{ID)•CHIL(ID))/CHIT 

250 COITIIUE 
IIAU(IDEPTB)=O. 
11.&K(IDEPTB)=BB/{EXP(BK•FRQO/TEIIP{IDEPTH))-1.) 

C 
C SET UP DIFFEREICE OPER.lTOR IIATIUX 
C 

260 
270 
C 
C SURFACE 
C 

C 

DO 270 I=1 ,IDEPTB 
DO 260 J=1,IDEPTH 

IIAT{I,J)=O. 
COITIIUE 

COITIIUE 

IIAT{1,1)=-Fll{1)/DT{1)-FI 
IIAT(1,2)=Fll{1)/DT(1) 

C ORDIIARY DEPTH POIIT 
C 

DO 280 ID=2,IDEPTH-1 
DTC=O.S•{DT{ID)+DT{ID-1)) 
IIAT{ID,ID-t)=Fll{ID-1)/DT{I0-1)/DTC 
IIAT{ID,ID+1)=Fll{ID)/DT(ID)/DTC 
IIAT{ID,ID)=-IIAT(ID,ID-1)-IIAT(ID,ID+t)-1.0+ 

IE{ID)•SIGE/{CHIC(ID)+CHIL(ID))/ 
lll{ID)/IIHYD 

280 COITIIUE 
C 
C LOVER BOUIDARY COIDITIOI 
C 

IIAT{IDEPTB,IDEPTB-1)=0. 
IIAT{IDEPTB,IDEPTB)=1.0 

C 
C IOW ACCUIIULATE COITRIBUTIOI OF THIS {ilGLE,FREQUEICY) POIIT 
C 

290 
300 

CALL TIUDAG{IIAT,IDEPTB,IIIDEPTH) 
DO 300 I=1,IDEPTB 

00 290 J=1,IDEPTH 
IIAW(J,I)=IIAW{J,I)-IIAV{J)•IIAT{J,I)* 

IIAU{I) 
IIAQ{I)=IIAQ{I)-IIAV{I)•IIAT(I,J)• 

IIAK{J) 
COJITIIUE 

COITIIUE 
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320 COITIIUE 
C 
C IOW SOLVE FOR NEAi SOURCE FUICTIOI 
C 

CALL LIISLV(NAW,NAQ,NEAIJ,IDEPTB,NIDEPTB) 
C 
C IORNALIZE NEAIJ USIIG NAVSUN AID CALCULATE RATES. 
C 

DO 330 ID=1,IDEPTB 
EI=EIP(-FRQO•BK/TENP(ID)) 
RBUS(IT,m)=SCOF•NEAIJ(ID)/FRQO 
RBDS(IT,m)=SCOF•(NAVSUN(m)•BB+NEilJ(ID))•EI/FRQO 

330 COITIIUE 
EIDIF 

340 COITIIUE 
350 COITIIUE 

FSET=.TRUE. 
RETURI 
EID 

FUICTIOI WFLD(B) 
C 
C IITERPOUTIOI OF NICROFIELD DISTRIBUTIOI TABLE 
C 

C 

CONNOI /NICRO/W(300,5), SHIELD 
REAL SPT(5), ll(5) 
DATA II/0.0, 0.2, 0.4, 0.6, 0.8/ 

WFLD=O.O 
IF (B.LE.30.0)GO TO 10 
SBS=1./B/SQRT(B) 
WFLD=((21.6•SBS+7.639)•SBS+1.496)•SBS/B 
RETURI 

10 IF (B.LE.O.)RETURI 
J:(B+0.2)•10.0 
L=J-1 
IF (J.GT.2)L=J-2 
IF (J.GT.3)L=J-3 
IF (J.GT.300)L=297 
LLL=L+4 
DO 50 I=1,5 

SPT(I)=O. 
DO 40 K=L,LLL 

AK=K-1 
TERN=W(K,I) 
DO 30 N=L,LLL 

IF (K.IE.l'l)TBEI 
Al'l=N-1 
TERl'l=TERN•(10.•B-Al'l)/(AK-Al'I) 

EIDIF 
30 COITIIUE 

SPT(I)=SPT(I)+TERl'I 
40 COITIIUE 
50 COITIIUE 

WFLD=POLY(5,II,SPT,SBIELD) 
RETURI 
EID 
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E. Program HE 

Only the profile functions for neutral helium have been listed for HE, as all other subroutines 

are similar to ones already listed. 



REAL FUICTIOI VOIGT(A,V) 
C 
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C VOIGT FUICTIOI CALCUUTIOI; THIS IS SUFFICIEITLY CLEVER TO HAIDLE 
C AIY VALUE OF A, IOT JUST SNALL l. THIS IS OCIE BY NEAIS OF Al 
C ASYMPTOTIC EIPAISIOI FOR URGE A AID A SERIES EIPAISIOI FOR SNALL 
C A. 
C 

C 

C 

C 

C 

C 

PARAMETER (PI=3.141592654) 

REAL TERN ( 100) 

CONNOI /COICON/A1,V1 

REAL COIIIT 
EXTERIAL COIIIT 

X=V/1 
T=0.25/A/A 
DET=0.2S*X*X/T 
IF (DET.LT.49.)TBEI 

C SERIES REGINE 
C 
C THE FIRST TERN II TBE SEQUEICE IS A BIT TRICKY; 
C WE NUST USE A SERIES EXPRESSIOI FOR VERY SMALL T. 
C OTHERWISE THE EXPOIEITIAL FACTOR OVERFLOWS AS TBE ERFC 
C FACTOR UIDERFLOWS. 
C 

IF (T.GT.(.001S))TBEI 
SO=O.S•SQRT(PI/T)•EXP(0.25/T)•ERFC(O.S/SQRT(T)) 

ELSE 
S0=(1.+T•(-2.+T•(12.+T•(-120.+T*1680.)))) 

EIDIF 
S1=SO 
l=0 
FAC=1. 

10 1=1+1 
S0=(1.0-S0)*0.5/(2.*1-1)/T 
FAC=FAC*DET/1 
TERN(l)=SO•FAC 
IF (TERN(l).GT.(1.E-8*S1).AID.I.LT.100)GO TO 10 

SUN=O. 
DO 20 I=l,1,-1 

SUN=SUN+TERN(I) 
20 COITIIUE 

SUN=SUN+S1 
UO=SUN*EXP(-DET) 

ELSE IF (X.GT.10.)TBEI 
C 
C ASYMPTOTIC REGINE 
C 

S1=-1. 
S0=-1./X 
1=1 
TERN(1)=-SO 
SIGl=-1. 

30 1=1+1 
S3=S1 
S2=SO 
S1=S2/X-2.*T*(l-1)•S3/X/X 
1=1+1 
SO=S1/X-2.*T*(l-1)*S2/X/X 
SIGl=-SIGI 
TERN(l)=SIGl*SO 
IF (ABS(SO•I).GT.1.E-8.AID.I.LT.99)GO TO 30 

SUN=O. 
DO 40 I=l,1,-2 

SUN=SUN+TERN(I) 
40 COITIIUE 

UO=SUN/1 
ELSE 

C 
C IITEGRATIOI REGINE 
C 

U=A 
V1=V 
CALL QRONB(COIIIT,0.,1.,UO) 
UO=UO*A*A/1.7724539 

EIDIF 



C 

C 

C 

C 

VOIGT=MAX(O.,UO/A/1.7724539) 
RETURI 
EID 

REAL FUICTIOI COIIIT(X) 

COMMOI /COICOM/A,V 

IF (I.LE.O)TBEI 
COIIJIT=O. 

ELSE 
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COIIIT=I*(1./((V+LOG(X))**2+A•A)+1./((V-LOG(I))**2+A*A)) 
EIDIF 
RETURI 
EID 

SUBROUTIIE QROMB(FUIC,A,B,55) 

PARAMETER (EPS=1.E-6, JMAI=20, JMAXP=JMAI+1, K=5, Kll=K-1) 
REAL S(JMAIP), B(JMAIP) 

B(1)=1. 
DO 11 J=1,JMAX 

CALL TRAPZD(FUIC,A,B,S(J),J) 
IF (J.GE.K)TBEI 

CALL POLIIT(B(J-KM),S(J-KM),K,0.,55,DSS) 
IF (ABS(DSS).LT.EPS*ABS(SS))RETURI 

EIDIF 
S(J+l)=S(J) 
B(J+t)=0.25•B(J) 

11 COITIJIUE 

C 

C 

WRITE (6,*)'WARIIJIG--TOO MAJIY STEPS II BEIPROF IJITG' 
RETURJI 
EJID 

SUBROUTINE POLIIT(XA,YA,l,X,Y,DY) 

PARAMETER (IMAX=10) 
DIMEISIOI XA(l),YA(l),C(IMAX),D(IMAX) 

15=1 
DF=ABS(I-IA(1)) 
DO 11 I=1,I 

DIFT=ABS(X-XA(I)) 
IF (DIFT.LT.DF)TBEI 

IS=I 
DF=DIFT 

EIDIF 
C(I)=YA(I) 
D(I)=YA(I) 

11 COITIIIUE 
Y=YA(IIS) 
15=15-1 
DO 13 M=1,l-1 

DO 12 I=1,I-M 
BO=IA(I)-X 
BP=IA(I+M)-X 
W=C(I+1)-D(I) 
DEl=BO-BP 
IF (DEI.EQ.O.)STOP 'FATAL ERROR II BEIPROF IITG' 
DEll=W/DEI 
D(I)=BP•DEI 
C(I)=BO•DEI 

12 COITIIUE 
IF (2•15.LT.I-M)TBEII 

DY=C(IS+1) 
ELSE 

DY=D(IS) 
15=1S-1 

EIDIF 
Y=Y+DY 

13 COITIIIUE 
RETURJI 
EIID 

FUIICTIOI ERFC(X) 
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C 
C ER.BOIL FUICTIOI CALCUUTIOI, FROM "IUMEILICAL RECIPES." 
C 

EILFC=GAMMQ(.S,1••2) 
ILETUU 
EID 

FUICTIOI GAMMLl(ll) 
C 
C LOG OF GAMMA FUICTIOI; ALSO FROM "IUMEILICAL RECIPES." 
C 

REAL•S COF(6),STP,BALF,OIE,FPF,l,TMP,SEIL 
DATA COF,STP/76.18009173D0,-86.SOS32033D0,24.01409822DO, 

• -1.231739516D0,.120858003D-2,-.5363820-S,2.5066282746SDO/ 
DATA BALF,OIE,FPF/0.SD0,1.0DO,S.SD0/ 
l=ll-OIE 
TMP=l+FPF 
TMP=(l+BALF)•LOG(TMP)-TMP 
SEIL=OIE 
DO 11 J=1,6 

l=l+OIE 
SEIL=SEIL+COF(J)/l 

11 COITIIUE 

C 

GAMMLl=TMP+LOG(STP•SEIL) 
ILETUU 
EJID 

FUICTIOI GAMMQ(A,l) 

C PARTIAL GAMMA FUICTIOI FROM "IUMEILICAL RECIPES." 
C 

IF(l.LT.O .. OIL.A.LE.O.)PAUSE 
IF(l.LT.A+1.)TBEI 

CALL GSEIL(GAMSEIL,A,l,GLI) 
GAMMQ=1.-GA!ISEIL 

ELSE 
CALL GCF(GAMMQ,A,l,GLI) 

EIDIF 
ILETUU 
EID 

SUBILOUTIIE GCF(GAMMCF,A,l,GLI) 
C 
C COITIIUED FILACTIOI ILEPILESEITATIOI OF PARTIAL GAMMA FUICTIOI, 
C FROM "IUMEILICAL RECIPES." 
C 

PARAMETER (IT!IAX=100,EPS=3.E-7) 
GLl=GAIIMLl(A) 
GOLD=O. 
A0=1. 
U=l 
BO=O. 
B1=1. 
FAC=1. 
DO 11 1=1,ITIIAX 

Al=FLOAT(I) 
AIA=AI-A 
AO=(A1+AO•AIA)•FAC 
BO=(B1+BO•AIA)•FAC 
AIF=Al•FAC 
U=X•AO+AIF•U 
B1=X•BO+AIF•B1 
IF(A1.IE.O.)TBEI 

FAC=1./U 
G=Bt•FAC 
IF(ABS((G-GOLD)/G).LT.EPS)GO TO 1 
GOLD=G 

EIDIF 
11 COITIIUE 

PAUSE 'A too large, ITIIAX too small' 
1 GAMMCF=EXP(-l+A•LOG(l)-GLl)•G 

ILETUU 
EID 

SUBILOUTIIE GSEIL(GAIISE!L,A,l,GLI) 
C 
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C SERIES REPRESEITATIOI OF PARTIAL GAMMA FUICTIOI, FROII 
C "IUIIERICAL RECIPES." 
C 

PARAIIETER (IT!lil=100,EPS=3.E-7) 
GLl=GAIIIILl(A) 
IF(I.LE.O.)TBEI 

IF(I.LT.O.)PAUSE 
GAIISER=O. 
RETURI 

EIDIF 
AP=A 
SUll=1./A 
DEL=SUII 
DO 11 1=1 ,IT!lil 

AP=AP+1. 
DEL=DEL•I/AP 
SUll=SUll+DEL 
IF(ABS(DEL).LT.ABS(SUll)•EPS)GO TO 1 

11 COITIIUE 
PAUSE 'A too large, IT!lil too saall' 

1 GAIISER=SUll•EIP(-I+A•LOG(X)-GLI) 

C 

C 

C 

RETURI 
EID 

SUBROUTIIE TRAPZD(FUIC,A,B,S,I) 

REAL FUIC 
EITERIAL FUIC 

SAVE IT 

IF (I.EQ.1)TBEI 
S=O.S•(B-A)•(FUIC(A)+FUIC(B)) 
IT=1 

ELSE 
TIN=IT 
DEL=(B-A)/Tlll 
I=A+O.S•DEL 
SUll=O. 
DO 11 J=1,IT 

SUll=SUll+FUIC(I) 
I=I+DEL 

11 COITIIUE 
S=O.S•(S+(B-A)•SUII/Tlll) 
IT=2•IT 

EIDIF 
RETURI 
EID 
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F. Program SPECTRUM 

The program SPECTRUM is listed here in its entirety. All subroutines beginning with ICH­

are part of the Caltech Astronomy character function library ICH. All subroutines beginning with 

PG are part of the PG PLOT package [39]. 



PROGRAM SPECTRUM 
C+ 
C 
C SPECTRUM 
C 
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C Takes a set ot line data tables and a directory tull ot 
C theoretical line protiles and allows the user to interactively 
C tit the observed data to the theoretical protiles by chi-square 
C ■iniaization. 
C 
C Input tiles: 
C 
C Line data are read tro■ !ilea llhose naaes are prompted tor by 
C the progra■. 
C 
C Theoretical data are contained in nu■erous disk tiles whose 
C na■es are in the tor■at 't<grav><abund><wave>.' where <grav> 
C is a tvo-nu■eral string specitying gravity, <abund> is a single 
C nu■eral specitying ratio ot heliu■ to hydrogen, and <wave> is 
C a tour-nu■eral string specitying the line. Thus, '!4614863' is 
C a tile containing theoretical protiles ot the hydrogen 4863 angstrom 
C line (B beta) tor log got 4.6 and He/Hot 0.1. The protiles 
C are listed within the tile by temperature; the data consist ot 
C a record that starts with the temperature (the remainder ot the 
C record ■ay be discarded) tollowed by a record containing the 
C number ot points in the protile, tollowed by the wavelengths and 
C data tor those points. 
C 
C It the specitied library tile does not contain a protile at 
C the appropriate temperature, the progra■ attempts to interpolate 
C in abundance tirst and then in log gravity. It neither works, 
C the progra■ so notities the user. 
C 
C Output tiles: 
C 
C The user specities a sott device (must be something with a cursor) 
C on which lines are displayed and tits ■ay be ■ade. 
C The user is also pro■pted tor a hard device type; when he tinishes 
C deter■ining his tit, the tinal results are written to the disk 
C in a tormat suitable tor the specitied hard-device type. The 
C user ■ay specity the hard device to be a sott device it he wishes 
C to eyeball the tit betore ■aking a hard-output plot. 
C 
C The remainder ot the progra■ is ■enu-driven. 
C 
C+ 

IMPLICIT IOIIE 
C 
C Functions 
C 

IITEGER ICILLEI, LOCATE, PGBEGII 
C 
C Para■eters 
C 

IITEGER NPII, NL 
PARAMETER (NPII=801, NL=12) 

C 
C Local variables 
C 

C 

C 

C 

CHARACTER CC•t, CVALUE•32, CWAVE•4, FILE•32, HARO•S, OPTIOl•t 
CHARACTER SOFT•32, TITLE•SO, IUBEL•20, YLABEL•13 

LOGICAL EXIST, FETCHED, IFAIL, ROTATED 

IITEGER I, I!t, IA2, ICEIITER(NL), ICLEFT1(NL), ICLEFT2(NL) 
IITEGER ICRIGHT1(NL), ICRIGHT2(NL), IDCEI, IDUNNY, IG1 
IITEGER IG2, IT1, IT2, J, JJ, K, L, LISTA(40), LTITLE 
IITEGER NA, NFIT, IDPII(NL), OLDILIIES, PLI 

REAL ABUID, AGRID(4), COITA(NL), COITB(NL), DEV, FIT!, FITB 
REAL FITC, FITD, GGRID(S), GRAV, IABUIID, IGRAV, IROT, ITEFF 
REAL OLDROT, OSIG(NPIX,NL) 
REAL OI(NPII,NL), OY(NPII,NL), ROT, SIG, SIGFIT(NPII) 
REAL SUMA, SUNA2, SUNG, SUNG2, SUNT, SUNT2, SUNWA, SUNWG, SUNWT 
REAL TOOO(NPII,NL), T001(NPII,NL), T010(NPII,NL), T011(NPII,NL) 
REAL T100(NPII,NL), T101(NPII,NL), T110(NPII,NL), T111(NPII,NL) 
REAL TCEITER(NL), TEFF, TGRID(S), WAVE(NL), WEIGHT(NL), WT, I 
REAL 11, 12, 13, 14, ICEIITER(NL), IFIT(NPII), YFIT1(NPII) 
REAL YFIT2(NPII), YFIT3(NPII), IPLOT(NPII), Y, Yt, Y2, YPLOT(NPII) 
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REAL YFil1(MPII), YFil2(MPII), YFil3(MPII), YFil4(MPII) 
REAL YFil5(MPII) 

C 

C 

REAL•S CPROJ(40,40), DALPU(40,40), DCOVAR(40,40), DERR, DET 
REAL•S DFIT(40), DLAMBDA, DRIIS, DIPLOT(MPII), DYPLOT(MPII) 
REAL•S OLDLAMBDA, OLDRMS, PERR(4) 
REAL•S SUMI, SUMI2, SUMY, SUMIY 

C Main data COMMOI block 
C 

C 

IITEGER DPII(ML), ILIIES 
REAL•S DOSIG(MPII,ML), DOI(MPII,ML), DOY(MPII,ML) 
REAL*& RTOOOO(MPII,ML), RT0001(MPII,ML), RT0010(MPII,ML) 
REAL•S RT0011(MPII,ML), RT0100(MPII,ML), RT0101(MPII,ML) 
REAL•S RT0110(MPII,ML), RT0111(MPII,ML), RT1000(MPII,ML) 
REAL•S RT1001(MPII,ML), RT1010(MPII,ML), RT1011(MPII,ML) 
REAL•S RT1100(MPII,ML), RT1101(MPII,ML), RT1110(MPII,ML) 
REAL•S RT1111(MPII,ML) 
COMMOI /MAII/DPII, ILIIES, DOSIG, DOI, DOY, RTOOOO, RT0001, 

: RT0010, RT0011, RT0100, RT0101, RT0110, RT0111, RT1000, 
: RT1001, RT1010, RT1011, IT1100, RT1101, RT1110, RT1111 

C PLOTFUIC co-on block 
C 

COMMOI /PLOTFUIC/DIPLOT, DYPLOT, PU 
C 
C Data statements 
C 

C 

C 

DATA ILABEL/'Wavelength/Angstroas'/ 
DATA YLABEL/'Relative Flm:'/ 

DATA AGRID/0.05, 0.1, 0.2, 0.5/ 
DATA GGRID/2.75, 3.0, 3.5, 4.0, 4.5/ 
DATA TGRID/28000., 30000., 32500., 35000., 37500., 40000., 45000., 

50000./ 

C Externals 
C 

EITERIAL GAUSS, ROTFUIC, PBYSFUIC, PLOTFUIC 
C 
C • Start of executable state■ents • 
C 

C 

ILIIES=O 
OLDILIIES=O 
IT1=0 
IU=O 
IG1=0 
ROT=O. 
FETCBED=.FALSE. 
ROTATED=.FALSE. 

C Get the top label for all plots 
C 
70 WRITE (6,*)'0bject naae?' 

READ (5,2000,ERR=70)TITLE 
LTITLE=ICUEl(TITLE) 

C 
C Query user for soft device type 
C 
10 WRITE (6,*)'Soft device type?' 

READ (5,2000,ERR=10)SOFT 
CALL PGQIIF('CURSOR',CVALUE,I) 
IF (CVALUE(:1).EQ.'l')TBEI 

WRITE (6,•)'Please select a device vith a cursor.' 
GO TO 10 

EIDIF 
C 
C Open soft device 
C 

CALL PGBEGil(O,SOFT,1,1) 
C 
C Get option 
C 
15 WRITE (6,*)'0ption?' 

READ (5,2001)0PTIOI 
IF (OPTIOI.EQ.'?')TBEI 

C 
C List the options 
C 

WRITE (6,•)'0ptions are:• 



C 

C 

WRITE (S,•) 
WRITE (S,•)'? 
WRITE (6,*)'0 
WRITE (S,•)'P 
WRITE (S,•)'R 
WRITE (6,*)'V 
WRITE (6,*)'F 
WRITE (6,*)'B 
WRITE (S,•)'l 
GO TO 15 
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Print this ■essage' 
Read in an observed profile' 
Choose values for the three para■eters' 
Rotate theoretical profiles' 
lleasure VSIII' 
lleasure para■eters' 
Produce hardcopy' 
bit' 

ELSE IF (OPTIOI.EQ.'0'.0R.OPTIOI.EQ.'o')TBEI 

C Pro■pt user for data file 
C 

I=ILIIF.5+1 
30 WRITE (6,lOOO)I 
1000 FOIUUT (11, 'Data file for line ',I2, '?') 

READ (5,2000,ERR=30)FILE 
OPEi (UIIT=l,FILE=FILE, ACCF.sS='SEQUEITUL',ST.lTUS='OLD', 

RE!DOILY,ERR:30) 
C 
C Read data records to end of file 
C 

READ (1,•) 
DO J=l,800 

READ (1,•,EID=40)0l(J,I),OY(J,I) 
EIDDO 
WRITE (6,*)'Warning -- lot All of File Read' 

40 CLOSE (1) 
IDPII(I)=J-1 

51 WRITE (S,•)'Wavelength of line?' 
READ (5,•,ERR=51)WAVE(I) 

C 

WRITE (CWAVE,1001)IIT(WAVE(I)) 
IIQUIRE (FILE='f450'//CWAVE//'.',EIIST=EIIST) 
IF (. IOT. EXIST) TBEI 

WRITE (S,•)'That line is not in the library.' 
GO TO 15 

EIDIF 
IDCEl=LOCATE(Ol(l,I),IDPII(I),WAVE(I)) 
IF (01(1,I).GT.01(2,I))TBEI 

C Reverse the order of the arrays if necessary. 
C (They ■ust be ordered fro■ lovest vavelength to highest.) 
C 

DO J=l,IDPII(I) 
YPLOT(J)=OY(IDPII(I)-J+l,I) 
IPLOT(J)=Ol(IDPII(I)-J+l,I) 

EIDDO 
DO J=l,IDPII(I) 

Ol(J,I)=IPLOT(J) 
OY(J ,I)=YPLOT(J) 

EIDOO 
EIDIF 

C 
C lov throv up the plots and let the user take a look at the■. 
C The user ■ust specify the "shoulders" of the plots, e.g., 
C the region around the line that vill be used to fine-tune 
C the continullll level. The user is then prompted for the 
C line center; the progra■ tries to refine this guess by 
C fitting a Gaussian to the line. 
C 

C 

CALL PGSCI(l) 
CALL PGEIV(WAVE(I)-20.0, WAVE(I)+20.0, 0.0, 1.1, 0, 0) 
CALL PGLABEL(ILABEL,YLABEL,TITLE(:LTITLE)) 
CALL PGBil(IDPII(I),OI(1,I),OY(1,I),.TRUE.) 
WRITE (S,•)'Indicate li■its of left shoulder:' 
CALL PGCURSE(I,Y,CC) 
ICLEFT1(I)=LOCATE(OI(1,I),IDPII(I),I) 
CALL PGCURSE(I,Y,CC) 
ICLEFT2(I)=LOCATE(OI(1,I),IDPII(I),I) 
WRITE (S,•)'Indicate li■its of right shoulder:' 
CALL PGCURSE(I,Y,CC) 
ICRIGBT1(I)=LOCATE(OI(1,I),IDPII(I),I) 
CALL PGCURSE(I,Y,CC) 
ICRIGBT2(I)=LOCATE(Ol(1,I),IDPII(I),I) 

C llake REAL•8 copy of trimmed profile. 
C 

DO J=ICLEFT1(I),ICRIGHT2(I) 



JJ=J-ICLEFT1(I)+1 
DOX(JJ,I)=OX(J,I) 
DOY(JJ,I)=OY(J,I) 
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EIDDO 
DPIX(I)=ICRIGBT2(I)-ICLEFT1(I)+1 

C 
C Ca1culate line through shoulders. 
C 

C 

CALL LIIEFIT(ICLEFT1(I),ICLEFT2(I),ICRIGBT1(I),ICRIGBT2(I), 
OX(1,I),OY(1,I),COITA(I),COITB(I)) 

CALL PGSCI(2) 
X=OX(ICLEFTt(I),I) 
Xt=OX(ICRIGBT2(I),I) 
Y=COITA(I)•X+COITB(I) 
Yt=COITA(I)•Xt+COITB(I) 
CALL PGMOVE(X,Y) 
CALL PGDIUW(X1,Y1) 
CALL PGSCI ( 1) 

C lov get approxiaate line center. 
C 
50 WRITE (6,•)'Indicate approxiaate line center.• 

WRITE (6,*)'(Be sure both I and Y are indicated.)' 
CALL PGCURSE(X,Y,CC) 

C 
C Evaluate best Gaussian fit to line center. 
C 

DFIT(1)=I 
DFIT(2)=1.-Y 
DFIT(3)=1.0 
DFIT(4)=COITA(I) 
DFIT(5)=COITB(I) 
DUMBDA=-1. 
DO J=1,5 

USU(J)=J 
EIDDO 
CALL NRQNil(DOX(1,I),DOY(1,I),DPIX(I),DFIT, 

5,LISTA,3,DCOVAR,DALPU,40,0LDRNS,GAUSS,DUMBDA) 
75 CALL NRQNil(DOX(1,I),DOY(1,I),DPIX(I),DFIT, 

C 

5,LISTA,3,DCOVAR,DALPBA,40,DRNS,GAUSS,DLANBDA) 
IF (NAX(ABS((DRNS-OLDRNS)/DRNS),ABS(DRNS-OLDRNS)).GT. 

(1.E-3))TBEI 
OLDRNS=DRNS 
GO TO 75 

EIDIF 
XCEITER(I)=DFIT(1) 
ICEITER(I)=LOCATE(OX(t,I),IDPIX(I),XCEITER(I)) 
WRITE (6,*)'Line center calculated as ',XCEITER(I) 

C Toss up the line so that the user can see if he likes it. 
C 

DO J=1,DPIX(I) 
XPLOT(J)=DOX(J,I) 
YPLOT(J)=DFIT(4)•XPLOT(J)+DFIT(5) 
YPLOT(J)=YPLOT(J)•(1.0-DFIT(2)*EXP(-((DFIT(1)-XPLOT(J))/ 

DFIT(3) )••2)) 
EIDDO 
CALL PGSCI(3) 
CALL PGLIIE(ICRIGBT2(I)-ICLEFT1(I)+1,XPLOT,YPLOT) 

C 
C Estiaate V sin I and the equivalent vidth. 
C 

WRITE (6,*)'Line center calculated as ',XCEITER(I) 
WRITE (6,*)'Estiaated V SIi I is ',ABS(DFIT(3))•3.E5/WAVE(I) 
WRITE (6,*)'Equiva1ent vidth is ',DFIT(2)•ABS(DFIT(3))•1.77245 
WRITE (6,•)'Keep this line?' 
READ (5,2001)0PTIOI 
IF (OPTIOI.EQ.'l'.OR.OPTIOI.EQ.'n')GO TO 15 

77 WRITE (6,*)'Theoretical veight factor?' 
READ (5,•,ERR=77)WEIGBT(I) 
IUIES=I 

C 
C Estiaate the errors in the flux across the profile. 
C 

DO J=t,DPIX(I) 
K=O 
SUNX=O. 
SUNX2=0. 
SUNY=O. 
SUNXY=O. 



C 
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DO JJ=J-2,J+2 
IF (JJ.GT.O.AID.JJ.LE.DPIX(I))TBEB 

K=K+1 
SU!tI=SUPIX+DOX(JJ,I) 
SUltI2=SUMX2+DOX(JJ,I)**2 
SUltY=SUPIY+DOY{JJ,I) 
SUltIY=SUMXY+DOX(JJ,I)•DOY(JJ,I) 

EliDIF 
EBDDO 
DET=K•SUltX2-SUMX•SUMX 
FITA=(SUPIY•SUPIX2-SUMXY•SUltX)/DET 
FITB=(K•SUMXY-SUKX•SUKY)/DET 
SUKI2=0. 
DO JJ=J-2,J+2 

IF (JJ.GT.0.AID.JJ.LE.DPIX(I))TBEB 
SUltX2=SUMX2+(DOY(JJ,I)-FITA-FITB•DOX(JJ,I))**2 

EliDIF 
EBDDO 
DOSIG(J,I)=SQRT(SUltX2/(K-1))/KAX(1.E-25,WEIGBT(I)) 

EliDDO 
FETCBED=.FALSE. 
ROTATED=.FALSE. 
GO TO 15 

ELSE IF (OPTIOI.EQ.'P'.OR.OPTIOI.EQ.'p')TBEB 
C 
C Get the estimate o! stellar parameters 
C 
80 WRITE (6,*)'Estimate o! TEFF? ' 

READ (5,*,ERR=80)TEFF 
I=LOCATE(TGRID,8,TEFF) 
IF (I.LT.1.0R.I.GE.8)TBEI 

WRITE (6,*)'Unacceptable temperature range' 
GO TO 80 

EIDIF 
91 WRITE (6,*)'Estimate o! LOG G?' 

READ (5,*,ERR=91)GRAV 
J=LOCATE(GGRID,5,GRAV) 
IF {J.LT.1.0R.J.GE.5)TBEli 

WRITE (6,•)'Unacceptable gravity range' 
GO TO 91 

EliDIF 
101 WRITE (6,•)'Estimate o! Be/B? ' 

READ (5,•,ERR=101)ABUID 
K=LOCATE(AGRID,4,ABUID) 
IF (K.LT.1.0R.K.GT.4)TBEI 

WRITE (6,•)'Unacceptable abundance range' 
GO TO 101 

EIDIF 
C 
C low try getting the needed libraries. 
C 

IF (I.EQ.IT1.AID.J.EQ.IG1.AID.K.EQ.IA1.AID.OLDILIIES.EQ. 
ILIIES)GO TO 15 

OLDILIIES=ILIIES 
IT1=I 
IT2=I+1 
IG1=J 
IG2=J+1 
IA1=K 
IA2=K+1 
IFAIL=.FALSE. 
DO I=1 ,ILIIES 

WRITE (CWAVE,1001)IIT(WAVE(I)) 
CALL FETCB(IT1,IG1,IA1,CWAVE,I,T000(1,I),FETCBED) 
IFAIL=.IOT.FETCBED 
CALL FETCB(IT1,IG2,IA1,CWAVE,I,T010(1,I),FETCBED) 
IFAIL=IFAIL.OR .. IOT.FETCBED 
CALL FETCB(IT2,IG1,IA1,CWAVE,I,T100(1,I),FETCBED) 
IFAIL=IFAIL.OR .. IOT.FETCBED 
CALL FETCB(IT2,IG2,IA1,CWAVE,I,T110(1,I),FETCBED) 
IFAIL=IFAIL.OR .. IOT.FETCBED 
CALL FETCB(IT1,IG1,IA2,CWAVE,I,T001(1,I),FETCBED) 
IFAIL=IFAIL.OR .. NOT.FETCBED 
CALL FETCB(IT1,IG2,IA2,CWAVE,I,T011(1,I),FETCBED) 
IFAIL=IFAIL.OR .. IOT.FETCBED 
CALL FETCB(IT2,IG1,IA2,CWAVE,I,T101(1,I),FETCBED) 
IFAIL=IFAIL.OR .. NOT.FETCBED 
CALL FETCH(IT2,IG2,IA2,CWAVE,I,T111(1,I),FETCBED) 
IFAIL=IFAIL.OR .. IOT.FETCBED 
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IF (IFAIL)TBEI 
WRITE (6,*)'Try a different set of paraaeters' 
FETCBED=.FALSE. 
GO TO 15 

EIDIF 
K=O 
I=1.E38 
DO J=1,DPII(I) 

IF (TOOO(J,I).LT.I)TBEI 
K=J 
I=TOOO(J,I) 

EIDIF 
EIDDO 
TCEITER(I)=DOI(K,I) 

EIDDO 
FETCBED=.TRUE. 
ROTATED= .FALSE. 
GO TO 15 

ELSE IF (OPTIOI.EQ.'V'.OR.OPTIOI.EQ.'-r')TBEI 
C 
C Get a good ■easure of the rotational -relocity by chi-square 
C ■ini■ization. In practice this does not work very sell; the 
C user is al■ost always better off to eyeball it by using 
C the Rand B co■■ands to adjust the rotation parameter. 
C 

C 

IF (.IOT.FETCBED)TBEI 
WRITE (6,*)'Please estimate parameters first.' 
GO TO 15 

EIDIF 
WRITE (6,*)'Value of VSIII to bracket?' 
READ (5,•)ROT 

C Calculate profiles for given rotation. 
C 

DO I=1,ILIIES 
CALL ROTATE(I,T0OO(1,I),RT0000(1,I),.8333•ROT) 
CALL ROTATE(I,T0O1(1,I),RT001O(1,I),.8333•ROT) 
CALL ROTATE(I,TO10(1,I),RTO100(1,I),.8333•ROT) 
CALL ROTATE(I,TO11(1,I),RTO11O(1,I),.8333•ROT) 
CALL ROTATE(I,T1OO(1,I),RT1O00(1,I),.8333•ROT) 
CALL ROTATE(I,T1O1(1,I),RT1O1O(1,I),.8333•ROT) 
CALL ROTATE(I,T11O(1,I),RT11OO(1,I),.8333•ROT) 
CALL ROTATE(I,T111(1,I),RT111O(1,I),.8333•ROT) 
CALL ROTATE(I,TOOO(1,I),RTOOO1(1,I),1.1667•ROT) 
CALL ROTATE(I,T0O1(1,I),RTOO11(1,I),1.1667•ROT) 
CALL ROTATE(I,T01O(1,I),RTO1O1(1,I),1.1667•ROT) 
CALL ROTATE(I,TO11(1,I),RTO111(1,I),1.1667•ROT) 
CALL ROTATE(I,T1OO(1,I),RT1OO1(1,I),1.1667•ROT) 
CALL ROTATE(I,T1O1(1,I),RT1O11(1,I),1.1667•ROT) 
CALL ROTATE(I,T11O(1,I),RT11O1(1,I),1.1667•ROT) 
CALL ROTATE(I,T111(1,I),RT1111(1,I),1.1667•ROT) 

EIDDO 
C 
C lov find the best fit. 
C 

IIFIT=3•1LIIES+1 
DO I=1,ILIIES 

DFIT(3•I-2)=COITA(I) 
DFIT(3•I-1)=COITB(I) 
DFIT(3*I)=ICEITER(I)-TCEITER(I) 

EIDDO 
DFIT(3•1LIIES+1)=(TEFF-TGRID(IT1))/(TGRID(IT2)-TGRID(IT1)) 
DFIT(3•1LIIES+2)=(GRAV-GGRID(IG1))/(GGRID(IG2)-GGRID(IG1)) 
DFIT(3•1LIIES+3)=LOG(ABUID/AGRID(IA1))/LOG(AGRID(IA2)/ 

AGRID(IU)) 
DFIT(3•1LIIES+4)=O.5 
DLAIIBDA=-1. 
DO I=1,3•1LIIES 

LIST.l(I)=I 
EIDDO 
LISTA(IIFIT)=3•1LIIES+4 
CALL IIRQIIIl2(DFIT,IIFIT+3,LISTA,IIFIT,DCOVAR,DALPBA,40,DRIIS, 

DLAIIBDA,ROTFUIC) 
261 CALL IIRQIIIl2(DFIT,IIFIT+3,LISTA,IIFIT,DCOVAR,DALPBA,40,DRIIS, 

DLAIIBDA,ROTFUIC) 
WRITE (6,*)DRIIS,DFIT(IIFIT+3) 
WRITE (6,*)'Iterate again?' 
READ (5,2OO1)OPTIOI 
IF (OPTIOI.EQ.'Y'.OR.OPTIOI.EQ.'y')GO TO 261 

IROT=DFIT(IIFIT+3) 
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C 
C low esti-te probable error. 
C 

DUMBDA=O.O 
CALL NRQNil2(DFIT,NFIT+3,LISTA,NFIT,DCOVAR,DALPBA,40,DR!IS, 

DUMBDA,ROTFUIC) 
PERR(4)=SQRT(DCOVAR(NFIT+3,NFIT+3)•.3•DRNS)•.3333•ROT 
IROT=.8333•ROT+.3333*ROT*IROT 
WRITE (6,*)'VSIII = ',IROT,' P.E. = ',PERR(4) 
ROTATED=.FALSE. 
GO TO 15 

ELSE IF (OPTIOI.EQ.'R'.OR.OPTIOI.EQ.'r')TBEI 
C 
C Rotate the profiles fetched fro■ the libraries. 
C 

WRITE (6,*)'Value of VSIII to use?' 
READ (5,*)ROT 
DO I=1,ILIIES 

CALL ROTATE(I,T000(1,I),RT0000(1,I),ROT) 
CALL ROTATE(I,T001(1,I),RT0010(1,I),ROT) 
CALL ROTATE(I,T010(1,I),RT0100(1,I),ROT) 
CALL ROTATE(I,T011(1,I),RT0110(1,I),ROT) 
CALL ROTATE(I,T100(1,I),RT1000(1,I),ROT) 
CALL ROTATE(I,T101(1,I),RT1010(1,I),ROT) 
CALL ROTATE(I,T110(1,I),RT1100(1,I),ROT) 
CALL ROTATE(I,T111(1,I),RT1110(1,I),ROT) 

EIDDO 
ROTATED=.TRUE. 
GO TO 15 

ELSE IF (OPTIOI.EQ.'F'.OR.OPTIOI.EQ.'f')TBEI 
C 
C Do the big fit by chi-square ainillization. 
C 

C 
C 
C 
C 

C 

NFIT=ILIIES•3+3 
DO I=1,ILIIES 

Initial estimate of the continuua and wavelength 
zero point para■eters. 

DFIT(3•I-2)=COITA(I) 
DFIT(3•I-1)=COITB(I) 
DFIT(3•I)=ICEITER(I)-TCEITER(I) 

EIDDO 

C Initial estimates of t-perature, gravity, and abundance. 
C 

C 

DFIT(3•1LIIES+1)=(TEFF-TGRID(IT1))/(TGRID(IT2)-TGRID(IT1)) 
DFIT(3•1LIIES+2)=(GRAV-GGRID(IG1))/(GGRID(IG2)-GGRID(IG1)) 
DFIT(3•1LIIES+3) =LOG(ABUID/ !GRID (U1) )/LOG(AGRID(U2) / 

AGRID(U1)) 
DUMBDA=-1. 

C Set up and execute the ■iniaization. 
C 

DO I=1,NFIT+1 
LISTA(I)=I 

EIDDO 
260 CALL NRQNil2(DFIT,NFIT+1,LISTA,NFIT,DCOVAR,DALPBA,40,DR!IS, 

DUMBDA,PBYSFUIC) 
C 
C Let the user decide if he is satisfied with current 
C aini■ization. 
C 

C 

WRITE (6,*)DRNS,DFIT(NFIT-2),DFIT(NFIT-1),DFIT(NFIT) 
WRITE (6,•)'Iterate again?• 
READ (5,2001)0PTIOI 
IF (OPTIOI.EQ. 'Y' .OR.OPTIOI.EQ. •y•)GO TO 260 

DO I=1,ILIIES 
COITA(I)=DFIT(3•I-2) 
COITB(I)=DFIT(3•I-1) 
ICEITER(I)=DFIT(3•I)+TCEITER(I) 

EIDDO 
ITEFF=DFIT(3•1LIIES+1) 
IGRAV=DFIT(3•1LIIES+2) 
IABUID=DFIT(3•1LIIES+3) 

C low estimate probable error fro■ covariance matrix. 
C 

DUMBDA=O.O 
CALL NRQNil2(DFIT,NFIT+1,LISTA,NFIT,DCOVAR,DALPBA,40,DRNS, 



DUIIBDA,PBYSFUIC) 
DO I=1,3*1LIIES+3 

DO J=1,3*1LIIES+3 
CPROJ(I,J)=DCOVAR(I,J) 

EIDDO 
EIDDO 
CALL MATIIV(CPROJ,3*1LIIES+3,40) 
J=3*1LIIES 
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ITEFF=ITEFF*TGRID(IT2)+(1.-ITEFF)*TGRID(IT1) 
PERR(1)=SQRT(.3*DIUIS/CPROJ(J+1,J+1))*(TGRID(IT2)-TGRID(IT1)) 
IGRAV=IGRAV*GGRID(IG2)+(1.-IGRAV)*GGRID(IG1) 
PERR(2)=SQRT(.3*DRMS/CPROJ(J+2,J+2))*(GGRID(IG2)-GGRID(IG1)) 
IABUID=EXP(IABUID*LOG(AGRID(IA2))+(1.-IABUID)*LOG(AGRID(IA1))) 
PERR(3)=SQRT(.3*DIUIS/CPROJ(J+3,J+3))*LOG(AGRID(IA2)/ 

AGRID(IAl))*IABUID 
WRITE (6,*) 
WRITE (6,*)'Paraaeters esti11a.ted as:' 
WRITE (6,*)'TEFF = ',ITEFF,' P.E. = ',PERR(l) 
WRITE (6,*)'GRAV = ',IGRAV,' P.E. = ',PERR(2) 
WRITE {6,*)'ABUID = ',IABUID,' P.E. = ',PERR(3) 
WRITE (6,*) 
WRITE (6,*)'Inverse covariance aatrix:• 
WRITE (6,*)'CBISQ = ',DRMS 
DO I=l,3 

WRITE (6,*)(CPROJ(I,J),J=1,3) 
EIDDO 
GO TO 15 

ELSE IF (OPTIOI.EQ.'B')TBEI 
C 
C Make a hard plot o:f the current :fit. 
C 

IF (.IOT.FETCBED)TBEI 
WRITE (6,*)'Please specify parameters :first' 
GO TO 15 

ELSE IF (.IOT.ROTATED)TBEI 
WRITE (6,*)'Please specify rotation :first' 
GO TO 15 

EIDIF 
270 WRITE (6,*)'Bard device type?' 

READ (5,2000,ERR=270)BARD 

C 

WRITE (6,*)'TEFF, GRAV, ABUID to use?' 
READ (5,*)ITEFF,IGRAV,IABUID 
CALL PGBEGil(O,BARD,1,1) 
DO I=t,ILIIES 

CALL PGEIV(WAVE(I)-20.0, WAVE(I)+20.0, 0.0, 1.1, 0, 0) 
CALL PGUBEL(IUBEL,YUBEL,TITLE(:LTITLE)) 
CALL PGBil(IDPII(I),01(1,I),OY{l,I),.TRUE.) 

C Calculate the profile to use. 
C 

C 
C 
C 

I=(ITEFF-TGRID(IT1))/(TGRID(IT2)-TGRID(IT1)) 
DO J=l,DPII(I) 

YFil1(J)=I•RT1000(J ,I)+(l .-I)*RTOOOO(J ,I) 
YFil2(J)=I•RT1010(J,I)+(1.-I)*RT0010(J,I) 
YFil3(J)=I*RT1100(J,I)+(1.-I)*RT0100(J,I) 
YFil4(J)=I•RT1110(J,I)+(1.-I)*RT0110(J,I) 

EIDDO 
I={IGRAV-GGRID(IG1))/(GGRID(IG2)-GGRID(IG1)) 
DO J=l,DPII(I) 

YFil1(J)=I*YFil3(J)+(1.-I)*YFil1(J) 
YFil2(J)=I*YFil4(J)+{1.-I)*YFil2(J) 

EIDDO 
I=LOG(IABUID/AGRID(IA1))/LOG(AGRID(IA2)/AGRID(IA1)) 
DO J=t,DPII(I) 

DIPLOT(J)=DOI(J,I) 
DYPLOT(J)=I*YFil2(J)+(1.-I)*YFil1(J) 
IPLOT(J)=DIPLOT(J) 
YPLOT(J)=DYPLOT(J) 

EIDDO 
PLl=DPII(I) 

lov :fit the continut111 parameters to the data. 

DFIT(l)=COITA{I) 
DFIT(2)=COITB(I) 
DFIT(3)=0. 
DLAIIBDA=-1. 
DO J=l,3 

LISTA(J)=J 
EIDDO 
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CALL JIIRQNil(DOX(1,I),DOY(1,I),DPIX(I),OFIT,3,LISTA,3,0COVAR, 
DALPBA,40,0LDRNS,PLOTFUIC,DLMIBDA) 

76 CALL NRQNil(DOX(1,I),DOY(1,I),DPIX(I),DFIT,3,LISTA,3, 
OCOVAR,DALPBA,40,DRMS,PLOTFUIC,DLANBDA) 

IF (ABS((DRMS-OLDRMS)/DRNS).GT.1.E-3.AID. 
ABS(DRNS-OLDRNS).GT.(.1))TBEI 

OLORMS=DRNS 
GO TO 76 

EJIDIF 
DO J=1,DPIX(I) 

XPLOT(J)=XPLOT(J)+DFIT(3) 
YPLOT(J)=YPLOT(J)•(DFIT(1)•XPLOT(J)+DFIT(2)) 

EIDDO 
CALL PGLIIE(OPIX(I),XPLOT,YPLOT) 

EIODO 
C 
C Restore the soft device. 
C 

CALL PGEIO 
CALL PGBEGil(O,SOFT,1,1) 
GO TO 15 

ELSE IF (OPTIOI.EQ.'X')TBEI 
C 
C EXIT 
C 

CALL PGEID 
CALL EXIT 

ELSE 
GO TO 15 

EJIDIF 
C 
1001 FORMAT (I4) 
2000 FORMAT (A) 
2001 FORMAT (Ai) 

EIID 

IITEGER FUICTIOI DLOCATE(XX,l,X) 
C 
C This is essentially the JIU111erical Recipes routine LOCATE, 
C but here defined as a function rather than subroutine. 
C Also, the real argU111ents are REAL•S. 
C 

REAL*8 XX(I), X 
JL=O 
JU=l+1 

10 IF (JU-JL.GT.1)TBEI 
JN={JU+JL)/2 
IF ((XX(l).GT.XX(1)).EQV.(X.GT.XX(JN)))TBEJI 

JL=JN 
ELSE 

JU=JN 
EIDIF 

GO TO 10 
EIDIF 
DLOCATE=NAX(1,Nil(l,JL)) 
RETURI 
EJID 

SUBROUTIIE LIIEFIT(I1,I2,I3,I4,X,Y,A,B) 
C 
C Fit a line through two regions of a profile. 
C 

IMPLICIT BOIE 
C 
C Compiler parameters 
C 

IITEGER IIPIX 
PARAMETER (IIPIX=801) 

C 
C Parameters 
C 

IITEGER I1,I2,I3,I4 
REAL X(NPIX),Y(NPIX),A,B 

C 
C Local variables 
C 

IIITEGER I,J 
REAL•8 SUIIY, SUMXY, SUKI, SUMX2, I, RMS, DET 

C 
C Start of executable statements 



C 
SUMY=O.O 
SUMXY=O.O 
SUMX=O.O 
SUMX2=0.0 
ll=I4-I3+I2-I1+2 
DO I=I1,I2 

SUMY=SUMY+Y(I) 
SUMXY=SUMXY+Y(I)*X(I) 
SUMX=SUMX+X(I) 
SUMX2=SUMX2+X(I)•X(I) 

EJIDDO 
DO I=I3,I4 

SUMY=SUMY+Y(I) 
SUMXY=SUMXY+Y(I)*X(I) 
SUMX=SUMX+X(I) 
SUMX2=SUMX2+X(I)*I(I) 

EIIDDO 
DET=SUMX*SUMX-SUMX2*11 
A=(SUMY•SUMX-SUMXY•ll)/DET 
B=(SUMX•SUMXY-SUMX2*SUMY)/DET 
RETURII 
EIID 

IIITEGER FUIICTIOJI LOCATE(XX,11,X) 
C 
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C This is essentially the Jlumerical Recipes routine by the 
C same name, but here detined as a tunction rather than subroutine. 
C 

DIMEIISIOJI XX(JI) 
JL=O 
JU=ll+1 

10 IF (JU-JL.GT.1)THEII 
JM=(JU+JL)/2 
IF ((XX(N).GT.XX(1)).EQV.(X.GT.XX(JM)))THEII 

JL=JM 
ELSE 

JU=JM 
EJIDIF 

GO TO 10 
EJIDIF 
LOCATE=MAX(1,Mill(Jl,JL)) 
RETURJI 
EJID 

SUBROUTIJIE ROTATE(JIL,FLUX,ROT,VVSIJII) 
C 
C Convolve protile with rotational protile corresponding 
C to VSIJII=ROT. It incidentally reverses the order ot 
C the protile points it they are not in ascending order. 
C 

IMPLICIT JIOJIE 
C 
C Compiler parameters 
C 

IJITEGER MPIX, ML 
REAL PI 
PARAMETER (MPIX=801, ML=12, PI=3.141592654DO) 

C 
C Parameters 
C 

C 

IIITEGER JIL 
REAL FLUX(MPIX), VVSIJII 
REAL•S ROT(MPIX) 

C Functions 
C 

IJITEGER DLOCATE 
C 
C Local variables 
C 

C 

IJITEGER I, LL, LB, J, JI 
REAL A, AA, BB, A1, B, B1, VSINI 
REAL•S XHI, XLO 

C Main data COMMON block 
C 

IJITEGER DPIX(ML), JILINES 



C 

C 
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REAL•8 DOSIG(MPII,NL), DOI(MPII,NL), DOY(MPII,NL) 
REAL•8 RTOOOO(MPII,ML), RTOOOt(MPII,ML), RT0010(MPII,ML) 
REAL•8 RT0011(MPII,ML), RT0100(MPII,ML), RT0101(MPII,ML) 
REAL•8 RT0110(MPII,ML), RT0111(MPII,ML), RT1000(MPII,ML) 
REAL•8 RT1001(MPII,ML), RT1010(MPII,ML), RT1011(MPII,ML) 
REAL•8 RT1100(MPII,ML), RT1101(MPII,ML), RT1110(MPII,ML) 
REAL•8 RT1111(MPII,ML) 
COMMOI /MAII/DPII, ILIIES, DOSIG, DOI, DOY, RTOOOO, RT0001, 

: RTOOtO, RT0011, RT0100, RT0101, RT0110, RT0111, RTtOOO, 
: RT1001, RT1010, RT1011, RT1100, RT1101, RT1110, RT1111 

l=DPII(IL) 
VSIII=VVSIII•DOI(l/2,IL)/2.99792ES 
IF (VSIII.EQ.O.)TBEI 

DO I=1,I 
ROT(I)=FLUI(I) 

EIDDO 
RETURI 

EIDIF 

C Prepare to convolve s•i-analytically. 
C 

DO I=t,I 
ILO=DOI(I,IL)-VSIII 
LL=DLOCATE(DOI(t,IL),l,ILO) 
IF (ILO.LT.DOI(t,IL))LL=O 
IBI=DOI(I,IL)+VSIII 
LB=DLOCATE(DOI(1,IL),l,XBI) 
IF (FLUX(LL).EQ.(1.0).AID.FLUI(LB).EQ.(1.0))TBEI 

ROT(I)=3.141592654/2. 
OOTOW . 

EIDIF 
C 
C Lov end of convolution 
C 

IF (ILO.LT.DOI{t,IL))TBEI 
A=(DOI{I,IL)-DOI{t,IL))/VSIII 
A=Mil{-1.,Nil{t.,A)) 
ROT(I)=FLUI(t)•O.S•(O.S•PI-ASil(A)-A•SQRT(t.-A•A)) 

ELSE 
A=(DOI(I,IL)-DOI(LL+1,IL))/VSIII 
BB=(FLUI(LL+1)-FLUX(LL))•VSIII/(DOI(LL,IL)-DOI(LL+1,IL)) 
il=FLUX(LL+1)-BB•A 
ROT{I)=AA•O.S•(ACOS(NAI{-1.,Nil{t.,A)))-

A•SQRT{t.-Nil{t.,A•A))) 
At=SQRT(t.-Nil(t.,A•A)) 
ROT(I)=ROT(I)+BB•At•At•At/3. 

EIDIF 
C 
C Main portion of convolution 
C 

DO J=LL+t,I-1 
B=-(DOI(J,IL)-OOX(I,IL))/VSIII 
A=-(DOI(J+t,IL)-DOI(I,IL))/VSIII 
BB=(FLUI(J+t)-FLUI{J))/(A-B) 
il=FLUX{J)-BB•B 
At=ACOS(NAI{-1.,Mil(t.,A))) 
Bt=ACOS(NAI(-1.,Nil(t.,B))) 
ROT(I)=ROT(I)+AA•O.S•(A1-B1-O.S•(Sil(2*A1)-Sil(2•B1))) 
At=SQRT(1.-MI1(1.,A•A)) 
B1=SQRT(1.-Nil(1.,B•B)) 
ROT(I)=ROT(I)+BB•(At•At•At-Bt•Bt•B1)/3. 

EIDDO 
DO J=I,LB-1 

A=(DOI(J,IL)-DOI(I,IL))/VSIII 
B=(DOI(J+t,IL)-DOI(I,IL))/VSIII 
BB=(FLUI(J+1)-FLUI(J))/(B-A) 
AA=FLUX(J)-BB•A 
At=ACOS(MAX(-1.,Nil(t.,A))) 
Bt=ACOS(MAI(-1.,Nil(t.,B))) 
ROT(I)=ROT(I)+AA•O.S•(A1-B1-0.S•(Sil(2•At)-Sil(2•Bt))) 
At=SQRT(t.-Nil(t.,A•A)) 
B1=SQRT(1.-Nil(1.,B•B)) 
ROT(I)=ROT(I)+BB*(At•At•At-Bt•Bt•B1)/3. 

EIDOO 
C 
C High end of convolution 
C 

IF (IBI.GT.DOI(l,IL))TBEI 
A={DOI(l,IL)-DOI(I,IL))/VSIII 
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A=Nil(-1.0,Nil(1.0,A)) 
ROT(I)=ROT(I)+FLUI(1)•0.5•(0.5•PI-ASil(A)-A•SQRT(1.-A•A)) 

ELSE 
A=(DOI(LB,IL)-DOI(I,IL))/VSIII 
BB=(FLUI(LB+1)-FLUI(LB))•VSIII/(DOI(LB+1,IL)-DOI(LB,IL)) 
il=FLUI(LB)-BB•A 
ROT(I)=ROT(I)+il•0.5•(ACOS(NAI(-1.,Nil(1.,A)))-

A•SQRT(1.-Nil(1.,A•A))) 
A1=SQRT(1.-Nil(1.,A•A)) 
ROT(I)=ROT(I)+BB•A1•A1•A1/3. 

EIDIF 
10 COITIIUE 

EIDDO 
C 
C lomalize 
C 

C 

DO I=1,I 
ROT(I)=ROT(I)•2./3.141592654 

EIDDO 
RETURI 
EID 

SUBROUTIIE NRQNil(I,Y,IDATA,A,NA,LISTA,NFIT, 
* COVAR,ALPBA,ICA,CBISQ,FUICS,ALANDA) 

C IUNERICAL RECIPES routine to perform chi-square ■inimization. 
C 

IMPLICIT REAL•S(A-B,O-Z) 
PARAMETER (NNAI=5) 
DINEISIOI I(IDATA),Y(IDATA),A(NA),LISTA(NFIT), 

* COVAR(ICA,ICA),ALPBA(ICA,ICA),ATRY(NNAI),BETA(NNAI),DA(NNAX) 
IF(AUNDA.LT.O.)TBEI 

KK=NFIT+1 
DO 12 J=1,NA 

IBIT=O 
DO 11 K=1,NFIT 

IF(LISTA(K).EQ.J)IBIT=IHIT+1 
11 COITIIUE 

IF (IBIT.EQ.O) TBEI 
LISTA(KK)=J 
KK=KK+1 

ELSE IF (IBIT.GT.1) TBEI 
PAUSE '!■proper per■utation in LISTA' 

EIDIF 
12 COITIIUE 

IF (KK.IE.(NA+1)) PAUSE '!■proper permutation in LISTA' 
AUNDA=0.001 
CALL NRQCOF(I,Y,IDATA,A,NA,LISTA,NFIT,ALPBA,BETA,ICA,CBISQ,F 

•UICS) 
OCBISQ=CBISQ 
DO 13 J=1,NA 

ATRY(J)=A(J) 
13 COITIIUE 

EIDIF 
DO 15 J=1,NFIT 

DO 14 K=1,NFIT 
COVAR(J,K)=ALPBA(J,K) 

14 COITIIUE 
COVAR(J,J)=ALPBA(J,J)•(1.+ALANDA) 
DA(J)=BETA(J) 

15 COITIIUE 
CALL GAUSSJ(COVAR,NFIT,ICA,DA,1,1) 
IF(AUNDA.EQ.O.)TBEI 

CALL COVSRT(COVAR,ICA,NA,LISTA,NFIT) 
RETURI 

EIDIF 
DO 16 J=1,NFIT 

ATRY(LISTA(J))=ATRY(LISTA(J))+DA(J) 
16 COITIIUE 

CALL NRQCOF(I,Y,IDATA,ATRY,NA,LISTA,NFIT,COVAR,DA,ICA,CBISQ,FU 
•ICS) 
IF(CBISQ.LT.OCHISQ)THEI 

ALANDA=0.1•AUNDA 
OCHISQ=CBISQ 
DO 18 J=1,NFIT 

DO 17 K=1,NFIT 
ALPHA(J,K)=COVAR(J,K) 

17 COITIIUE 
BETA(J)=DA(J) 
A(LISTA(J))=ATRY(LISTA(J)) 



18 COITIIUE 
ELSE 

ALAMDA=1O.•ALAMDA 
CBISQ=OCBISQ 

EIDIF 
RETUIUI 
EID 
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SUBROUTIIE IIRQCOF(I,Y,IDATA,A,IIA,LISTA,MFIT,.ALPBA,BETA,IALP,CB 
•ISQ,FUICS) 

IMPLICIT R.EAL•S(A-B,O-Z) 
PARAMETER (NNAI=40) 
DINEISIOI I(IDATA),Y(IDATA),.ALPBA(IALP,IALP),BETA(MA), 

* DYDA(NNAI),LISTA(NFIT) 
DO 12 J=1,MFIT 

DO 11 K=1,J 
ALPBA(J,K)=O. 

11 COITIIUE 
BETA(J)=O. 

12 COITIIUE 
CBISQ=O. 
DO 15 I=1,IDATA 

CALL FUICS(I(I),A,YNOD,DYDA,IIA) 
DY=Y(I)-YNOD 
DO 14 J=1,MFIT 

WT=DYDA(LISTA(J)) 
DO 13 K=1,J 

.ALPBA(J,K)=ALPBA(J,K)+WT•DYDA(LISTA(K)) 
13 COITIIUE 

BETA(J)=BETA(J)+DY•WT 
14 COITIIUE 

CBISQ=CBISQ+DY•DY 
15 COITIIUE 

DO 17 J=2,MFIT 
DO 16 K=1,J-1 

ALPBA(K,J)=ALPBA(J,K) 
16 COITIIUE 
17 COITIIUE 

RETUIUI 
EID 

SUBROUTIIE COVSRT(COVAR,ICVM,MA,LISTA,MFIT) 
IMPLICIT REAL•8(A-B,O-Z) 
DINEISIOI COVAR(ICVN,ICVN),LISTA(MFIT) 
DO 12 J=1,MA-1 

DO 11 I=J+1,NA 
COVAR(I,J)=O. 

11 COITIIUE 
12 COITIIUE 

DO 14 I=1,MFIT-1 
DO 13 J=I+1,MFIT 

IF(LISTA(J).GT.LISTA(I)) TBEI 
COVAR(LISTA(J),LISTA(I))=COVAR(I,J) 

ELSE 
COVAR(LISTA(I),LISTA(J))=COVAR(I,J) 

EIDIF 
13 COITIIUE 
14 COITIIUE 

SWAP=COVAR(1,1) 
DO 15 J=1,MA 

COVAR(1,J)=COVAR(J,J) 
COVAR(J,J)=O. 

15 COITIIUE 
COVAR(LISTA(1),LISTA(1))=SWAP 
DO 16 J=2,MFIT 

COVAR(LISTA(J),LISTA(J))=COVAR(1,J) 
16 COITIIUE 

DO 18 J=2,NA 
DO 17 I=1,J-1 

COVAR(I,J):COVAR(J,I) 
17 COITIIUE 
18 COITIIUE 

RETUIUI 
EID 

SUBROUTIIE GAUSSJ(A,l,IP,B,M,MP) 
IMPLICIT R.EAL•8(A-B,O-Z) 
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PARAMETER (IMAX=40) 
DIMEISIOI A(IP,IP),B(IP,MP),IPIV(IM!X),IIDXR(IMAX),IIDXC(IMAX) 
DO 11 J=1,I 

IPIV(J)=O 
11 COIITIIUE 

DO 22 I=1,I 
BIG=O. 
DO 13 J=1,I 

IF(IPIV(J).IE.1)THEI 
DO 12 K=1,I 

IF (IPIV(K).EQ.O) THEI 
IF (ABS(A(J,K)).GE.BIG)TBEJI 

BIG=ABS(A(J,K)) 
IROW=J 
ICOL=K 

EIDIF 
ELSE IF (IPIV(K).GT.1) TBEI 

PAUSE 'Singular aatrix' 
EIDIF 

12 COITIIUE 
EJIDIF 

13 COITIIUE 
IPIV(ICOL)=IPIV(ICOL)+1 
IF (IROW.IE.ICOL) THEI 

DO 14 L=1,II 
DUM=A(IROW,L) 
A(IROW,L)=A(ICOL,L) 
A(ICOL,L)=DUM 

14 COITIIUE 
DO 15 L=1,M 

DUM=B(IROW ,L) 
B(IROW,L)=B(ICOL,L) 
B(ICOL,L)=DUM 

15 COIITIIUE 
EIDIF 
IIIDXR(I)=IROW 
IIDXC(I)=ICOL 
IF (A(ICOL,ICOL).EQ.O.) PAUSE 'Singular matrix.' 
PIVIIV=1./A(ICOL,ICOL) 
A(ICOL,ICOL)=1. 
DO 16 L=1,II 

A(ICOL,L)=A(ICOL,L)*PIVIIV 
16 COITIIUE 

DO 17 L=1,M 
B(ICOL,L)=B(ICOL,L)•PIVIIV 

17 COIITIIIUE 
DO 21 LL=1,II 

IF(LL.IE.ICOL)THEJI 
DUM=A(LL,ICOL) 
A(LL,ICOL)=O. 
DO 18 L=t,I 

A(LL,L)=A(LL,L)-A(ICOL,L)•DUM 
18 COIITIIIUE 

DO 19 L=1,M 
B(LL,L)=B(LL,L)-B(ICOL,L)•DUM 

19 COITIIUE 
EJIDIF 

21 COIITIIUE 
22 COIITIIUE 

DO 24 L=ll,1,-1 
IF(IIDXR(L).IE.IIDXC(L))TBEJI 

DO 23 K=1,I 
DUM=A(K,IIDXR(L)) 
A(K,IIDXR(L))=A(K,IIDXC(L)) 
A(K,IIIDXC(L))=DUM 

23 COITIIIUE 
EIDIF 

24 COITIIUE 
RETURI 
EIID 

SUBROUTINE GAUSS(X,A,YFIT,DYDA,MA) 
C 
C Generate Gaussian and derivatives tor tit to line profiles. 
C 

C 

IMPLICIT REAL•S(A-B,O-Z) 
DIMEISIOI A(5),DYDA(3) 

C Start ot executable statements 
C 
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DEL=A(1)-I 
COIT=A(4)•I+A(5) 
EX=EXP(-(DEUA(3))••2) 
YFIT=COIT•(1.DO-A(2)•EX) 
DYDA(1)=+2.DO•DEL•A(2)•COIT•EX/A(3)/A(3) 
DYDA(2)=-COIT•EX 
DYDA(3)=-2.DO•DEL•DEL•A(2)•COIT•EX/A(3)/A(3)/A(3) 
RETIJRI 
EID 

SUBROUTIIE FETCH(IT,IG,IA,CVAVE,IL,T,FETCHED) 
C 
C Fetch a theoretical profile froa the library directory. 
C 

IMPLICIT IOIE 
C 
C Compiler paraaeters 
C 

IITEGER ML, MPII 
PARAMETER (ML=12, MPII=801) 

C 
C Functions 
C 

IITEGER LOCATE 
C 
C Paraaeters 
C 

C 

IITEGER IT,IG,IA,IL 
CHARACTER•4 CVAVE 
LOGICAL FETCHED 
REAL T(MPII) 

C Local variables 
C 

IITEGER I, J, L, IT, 11, IFILE 
CHARACTER•2 GGRID(5) 
CHARACTER•1 AGRID(4) 
CHARACTER FILE*9 
REAL TIIT(MPIX,4), TGRID(8), TEFF, VX1 
REAL VX2, VY1, VY2, WAVE, X1(MPIX), X2(MPIX), XX, YY 

C 
C Main data COMMOI block 
C 

C 

IITEGER DPIX(ML), ILIIES 
REAL•8 DOSIG(MPIX,ML), DOX(MPIX,ML), DOY(MPIX,ML) 
REAL•S RTOOOO(MPIX,ML), RT0001(MPIX,ML), RT0010(MPIX,ML) 
REAL•S RT0011(MPIX,ML), RT0100(MPIX,ML), RT0101(MPIX,ML) 
REAL•S RT0110(MPIX,ML), RT0111(MPIX,ML), RT1000(MPIX,ML) 
REAL•S RT1001(MPIX,ML), RT1010(MPIX,ML), RT1011(MPIX,ML) 
REAL•8 RT1100(MPIX,ML), RT1101(MPIX,ML), RT1110(MPIX,ML) 
REAL•S RT1111(MPIX,ML) 
COMMOI /MAII/DPIX, ILIIES, DOSIG, DOI, DOY, RTOOOO, RT0001, 

: RT0010, RT0011, RT0100, RT0101, RT0110, RT0111, RT1000, 
: RT1001, RT1010, RT1011, RT1100, RT1101, RT1110, RT1111 

C Data stateaents 
C 

C 

DATA GGRID/'27', '30', '35', '40', '45'/ 
DATA AGRID/'0', '1', '2', '5'/ 
DATA TGRID/28000., 30000., 32500., 35000., 37500., 40000., 45000., 

: 50000./ 

C Start of executable statements 
C 
C Construct filenaae 
C 

FILE='f'//GGRID(IG)//AGRID(IA)//CVAVE//'.' 
C 
C Try opening the file 
C 

OPEi (UIIT=1,FILE=FILE,STATUS='OLD',ACCESS='SEQUEITIAL',ERR=600) 
C 
C Look for the temperature desired. 
C 
10 READ (1,*,EID=30)TEFF 

IF (TEFF.EQ.TGRID(IT))GO TO 20 
READ (1,*)IT 
DO I=1,IT 

READ (1,*)TIIT(1,1) 
EIDOO 



GO TO 10 
C 
C Read in the library profile. 
C 
20 READ (1,*)IT 

DO I=1,IT 
READ (1,*)Xt(I),TIIT(I,1) 

EIDDO 
GO TO 100 

C 
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C Try to interpolate the necessary profile; first try to do 
C it by abundance. 
C 
30 WRITE (&,*)'Cannot find entry for ',TGRID(IT),'K in '//FILE 

WRITE (6,*)'Will atte11pt to interpolate profile.• 
CLOSE(t) 
IF (IA.EQ.t.OR.IA.EQ.4)GO TO 200 
DO IFILE=IA-1, IA+1,2 

FILE='f'//GGRID(IG)//AGRID(IFILE)//CWAVE//'.' 
OPEi (UIIT=1,FILE=FILE,STATUS='OLD',ACCESS='SEQUEITIAL', 

ERR=600) 
40 READ (1,*,EID=200)TEFF 

IF (TEFF.EQ.TGRID(IT-1))GO TO SO 
READ (1,*)IT 
DO I=t,IT 

READ (1,•)TIIT(1,IFILE) 
EIDDO 
GO TO 40 

C 
C Read in the library profile. 
C 
SO READ (1,•)IT 

DO I=t,IT 
READ (1,*)X1(I),TIIT(I,IFILE) 

EIDOO 
EIDDO 

C 
C lov interpolate. 
C 

DO I=1,JIT 
TIJIT(I,t)=O.S•(TIJIT(I,IA-1)+TIJIT(I,IA+1)) 

EIDDO 
GO TO 100 

C 
C Abundance interpolation fails--try gravity next. 
C 
200 IF (IG.EQ.1.0R.IG.EQ.4)TBEI 

GO TO 590 
EIDIF 
CLOSE (1) 
DO IFILE=IG-1,IG+1,2 

FILE='f'//GGRID(IFILE)//AGRID(IA)//CWAVE//'.' 
C 
C Try opening the file. 
C 

OPEi (UIIT=i,FILE=FILE,STATUS='OLD',ACCESS='SEQUEITIAL', 
ERR=600) 

240 READ (1,*,EID=S90)TEFF 
IF (TEFF.EQ.TGRID(IT))GO TO 250 
READ (1,*)JIT 
DO I=1,IT 

READ (1,•)TIIT(1,IFILE) 
EIDDO 
GO TO 240 

C 
C Read in the library profile. 
C 
250 READ (1,*)IT 

DO I=1,IT 
READ (1,*)Xt(I),TIIT(I,IFILE) 

EIDDO 
CLOSE (1) 

EIDDO 
C 
C lov interpolate. 
C 

C 

DO I=1,IT 
TIIT(I,1)=0.S•(TIIT(I,IG-1)+TIIT(I,IG+1)) 

EIDDO 
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C Successful read or interpolate. lov ragrid the profile 
C onto the scale used for the data. 
C 
100 IF (X1(1).GT.X1(2))TBEI 
C 
C Reverse order of arrays if necessary. 
C 

DO I=t,IT 
X2(I)=Xt(IT-I+1) 
TIIT(I,2)=TIIT(IT-I+1,1) 

EIDOO 
DO I=1,IT 

X1(I)=X2(I) 
TIIT(I,t)=TIIT(I,2) 

EIDOO 
EIDIF 

C 
C Find theoretical profile lliniaua. 
C 

C 
C 
C 
C 

C 

J=O 
W!VE=99. 
DO I=1,IT 

IF (TIIT(I,1).LT.W!VE)TBEI 
W!VE=TIIT(I,1) 
J=I 

EIDIF 
EIDDO 
W!VE=Xt(J) 
lt=DPIX(IL) 
DO I=1,11 

IF (DOX(I,IL).LT.X1(1))TBEI 

Interpolate off ands of theoretical profile by 
assuaing -2.S vings. 

XX=ABS((DOX(I,IL)-W!VE)/(11(1)-V!VE)) 
T(I)=1.-(1.-TIIT(1,1))/XX/XX/SQRT(XX) 

ELSE IF (DOX(I,IL).GT.X1(1T))TBEI 
XX=ABS((DOX(I,IL)-W!VE)/(X1(1T)-W!VE)) 
T(I)=1.-(1.-TIIT(IT,1))/XX/XX/SQRT(XX) 

ELSE 
L=LOC!TE(X1,IT,REAL(DOX(I,IL))) 
L=NAX(2,Nil(IT-2,L)) 
XX=DOX(I,IL) 
VX1=X1(L) 
VX2=X1(L+1) 
VY1=TIIT(L,1) 
VY2=TIIT(L+1, 1) 
T(I)=VY1•(XX-VX2)/(VX1-VX2)+VY2•(XX-VX1)/(VX2-VX1) 

EIDIF 
EIDDO 
FETCBED=.TRUE. 
RETURI 

C Error exit 
C 
590 WRITE (6,*)'Unabla to interpolate' 

CLOSE (1) 
FETCBED=.F!LSE. 
RETURI 

600 WRITE (&,*)'Cannot find file '//FILE 
GO TO 590 
EID 

SUBROUTIIE NRQNil2(!,N!,LIST!,NFIT,COV!R,!LPB!,IC!,CBISQ,ALAND!, 
FUICS) 

C 
C Chi-square ■iniaization, fro■ "ltu1arical Recipes" 
C 

INPLICIT REAL•S(!-B,0-Z) 
C 
C Co■pilar parameter 
C 

P!RANETER (NNAX=40) 
C 
C Parameters 

C 

DINEISIOI !(NA), LIST!(NFIT), COV!R(IC!,IC!), !LPB!(IC!,IC!) 
DINEISIOI !TRY(NNAX), BETA(NN!X), D!(NN!X) 

IF(!LAND!.LT .0. )TBEI 



KK=MFIT+1 
DO 12 J=1,M.l 

IBIT=O 
DO 11 K=1,MFIT 

IF(LIST1(K).EQ.J)IBIT=IBIT+1 
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11 COITIIUE 
IF (IBIT.EQ.O) TBEI 

LIST1(KK)=J 
KK=KK+1 

ELSE IF (IBIT.GT.1) TBEI 
P1USE 'Iaproper penmtation in LIST!' 

EIDIF 
12 COITIIUE 

IF (KK.IE.(M1+1)) P1USE 'Iaproper penmtation in LIST!' 
1UMD1=0.001 
C1LL MRQCOF2(1,M1,UST1,MFIT,1LPB1,BET1,IC1,CBISQ,FUJICS) 
OCBISQ=CBISQ 
DO 13 J=1,M1 

1TRY(J)=1(J) 
13 COITIIUE 

EIDIF 
DO 15 J=1,MFIT 

DO 14 K=1,MFIT 
COV1R(J,K)=1LPB1(J,K) 

14 COITIIUE 
COV1R(J,J)=1LPB1(J,J)•(1.+1L1MD1) 
D1(J)=BET1(J) 

15 COJITIIUE 
C1LL G1USSJ(COV1R,MFIT,IC1,D1,1,1) 
IF(1UMD1.EQ.O.)THEI 

C1LL COVSRT(COVAR,JICA,MA,LISTA,MFIT) 
RETURJI 

EJIDIF 
DO 16 J=1,MFIT 

ATRY{LISTA{J))=ATRY{LISTA{J))+DA{J) 
16 COITIIUE 

CALL MRQCOF2{ATRY,M1,LISTA,MFIT,COVAR,DA,ICA,CBISQ,FUICS) 
IF{CBISQ.LT.OCBISQ)TBEI 

ALAMDA=0.1•AUMDA 
OCBISQ=CBISQ 
DO 18 J=1,MFIT 

DO 17 K=1,MFIT 
1LPB1{J,K)=COVAR{J,K) 

17 COITIIUE 
BETA{J)=DA{J) 
A{LISTA{J))=ATRY{LISTA{J)) 

18 COITIIUE 

C 

C 

C 

ELSE 
1LAMDA=10.•AUMDA 
CBISQ=OCBISQ 

EIDIF 
RETURJI 
EID 

SUBROUTIIE MRQCOF2{A,M1,LISTA,MFIT,1LPBA,BETA,11LP,CBISQ,FUJICS) 

IMPLICIT REAL•8 {A-B,0-Z) 

PARAMETER {ML=12, MMAX=40, MPII=801) 
DIMEISIOI ALPBA{IALP,IALP),BETA{M1),DYDA{MM11),LISTA{MFIT) 
DIMEISIOI A{MA) 

C Main data COMMOI block 
C 

C 

IITEGER DPII{ML), ILIJIES 
REAL•8 DOSIG{MPII,ML), DOI{MPil,ML), DOY{MPII,ML) 
REAL•8 RTOOOO{MPII,ML), RT0001(MPII,ML), RT0010(MPII,ML) 
REAL•8 RT0011(MPII,ML), RT0100(MPII,ML), RT0101(MPII,ML) 
REAL•8 RT0110(MPII,ML), RT0111(MPII,ML), RT1000(MPII,ML) 
REAL•8 RT1001(MPII,ML), RT1010(MPil,ML), RT1011(MPII,ML) 
REAL•8 RT1100(MPII,ML), RT1101(MPII,ML), RT1110{MPII,ML) 
REAL•8 RT1111(MPII,ML) 
COMMOI /MAII/DPII, ILIIES, DOSIG, DOI, DOY, RTOOOO, RT0001, 

: RT0010, RT0011, RT0100, RT0101, RT0110, RT0111, RT1000, 
: RT1001, RT1010, RT1011, RT1100, RT1101, RT1110, RT1111 

DO 12 J=1,MFIT 
DO 11 K=1,J 

1LPBA(J,K)=O. 
11 COITIIUE 
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BETA(J)=O. 
12 COITIIUE 

CBISQ=O. 
DO IL=1 ,ILIIES 

DO 15 I=1,DPII(IL) 
CALL FUICS{IL,DOI(I,IL),A,YMOD,DYDA,IU) 
SIG2I=1./(DOSIG(I,IL)•DOSIG(I,IL)) 
DY=DOY{I,IL)-YMOD 
DO 14 J=1,NFIT 

VT=DYDA(LISTA(J))•SIG2I 
DO 13 K=1,J 

ALPBA(J,K)=ALPBA(J,K)+VT•DYDA{LISTA(K)) 
13 COITIIUE 

BETA(J)=BETA{J)+DY•WT 
14 COITIIUE 

CBISQ=CBISQ+DY•DY•SIG2I 
15 COITIIUE 

EIDDO 
DO 17 J=2,NFIT 

DO 16 K=1,J-1 
ALPBA(K,J)=ALPBA{J,K) 

16 COITIIUE 
17 COITIIUE 

RETURI 
EID 

SUBROUTIIE PBYSFUIC(IL,ll,A,YMOD,DYDA,NA) 
C 
C Model function subroutine for MRQMil2 used in main 
C parameter fitting. 
C 

IMPLICIT REAL•S (A-B,0-Z) 
C 
C Compiler paraaeters 
C 

PARAMETER (ML=12, MPII=801) 
C 
C Paraaeters 
C 

IITEGER IL, MA 
DIMEISIOI A(MA), DYDA(MA) 

C 
C Main data COMMOI block 
C 

C 

IITEGER DPII(ML), ILIIES 
REAL•S DOSIG(MPII,ML), DOI{MPII,ML), DOY(MPII,ML) 
REAL•S RTOOOO(MPII,ML), RT0001(MPII,ML), RT0010(MPII,ML) 
REAL•S RT0011(NPII,ML), RT0100(MPII,ML), RT0101{MPII,ML) 
REAL*8 RT0110(MPII,ML), RT0111(MPII,ML), RT1000(NPII,ML) 
REAL•S RT1001(MPII,ML), RT1010(MPII,ML), RT1011(MPII,ML) 
REAL*8 RT1100(MPII,ML), RT1101(MPII,ML), RT1110(MPII,ML) 
REAL•S RT1111(MPII,ML) 
COMMOI /MAII/DPII, ILIIES, DOSIG, DOI, DOY, RTOOOO, RT0001, 

: RT0010, RT0011, RT0100, RT0101, RT0110, RT0111, RT1000, 
: RT1001, RT1010, RT1011, RT1100, RT1101, RT1110, RT1111 

C Functions 
C 

IITEGER DLOCATE 
C 
C Start of executable statements 
C 

C 

DO I=1,MA 
DYDA(I)=O. 

EIDDO 
I=ll-A(3•IL) 
L=DLOCATE{DOI{1,IL),DPII(IL),I) 
L=Nil(DPII(IL)-2,MAI{2,L)) 
It=DOI{L-1,IL) 
I2=DOI(L,IL) 
I3=DOI(L+1,IL) 
I4=DOI(L+2,IL) 

C Calculate interpolant for each mesh point. 
C 

Y1=RTOOOO{L-1,IL) 
Y2=RTOOOO{L,IL) 
Y3=RTOOOO{L+1,IL) 
Y4=RTOOOO{L+2,IL) 
YOOO=Y1•{I-I2)•(I-I3)•(I-I4)/{(I1-I2)•{I1-I3)•{I1-I4))+ 
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Y2•(I-I1)•(I-I3)•(I-I4)/((I2-I1)•(I2-I3)•(I2-I4))+ 
Y3•(I-It)•(I-I2)•(I-I4)/((I3-I1)•(I3-I2)•(I3-I4))+ 
Y4•(I-I1)•(I-I2)•(I-I3)/((I4-It)•(I4-I2)•(I4-I3)) 

DY000D3=-Y1•((I-I3)•(I-I4)+(I-I2)•(I-I4)+(I-I2)•(I-I3))/ 
((I1-I2)•(I1-I3)•(I1-I4))+ 

-Y2•((I-I3)•(I-I4)+(I-I1)•(I-I4)+(I-I1)•(I-I3))/ 
((I2-It)•(I2-I3)•(I2-I4))+ 

-Y3•((I-I2)•(I-I4)+(I-I1)•(I-I4)+(I-I1)•(I-I2))/ 
((I3-I1)•(I3-I2)•(I3-I4))+ 

-Y4*((I-I2)•(I-I3)+(I-I1)•(I-I3)+(I-I1)•(I-I2))/ 
((I4-I1)•(I4-I2)•(I4-I3)) 

Y1=RTOO10(L-1,IL) 
Y2=RT0010(L,IL) 
Y3=RT0010(L+1,IL) 
Y4=RT0010(L+2,IL) 
Y001=Y1•(I-I2)•(I-I3)•(I-I4)/((I1-I2)•(I1-I3)•(I1-I4))+ 

Y2•(I-It)•(I-I3)•(I-I4)/((I2-It)•(I2-I3)•(I2-I4))+ 
Y3•(I-I1)•(I-I2)•(I-I4)/((I3-I1)•(I3-I2)•(I3-I4))+ 
Y4•(I-I1)•(I-I2)•(I-I3)/((I4-I1)•(I4-I2)•(I4-I3)) 

DY001D3=-Y1•((I-I3)•(I-I4)+(I-I2)•(I-I4)+(I-I2)•(I-I3))/ 
((I1-I2)•(I1-I3)•(I1-I4))+ 

-Y2•((I-I3)•(I-I4)+(I-I1)•(I-I4)+(I-I1)•(I-I3))/ 
((I2-I1)•(I2-I3)•(I2-I4))+ 

-Y3•((I-I2)•(I-X4)+(I-I1)•(I-I4)+(X-I1)•(I-I2))/ 
((I3-I1)•(X3-I2)•(X3-I4))+ 

-Y4•((X-X2)•(X-X3)+(I-X1)•(X-X3)+(X-X1)*(X-X2))/ 
((X4-X1)•(X4-X2)•(X4-X3)) 

Y1=RT0100(L-1,IL) 
Y2=RT0100(L,IL) 
Y3=RT0100(L+1,IL) 
Y4=RT0100(L+2,IL) 
Y010=Yt•(X-I2)•(X-I3)•(X-X4)/((X1-X2)*(X1-X3)•(X1-X4))+ 

Y2•(X-X1)•(X-X3)*(X-I4)/((X2-X1)•(X2-X3)*(X2-X4))+ 
Y3•(X-X1)•(X-X2)•(X-X4)/({I3-X1)•{X3-X2)*{X3-X4))+ 
Y4•(X-X1)•{X-X2)•{X-X3)/{{X4-X1)•{X4-X2)*{I4-I3)) 

DY010D3=-Y1•({X-I3)•{X-X4)+(X-X2)•(X-I4)+(X-I2)•(X-I3))/ 
((X1-X2)•(X1-X3)•(X1-X4))+ 

-Y2•((X-X3)•(X-X4)+(I-I1)•(X-X4)+(X-X1)•(X-X3))/ 
((X2-X1)•(X2-I3)•(I2-I4))+ 

-Y3•((X-X2)•(X-I4)+(X-I1)•(X-X4)+(X-X1)•(X-X2))/ 
((X3-X1)•(X3-X2)•(X3-X4))+ 

-Y4•((X-X2)•(X-I3)+(I-X1)•(X-X3)+(I-X1)*(X-X2))/ 
((I4-Xt)•(X4-I2)•(X4-X3)) 

Y1=RT0110(L-1,IL) 
Y2=RT0110(L,IL) 
Y3=RTO110(L+1,IL) 
Y4=RT0110(L+2,IL) 
YO11=Y1•(X-X2)•(X-X3)•(X-X4)/((I1-X2)*(X1-I3)•(I1-X4))+ 

Y2•(X-I1)•(X-X3)•(X-I4)/((X2-I1)•(X2-I3)•(X2-I4))+ 
Y3•(X-It)•(X-X2)•(X-X4)/((I3-X1)•(I3-X2)•(I3-X4))+ 
Y4•(X-I1)•(X-X2)•(X-X3)/((X4-X1)•(X4-X2)*(X4-I3)) 

DY011D3=-Y1•((X-I3)•(I-I4)+(X-X2)•(I-X4)+(X-I2)•(X-I3))/ 
((X1-I2)•(X1-I3)•(X1-I4))+ 

-Y2•((X-X3)•(X-I4)+(X-X1)•(X-X4)+(X-I1)*(X-X3))/ 
((I2-Xt)•(X2-I3)•(I2-I4))+ 

-Y3•((X-I2)•(X-I4)+(X-I1)•(X-X4)+(X-I1)•(X-X2))/ 
((X3-Xt)•(X3-I2)•(I3-X4))+ 

-Y4•((X-X2)•(I-X3)+(I-X1)•(X-I3)+(X-X1)•(I-X2))/ 
((X4-Xt)•(I4-X2)•(X4-X3)) 

Y1=RT1000(L-1,IL) 
Y2=RT1000(L,IL) 
Y3=RT1000(L+1,IL) 
Y4=RT1000(L+2,IL) 
Y100=Y1•(X-X2)•(X-X3)•(X-X4)/((X1-I2)*(I1-X3)•(X1-I4))+ 

Y2•(X-I1)•(X-X3)•(X-I4)/((X2-I1)•(I2-I3)•(X2-X4))+ 
Y3•(X-I1)•(X-X2)•(X-I4)/((X3-I1)•(I3-X2)•(X3-I4))+ 
Y4•(X-Xt)•(X-X2)•(I-X3)/((I4-I1)•(I4-X2)•(X4-I3)) 

DY100D3=-Yt•((I-I3)•(I-X4)+(I-X2)•(I-I4)+(I-I2)•(X-I3))/ 
((X1-X2)•(X1-X3)•(I1-I4))+ 

-Y2•((I-I3)•(X-I4)+(I-I1)•(X-I4)+(X-X1)•(I-X3))/ 
((I2-Xt)•(X2-I3)•(X2-X4))+ 

-Y3•((X-I2)•(X-I4)+(X-I1)•(X-I4)+(X-X1)•(X-X2))/ 
((I3-I1)•(I3-I2)•(I3-I4))+ 

-Y4*((X-X2)•(X-I3)+(I-X1)•{I-X3)+(X-X1)•(X-I2))/ 
{(I4-It)•(I4-I2)•{X4-I3)) 

Yt=RT1010(L-1,IL) 
Y2=RT1010(L,IL) 
Y3=RT101O(L+1,IL) 
Y4=RT1O1O(L+2,IL) 
Y101=Y1•{X-I2)•{X-X3)•{I-I4)/{(I1-X2)•(I1-X3)•{I1-X4))+ 
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Y2*(X-X1)*(X-X3)*(X-X4)/((X2-X1)•(X2-X3)*(X2-X4))+ 
Y3*(X-X1)*(X-X2)*(X-X4)/((X3-X1)•(X3-X2)*(X3-X4))+ 
Y4*(X-X1)*(X-X2)•(X-X3)/((X4-X1)•(X4-X2)•(X4-X3)) 

DY101D3=-Y1*((X-X3)•(X-X4)+(X-X2)•(X-X4)+(X-X2)*(X-X3))/ 
((X1-X2)•(X1-X3)•(X1-X4))+ 

-Y2*((X-X3)*(X-X4)+(X-X1)•(X-I4)+(X-X1)*(X-X3))/ 
((X2-Xt)•(X2-X3)*(X2-X4))+ 

-Y3*((I-X2)*(X-X4)+(X-X1)*(I-I4)+(X-X1)*(I-X2))/ 
((I3-I1)•(X3-X2)*(X3-I4))+ 

-Y4*((X-X2)•(X-X3)+(I-I1)*(I-I3)+(X-X1)*(X-X2))/ 
((X4-X1)*(X4-X2)*(X4-X3)) 

Y1=RT1100(L-1,IL) 
Y2=RT1100(L,IL) 
Y3=RT1100(L+1,IL) 
Y4=RT1100(L+2,IL) 
Y110=Y1•(X-X2)*(X-X3)•(I-I4)/((I1-I2)*(X1-X3)*(X1-X4))+ 

Y2*(X-X1)*(X-X3)*(I-I4)/((X2-X1)*(X2-X3)*(X2-X4))+ 
Y3*(X-X1)*(X-X2)*(I-I4)/((X3-X1)•(X3-I2)*(X3-X4))+ 
Y4*(I-I1)•(X-X2)*(I-X3)/((I4-I1)•(X4-X2)•(I4-X3)) 

DY110D3=-Y1*((X-X3)*(X-X4)+(X-X2)*(X-X4)+(I-I2)•(X-X3))/ 
((X1-X2)•(X1-X3)*(I1-I4))+ 

-Y2•((I-I3)•(X-I4)+(I-I1)*(I-I4)+(I-X1)*(X-X3))/ 
((I2-Xt)•(X2-X3)*(X2-X4))+ 

-Y3*((I-X2)•(X-X4)+(X-X1)*(X-X4)+(X-X1)*(X-X2))/ 
((X3-X1)•(X3-X2)•(X3-X4))+ 

-Y4*((X-X2)•(X-I3)+(X-X1)*(X-X3)+(X-X1)*(X-X2))/ 
((X4-X1)•(X4-X2)*(X4-X3)) 

Y1=RT1110(L-1,IL) 
Y2=RT1110(L,IL) 
Y3=RT1110(L+1,IL) 
Y4=RT1110(L+2,IL) 
Y111=Y1•(X-X2)•(X-X3)•(X-X4)/((X1-X2)•(X1-X3)*(X1-X4))+ 

Y2*(X-X1)•(X-X3)*(X-X4)/((X2-X1)*(X2-X3)*(X2-X4))+ 
Y3*(X-X1)*(X-X2)*(X-X4)/((X3-X1)•(X3-X2)•(X3-X4))+ 
Y4*(X-X1)•(X-X2)*(X-X3)/((X4-X1)*(X4-X2)•(X4-X3)) 

DY111D3=-Yt•((X-X3)•(X-X4)+(I-X2)•(X-X4)+(X-I2)•(X-I3))/ 
((X1-X2)*(X1-X3)•(X1-X4))+ 

-Y2*((X-X3)*(X-X4)+(X-X1)*(I-X4)+(I-X1)*(X-X3))/ 
((X2-I1)*(X2-X3)•(X2-X4))+ 

-Y3•((X-X2)•(X-X4)+(X-X1)*(I-X4)+(X-X1)•(X-I2))/ 
((I3-I1)*(X3-X2)*(X3-X4))+ 

-Y4•((X-X2)*(X-X3)+(X-X1)*(X-X3)+(X-I1)*(X-X2))/ 
((X4-Xt)•(X4-X2)*(X4-X3)) 

C 
C loe calcute YFIT 
C 
C Abundance interpolant 
C 

C 

I=3•1LIIES+3 
!1=1.-!(I) 
!2=!(I) 
YOO=A1*YOOO+A2•Y001 
DYOOD3=!1•DY000D3+!2•DY001D3 
DYOOD!=Y001-YOOO 
Y01=!1•Y010+!2•Y011 
DY01D3=!1•DY010D3+!2•DY011D3 
DY01D!=Y011-Y010 
Y10=!1•Y100+!2•Y101 
DY10D3=!1•DY100D3+!2•DY101D3 
DY10D!=Y101-Y100 
Y11=!1•Y110+!2•Y111 
DY11D3=!1•DY110D3+!2•DY111D3 
DY11D!=Y111-Y110 

C Gravity interpolant 
C 

C 

I=3•1LIIES+2 
!1=1.-!(I) 
!2=!(I) 
YO=At•YOO+A2•Y01 
DYOD3=!1•DYOOD3+!2•DY01D3 
DYOD!=A1•DYOOD!+A2•DY01D! 
DYODG=Y01-YOO 
Y1=!1•Y10+!2•Y11 
DY1D3=!1•DY10D3+!2•DY11D3 
DY1D!=A1•DY10D!+A2•DY11D! 
DY1DG=Y11-Y10 

C Temperature interpolant 
C 



C 

I=3•1LIIES+1 
.U=1.-.l(I) 
.l2=.l(I) 
Y=.l1*YO+.l2*Y1 
DYD3=.l1*DYOD3+.l2*DY1D3 
DYD.l.l=.l1•DYOD.l+.l2*DY1D.l 
DYDG=.l1*DYODG+.l2*DY1DG 
DYDT=Y1-YO 

C ContinU1lll fit 
C 

.U=.l(3*IL-2) 

.l2=.l(3•IL-1) 
YC=.U•X+.l2 
YIIOD=Y•YC 
DYD.l(3•IL-2)=X•Y 
DYD.l(3•IL-1)=Y 
DYD.l(3*IL)=YC•DYD3 
DYD.l(3*1LIIES+1)=YC•DYDT 
DYD.l(3*1LIIES+2)=YC•DYDG 
DYD.l(3•1LIIES+3)=YC•DYD.l.l 
REnJRI 
EID 

SUBROUTIIE 11.lTIIV(.l,l,IR) 
C 
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C Invert matrix in place by LU decomposition; routine 
C originally fro■ .luer-llihalas codes. 
C 

IMPLICIT RE.lL•8(.l-B,O-Z) 
C 

C 

IITEGER I, K, IR, I, L, KO, II, J, JJ 
DIIIEISIOI .l(IR,IR) 

DO 60 1=2,1 
DIV=.l(1,1) 
.l(I,1)=.l(I,1)/DIV 
DO 30 J=2,I-1 

DIV=.l(J,J) 
SUll=O. 
DO 10 L=1,J-1 

SUll=SUll+.l(I,L)•.l(L,J) 
10 COITIIUE 

.l(I,J)=(A(I,J)-SUll)/DIV 
30 COITIIUE 

DO SO J=I,I 
SUll=O. 
DO 40 L=1,I-1 

SUll=SUll+A(I,L)•.l(L,J) 
40 COITIIUE 

A(I,J)=.l(I,J)-SUII 
50 COITIIUE 
60 COITIIUE 

DO 100 I=l,2,-1 
DO 90 J=I-1,1,-1 

SUll=O. 
IF (J+l.EQ.I)GO TO 80 
DO 70 K=J+l,I-1 

SUll=SUll+A(I,K)•A(K,J) 
70 COITIIUE 
80 A(I,J)=-A(I,J)-SUII 
90 COITIIUE 
100 COITIIUE 

A(l,1)=1.0/.l(l,I) 
DO 140 I=l-1,1,-1 

DIV=.l(I,I) 
DO 120 J=l,I+l,-1 

SUll=O. 
DO 110 K=I+l,J 

SUll=SUll+A(I,K)•.l(K,J) 
110 COITIIUE 

A(I,J)=-SUII/DIV 
120 COITIIUE 

.l(I,I)=l.0/A(I,I) 
140 COITIIUE 

DO 200 1=1,1 
DO 160 J=l,I-1 

SUll=O.O 
DO 150 K=I,I 

SUll=SUll+A(I,K)•A(K,J) 
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150 COITIIUE 
A(I,J)=SUM 

160 COITIIUE 
DO 190 J=I,I 

SUM=A(I,J) 
IF (J.EQ.l)GO TO 180 
DO 170 K=J+1,I 

SUM=SUM+A(I,K)•A(K,J) 
170 COITIIUE 
180 A(I,J)=SUM 
190 COITIIUE 
200 COITIIUE 

RETURI 
EID 

SUBROUTIIE ROTFUIC(IL,II,A,YMOD,DYDA,MA) 
C 
C Model function subroutine for IIRQMil2 used in 
C rotation fit 
C 

IMPLICIT REAL•8 (A-B,0-Z) 
C 
C Compiler parameters 
C 

PARAMETER (MI.=12, MPII=801) 
C 
C Parameters 
C 

IITEGER IL, MA 
DIMEISIOI A(MA), DYDA(MA) 

C 
C Main data COMMOI block 
C 

C 

IITEGER DPII(ML), ILIIES 
REAL•8 DOSIG(MPII,ML), DOI(MPII,ML), DOY(MPII,ML) 
REAL*8 RTOOOO(MPII,ML), RT0001(MPII,ML), RT0010(MPII,ML) 
REAL*8 RT0011(MPII,ML), RT0100(MPII,ML), RT0101(MPII,ML) 
REAL•8 RT0110(MPII,ML), RT0111(MPII,ML), RT1000(MPII,ML) 
REAL•8 RT1001(MPII,ML), RT1010(MPII,ML), RT1011(MPII,ML) 
REAL*8 RT1100(MPII,ML), RT1101(MPII,ML), RT1110(MPII,ML) 
REAL•8 RT1111(MPII,ML) 
COMMOI /MAII/DPII, ILIIES, DOSIG, DOI, DOY, RTOOOO, RT0001, 

: RT0010, RT0011, RT0100, RT0101, RT0110, RT0111, RT1000, 
: RT1001, RT1010, RT1011, RT1100, RT1101, RT1110, RT1111 

C Functions 
C 

IITEGER DLOCATE 
C 
C Start of executable state■ents 
C 

C 

DO I=1,MA 
DYDA(I)=O. 

EIDDO 
I=II-A(3•IL) 
L=DLOCATE(DOI(1,IL),DPII(IL),I) 
L=Mil(DPII(IL)-2,Mil(2,L)) 
I1=DOI(L-1,IL) 
I2=DOI(L,IL) 
I3=DOI(L+1,IL) 
I4=DOI(L+2,IL) 

C Calculate interpolant for each 11esh point. 
C 

Yt=RTOOOO(L-1,IL) 
Y2=RTOOOO(L,IL) 
Y3=RTOOOO(L+1,IL) 
Y4=RTOOOO(L+2,IL) 
YOOOO=Y1•(I-I2)•(I-I3)•(I-I4)/((I1-I2)•(I1-I3)•(I1-I4))+ 

Y2•(I-I1)•(I-I3)•(I-I4)/((I2-I1)•(I2-I3)•(I2-I4))+ 
Y3•(I-I1)•(I-I2)•(I-I4)/((I3-I1)•(I3-I2)•(I3-I4))+ 
Y4•(I-I1)•(I-I2)•(I-I3)/((X4-I1)•(I4-I2)•(I4-I3)) 

DYOOOOD3=-Y1•((I-I3)*(I-I4)+(I-I2)*(I-I4)+(I-I2)•(I-I3))/ 
((I1-I2)•(I1-I3)•(I1-I4))+ 

-Y2•((I-I3)•(I-I4)+(I-I1)•(I-I4)+(I-I1)•(I-I3))/ 
((I2-I1)•(I2-I3)•(I2-I4))+ 

-Y3•((I-I2)•(I-I4)+(I-X1)•(I-I4)+(I-I1)•(I-X2))/ 
((I3-I1)•(I3-I2)•(I3-I4))+ 

-Y4*((I-I2)•(I-I3)+(I-I1)•(I-I3)+(I-I1)•(I-I2))/ 
((I4-I1)•(I4-I2)•(I4-I3)) 
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Y1=RT0001(L-1,IL) 
Y2=RT0001(L,IL) 
Y3=RT0001(L+1,IL) 
Y4=RT0001(L+2,IL) 
Y0001=Yt•(X-X2)•(X-X3)•(X-X4)/((X1-X2)•(X1-X3)*(X1-X4))+ 

Y2•(X-Xt)•(X-X3)•(X-X4)/((X2-It)•(I2-X3)•(X2-X4))+ 
Y3•(X-Xt)•(X-X2)•(X-X4)/((X3-I1)•(X3-X2)•(X3-X4))+ 
Y4•(X-Xt)•(X-X2)•(I-X3)/((X4-X1)•(X4-X2)•(X4-X3)) 

DY0001D3=-Yt•((X-X3)•(X-X4)+(I-X2)*(X-X4)+(X-I2)•(I-X3))/ 
((X1-X2)•(X1-X3)•(X1-X4))+ 

-Y2•((X-X3)•(X-X4)+(I-It)•(X-X4)+(X-It)•(I-I3))/ 
((X2-Xt)•(X2-X3)•(I2-X4))+ 

-Y3•((I-X2)•(X-X4)+(I-Xt)•(X-X4)+(X-Xt)•(I-X2))/ 
((X3-It)•(X3-X2)•(I3-X4))+ 

-Y4*((X-X2)•(X-I3)+(I-X1)*(I-X3)+(X-It)•(X-X2))/ 
((I4-I1)•(X4-X2)•(I4-I3)) 

Yt=RTOOtO(L-1,IL) 
Y2=RT0010(L,IL) 
Y3=RT0010(L+1,IL) 
Y4=RT0010(L+2,IL) 
Y0010=Yt•(X-I2)•(X-I3)•(I-I4)/((I1-X2)*(X1-I3)•(I1-I4))+ 

Y2•(X-Xt)•(X-X3)•(X-X4)/((X2-X1)•(I2-I3)•(X2-X4))+ 
Y3•(X-Xt)•(X-X2)•(I-X4)/((X3-X1)•(X3-X2)*(X3-I4))+ 
Y4•(X-Xt)•(X-X2)•(X-X3)/((X4-X1)•(X4-X2)•(X4-X3)) 

DY0010D3=-Yt•((X-X3)*(X-X4)+(X-X2)*(X-X4)+(X-X2)*(X-X3))/ 
((X1-X2)•(X1-X3)•(X1-X4))+ 

-Y2•((X-X3)•(X-X4)+(X-Xt)•(X-X4)+(X-Xt)•(I-X3))/ 
((X2-It)•(X2-X3)•(X2-X4))+ 

-Y3•((X-X2)•(X-X4)+(X-X1)•(X-X4)+(X-Xt)•(X-X2))/ 
((X3-Xt)•(X3-X2)•(X3-X4))+ 

-Y4*((X-X2)•(X-X3)+(X-Xt)•(X-X3)+(I-I1)•(X-X2))/ 
((X4-Xt)•(X4-X2)•(X4-X3)) 

Y1=RT0011(L-1,IL) 
Y2=RT0011(L,IL) 
Y3=RT0011(L+1,IL) 
Y4=RT0011(L+2,IL) 
Y0011=Yt•(X-X2)•(X-X3)*(X-X4)/((X1-X2)•(X1-X3)*(X1-X4))+ 

Y2•(X-Xt)•(X-X3)•(X-X4)/((X2-X1)*(X2-X3)*(X2-I4))+ 
Y3•(X-Xt)•(I-X2)*(X-X4)/((X3-X1)*(I3-X2)*(I3-X4))+ 
Y4•(X-Xt)•(X-X2)•(X-X3)/((X4-Xt)•(X4-X2)•(X4-X3)) 

DY0011D3=-Yt•((X-X3)•(X-X4)+(X-X2)*(I-X4)+(X-X2)*(X-X3))/ 
((X1-X2)•(X1-X3)•(X1-X4))+ 

-Y2•((X-X3)•(X-X4)+(X-X1)*(X-X4)+(X-I1)*(X-X3))/ 
((X2-Xt)•(X2-X3)•(X2-X4))+ 

-Y3•((X-X2)•(X-X4)+(X-Xt)•(X-X4)+(I-Xt)•(X-X2))/ 
((X3-I1)•(I3-I2)•(X3-X4))+ 

-Y4•((I-I2)•(X-X3)+(X-It)•(X-I3)+(X-Xt)•(I-X2))/ 
((I4-Xt)•(X4-X2)•(X4-X3)) 

Yt=RTOtOO(L-1,IL) 
Y2=RT0100(L,IL) 
Y3=RT0100(L+1,IL) 
Y4=RT0100(L+2,IL) 
Y0100=Yt•(X-X2)•(X-X3)*(I-X4)/((X1-X2)*(X1-X3)*(I1-X4))+ 

Y2•(X-X1)•(X-X3)•(X-X4)/((X2-Xt)•(X2-X3)*(X2-X4))+ 
Y3•(X-Xt)•(X-X2)•(X-X4)/((X3-Xt)•(X3-X2)•(X3-X4))+ 
Y4•(X-Xt)•(X-X2)*(X-X3)/((X4-X1)•(X4-X2)•(X4-X3)) 

DY0100D3=-Yt•((X-X3)*(X-X4)+(X-I2)*(X-X4)+(X-X2)•(X-X3))/ 
((X1-X2)•(X1-X3)•(X1-X4))+ 

-Y2•((X-X3)•(X-X4)+(X-X1)•(X-X4)+(X-Xt)•(X-X3))/ 
((X2-Xt)•(X2-X3)•(X2-X4))+ 

-Y3•((X-X2)•(X-X4)+(X-Xt)•(X-X4)+(X-X1)*(X-X2))/ 
((X3-l1)•(X3-X2)•(X3-X4))+ 

-Y4*((X-X2)•(X-X3)+(X-Xt)•(X-X3)+(X-X1)•(X-X2))/ 
((X4-X1)•(X4-X2)•(X4-X3)) 

Y1=RT0101(L-1,IL) 
Y2=RT0101(L,IL) 
Y3=RT0101(L+1,IL) 
Y4=RT0101(L+2,IL) 
Y0101=Yt•(X-X2)•(X-X3)•(X-X4)/((X1-X2)•(X1-X3)*(X1-X4))+ 

Y2•(X-X1)•(X-X3)•(X-X4)/((X2-X1)•(X2-X3)•(X2-X4))+ 
Y3•(X-X1)•(X-X2)•(X-X4)/((X3-X1)•(X3-X2)•(X3-X4))+ 
Y4•(X-X1)•(X-X2)•(X-X3)/((X4-X1)*(X4-X2)*(X4-X3)) 

DY0101D3=-Yt•((X-X3)•(X-X4)+(X-X2)•(X-X4)+(X-X2)•(X-X3))/ 
((X1-X2)•(X1-X3)*(X1-X4))+ 

-Y2•((X-X3)•(X-X4)+(X-Xt)•(X-X4)+(X-Xt)•(X-X3))/ 
((X2-Xt)•(X2-X3)•(X2-X4))+ 

-Y3•((X-X2)•(X-X4)+(X-Xt)•(X-X4)+(X-Xt)•(X-X2))/ 
((X3-Xt)•(X3-X2)•(X3-X4))+ 

-Y4*((X-X2)•(X-X3)+(X-X1)•(X-X3)+(X-Xt)•(X-X2))/ 
((X4-Xt)•(X4-X2)•(X4-X3)) 
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Y1=RT0110(L-1,IL) 
Y2=RT0110(L,IL) 
Y3=RT0110(L+1,IL) 
Y4=RT0110(L+2,IL) 
Y0110=Y1*(I-I2)*(I-I3)*(I-I4)/((I1-X2)*(I1-I3)*(I1-I4))+ 

Y2*(I-I1)*(I-I3)*(I-I4)/((X2-I1)*(I2-I3)*(I2-I4))+ 
Y3*(I-I1)*(I-I2)*(I-I4)/((I3-I1)*(I3-I2)*(I3-I4))+ 
Y4*(I-I1)*(I-I2)*(I-I3)/((I4-I1)*(I4-I2)*(I4-I3)) 

DY0110D3=-Y1*((I-I3)*(I-I4)+(I-I2)*(I-I4)+(I-I2)*(I-I3))/ 
((I1-I2)*(I1-I3)*(I1-I4))+ 

-Y2*((I-I3)*(I-I4)+(I-I1)*(I-I4)+(I-I1)*(I-I3))/ 
((I2-I1)*(I2-I3)*(X2-I4))+ 

-Y3*((I-I2)*(I-I4)+(I-I1)*(I-I4)+(I-I1)*(I-I2))/ 
((I3-I1)*(I3-X2)*(I3-I4))+ 

-Y4*((I-I2)*(I-I3)+(I-I1)*(I-I3)+(I-I1)*(I-I2))/ 
((I4-I1)*(I4-X2)*(I4-I3)) 

Y1=RT0111(L-1,IL) 
Y2=RT0111(L,IL) 
Y3=RT0111(L+1,IL) 
Y4=RT0111(L+2,IL) 
Y0111=Y1*(I-I2)*(I-I3)*(I-I4)/((I1-X2)*(I1-I3)*(I1-I4))+ 

Y2*(I-I1)*(I-I3)*(I-I4)/((X2-I1)*(I2-I3)*(I2-I4))+ 
Y3*(I-I1)*(I-I2)*(I-I4)/((I3-I1)*(I3-I2)*(I3-I4))+ 
Y4*(I-I1)*(I-I2)*(I-I3)/((I4-I1)*(I4-I2)*(I4-I3)) 

DY0111D3=-Y1*((I-I3)*(I-I4)+(I-I2)*(I-I4)+(I-I2)*(I-I3))/ 
((I1-I2)*(I1-I3)*(I1-I4))+ 

-Y2*((I-I3)*(I-I4)+(I-I1)*(I-I4)+(I-I1)*(I-I3))/ 
((I2-I1)*(I2-I3)*(I2-I4))+ 

-Y3*((I-I2)*(I-I4)+(I-I1)*(I-I4)+(I-I1)*(I-I2))/ 
((I3-I1)*(I3-I2)*(I3-I4))+ 

-Y4*((I-I2)*(I-I3)+(I-I1)*(I-I3)+(I-I1)*(I-I2))/ 
((I4-I1)*(I4-X2)*(I4-X3)) 

Y1=RT1000(L-1,IL) 
Y2=RT1000(L,IL) 
Y3=RT1000(L+1,IL) 
Y4=RT1000(L+2,IL) 
Y1000=Y1*(I-I2)*(I-I3)*(I-I4)/((I1-X2)*(I1-I3)*(I1-I4))+ 

Y2*(I-I1)*(I-I3)*(I-I4)/((I2-I1)*(I2-I3)*(I2-I4))+ 
Y3*(I-I1)*(I-I2)*(I-I4)/((I3-I1)*(I3-I2)*(I3-I4))+ 
Y4*(I-I1)*(I-X2)*(I-X3)/((I4-I1)*(I4-X2)*(I4-I3)) 

DY1000D3=-Y1*((I-I3)*(I-I4)+(I-I2)*(I-X4)+(I-X2)*(I-I3))/ 
((I1-I2)*(I1-I3)*(I1-X4))+ 

-Y2*((I-I3)*(I-I4)+(I-X1)*(I-X4)+(I-X1)*(I-I3))/ 
((I2-I1)*(I2-I3)*(X2-X4))+ 

-Y3*((I-I2)*(I-X4)+(X-X1)*(I-X4)+(I-X1)*(I-I2))/ 
((I3-X1)*(I3-X2)*(I3-X4))+ 

-Y4*((I-I2)*(I-I3)+(I-I1)*(I-X3)+(I-I1)*(I-I2))/ 
((I4-I1)*(I4-X2)*(I4-X3)) 

Y1=RT1001(L-1,IL) 
Y2=RT1001(L,IL) 
Y3=RT1001(L+1,IL) 
Y4=RT1001(L+2,IL) 
Y1001=Y1*(I-I2)*(I-I3)*(I-I4)/((I1-I2)*(I1-I3)*(I1-I4))+ 

Y2*(I-I1)*(I-I3)*(I-I4)/((I2-I1)*(12-I3)*(I2-I4))+ 
Y3*(I-I1)*(I-I2)*(I-I4)/((I3-I1)*(I3-X2)*(I3-X4))+ 
Y4*(I-I1)*(I-X2)*(I-I3)/((I4-I1)*(I4-X2)*(I4-I3)) 

DY1001D3=-Y1*((I-I3)*(I-I4)+(X-I2)*(I-X4)+(I-I2)*(I-I3))/ 
((I1-I2)*(I1-I3)*(I1-X4))+ 

-Y2*((I-I3)*(I-I4)+(I-I1)*(I-X4)+(I-I1)*(I-I3))/ 
((I2-I1)*(I2-I3)*(I2-X4))+ 

-Y3*((I-I2)*(I-I4)+(X-I1)*(I-I4)+(X-I1)*(I-I2))/ 
((I3-I1)*(I3-I2)*(I3-X4))+ 

-Y4*((I-X2)*(I-I3)+(I-I1)*(I-I3)+(X-I1)*(I-I2))/ 
((I4-X1)*(I4-I2)*(14-X3)) 

Y1=RT1010(L-1,IL) 
Y2=RT1010(L,IL) 
Y3=RT1010(L+1,IL) 
Y4=RT1010(L+2,IL) 
Y1010=Y1*(I-I2)*(I-X3)*(I-I4)/((I1-I2)*(I1-X3)*(I1-X4))+ 

Y2*(I-I1)*(X-X3)*(I-I4)/((I2-I1)*(I2-I3)*(I2-I4))+ 
Y3*(I-I1)*(I-I2)*(I-X4)/((I3-I1)*(I3-I2)*(13-X4))+ 
Y4*(I-I1)*(I-I2)*(I-I3)/((I4-X1)*(I4-X2)*(I4-X3)) 

DY1010D3=-Y1*((I-X3)*(I-I4)+(X-X2)*(I-X4)+(X-I2)*(I-I3))/ 
((I1-X2)*(I1-l3)*(11-I4))+ 

-Y2*((I-X3)*(I-I4)+(X-X1)*(I-I4)+(I-I1)*(I-I3))/ 
((I2-X1)*(I2-X3)*(12-I4))+ 

-Y3*((I-X2)*(I-I4)+(X-X1)*(I-I4)+(X-I1)*(I-I2))/ 
((I3-X1)*(I3-X2)*(13-I4))+ 

-Y4*((I-X2)*(I-I3)+(X-X1)*(I-I3)+(X-I1)*(I-I2))/ 
((I4-X1)*(I4-X2)*(14-X3)) 
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Y1=RT1011(L-1,IL) 
Y2=RT1011(L,IL) 
Y3=RT1011(L+1,IL) 
Y4=RT1011(L+2,IL) 
Y1011=Y1•(I-I2)•(I-I3)•(I-I4)/((I1-I2)•(I1-I3)•(I1-I4))+ 

Y2•(I-I1)•(I-I3)*(I-I4)/((I2-I1)•(I2-I3)•(I2-I4))+ 
Y3•(I-I1)•(I-I2)•(I-I4)/((I3-I1)•(I3-I2)•(I3-I4))+ 
Y4•(I-I1)•(I-I2)•(I-I3)/((I4-I1)•(I4-I2)•(I4-I3)) 

DY1011D3=-Y1•((I-I3)•(I-I4)+(I-I2)*(I-I4)+(I-I2)*(X-I3))/ 
((I1-I2)•(I1-I3)*(I1-I4))+ 

-Y2•((I-I3)•(I-I4)+(I-I1)*(I-I4)+(I-I1)•(I-I3))/ 
((I2-I1)•(I2-I3)•(I2-I4))+ 

-Y3*((I-I2)•(I-I4)+(I-I1)*(I-I4)+(I-I1)*(I-I2))/ 
((I3-I1)•(I3-I2)•(X3-I4))+ 

-Y4*((I-I2)•(I-I3)+(I-I1)*(I-I3)+(I-I1)*(I-I2))/ 
((I4-I1)*(I4-I2)*(I4-I3)) 

Y1=RT1100(L-1,IL) 
Y2=RT1100(L,IL) 
Y3=RT1100(L+1,IL) 
Y4=RT1100(L+2,IL) 
Y1100=Y1•(I-I2)•(I-I3)*(X-I4)/((I1-I2)*(I1-I3)*(I1-I4))+ 

Y2•(I-I1)•(I-I3)*(I-I4)/((I2-I1)•(I2-I3)*(I2-I4))+ 
Y3*(X-I1)•(I-I2)*(I-I4)/((I3-I1)•(X3-I2)•(X3-I4))+ 
Y4•(I-I1)•(I-I2)*(I-I3)/((I4-I1)*(I4-I2)*(I4-I3)) 

DY1100D3=-Y1•((I-I3)*(I-I4)+(I-I2)*(I-I4)+(I-I2)•(I-I3))/ 
((I1-I2)•(I1-I3)*(I1-I4))+ 

-Y2•((X-I3)•(I-I4)+(I-I1)*(I-I4)+(I-I1)*(I-I3))/ 
((I2-I1)•(I2-I3)•(I2-I4))+ 

-Y3*((I-I2)•(I-I4)+(I-I1)*(I-I4)+(I-I1)*(I-I2))/ 
((I3-I1)•(I3-I2)*(I3-I4))+ 

-Y4•((I-I2)*(I-I3)+(I-I1)*(I-I3)+(I-I1)*(I-I2))/ 
((I4-I1)*(I4-I2)•(I4-I3)) 

Y1=RT1101(L-1,IL) 
Y2=RT1101(L,IL) 
Y3=RT1101(L+1,IL) 
Y4=RT1101(L+2,IL) 
Y1101=Y1•(X-I2)•(I-I3)•(I-I4)/((I1-I2)*(I1-I3)•(I1-I4))+ 

Y2*(I-I1)•(I-I3)•(I-I4)/((I2-I1)•(I2-I3)*(I2-I4))+ 
Y3•(I-I1)•(I-I2)•(I-I4)/((I3-I1)•(I3-I2)*(I3-I4))+ 
Y4•(I-I1)•(I-I2)*(I-I3)/((I4-I1)•(I4-I2)•(I4-I3)) 

DY1101D3=-Y1*((X-I3)•(I-I4)+(I-I2)*(I-I4)+(I-I2)*(I-I3))/ 
((I1-I2)•(I1-I3)*(I1-I4))+ 

-Y2*((I-I3)•(I-I4)+(I-I1)*(I-I4)+(I-I1)•(I-I3))/ 
((I2-I1)*(I2-I3)*(I2-I4))+ 

-Y3•((I-I2)•(I-I4)+(I-I1)•(I-I4)+(I-I1)•(I-I2))/ 
((I3-I1)•(I3-I2)•(I3-I4))+ 

-Y4*((I-I2)•(I-I3)+(X-I1)*(I-I3)+(I-I1)*(I-I2))/ 
((I4-I1)•(I4-I2)•(I4-I3)) 

Y1=RT1110(L-1,IL) 
Y2=RT1110(L,IL) 
Y3=RT1110(L+1,IL) 
Y4=RT1110(L+2,IL) 
Y1110=Yt•(I-I2)•(I-I3)*(I-I4)/((I1-I2)*(I1-I3)*(I1-I4))+ 

Y2•(I-I1)•(I-I3)*(I-I4)/((I2-I1)*(I2-I3)*(I2-I4))+ 
Y3*(I-It)•(I-I2)*(I-I4)/((I3-I1)*(I3-I2)*(I3-I4))+ 
Y4•(I-I1)•(I-I2)•(I-I3)/((I4-I1)*(I4-I2)*(I4-I3)) 

DY1110D3=-Y1•((I-I3)•(I-I4)+(I-I2)•(I-I4)+(I-I2)•(X-I3))/ 
((I1-I2)•(I1-I3)•(I1-I4))+ 

-Y2•((X-I3)•(I-I4)+(X-I1)•(I-I4)+(I-I1)*(I-I3))/ 
((I2-I1)•(I2-I3)*(I2-I4))+ 

-Y3•((X-I2)•(I-I4)+(X-I1)*(I-I4)+(I-I1)•(I-I2))/ 
((I3-I1)•(I3-I2)*(I3-I4))+ 

-Y4*((I-I2)•(I-I3)+(I-I1)•(I-I3)+(I-I1)•(I-I2))/ 
((I4-I1)•(I4-I2)•(I4-I3)) 

Y1=RT1111(L-1,IL) 
Y2=RT1111(L,IL) 
Y3=RT1111(L+1,IL) 
Y4=RT1111(L+2,IL) 
Y1111=Y1•(X-I2)•(I-I3)•(I-I4)/((I1-I2)•(I1-I3)•(I1-I4))+ 

Y2•(I-I1)•(I-I3)•(I-I4)/((I2-I1)•(I2-I3)*(I2-I4))+ 
Y3•(I-I1)•(I-I2)•(I-I4)/((I3-I1)•(X3-I2)*(I3-I4))+ 
Y4*(I-I1)•(I-I2)•(X-I3)/((I4-I1)•(I4-I2)•(I4-I3)) 

DY1111D3=-Y1•((I-I3)•(I-I4)+(I-I2)•(I-I4)+(I-I2)•(I-I3))/ 
((I1-I2)•(I1-I3)•(I1-I4))+ 

-Y2•((I-I3)•(I-I4)+(I-I1)•(I-I4)+(I-I1)•(X-I3))/ 
((I2-I1)•(I2-I3)•(I2-I4))+ 

-Y3*((I-I2)•(I-I4)+(I-I1)•(I-I4)+(I-I1)•(I-I2))/ 
((I3-I1)•(I3-I2)•(I3-I4))+ 

-Y4•((I-I2)•(I-I3)+(I-I1)•(I-I3)+(I-I1)•(X-I2))/ 
((I4-I1)•(I4-I2)•(I4-I3)) 
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C 
C llow calcute YFIT 
C 
C Rotation interpolant 
C 

I=3•11LIIIES+4 
!1=1.-A(I) 
A2=A(I) 
YOOO=A1•YOOOO+A2*Y0001 
DYOOOD3=A1*DYOOOOD3+A2*DY000103 
DYOOODR=Y0001-YOOOO 
Y001=A1*Y0010+A2*Y0011 
DY001D3=A1*DY0010D3+A2*DY0011D3 
DY001DR=Y0011-Y0010 
Y010=A1*Y0100+A2*Y0101 
DY010D3=A1*DY0100D3+A2*DY0101D3 
DY010DR=Y0101-Y0100 
Y011=A1•Y0110+A2*Y0111 
DY011D3=A1*DY0110D3+A2*DY0111D3 
DY011DR=Y0111-Y0110 
Y100=A1*Y1000+A2*Y1001 
DY100D3=A1*DY1000D3+A2*DY100103 
DY100DR=Y1001-Y1000 
Y101=A1*Y1010+A2•Y1011 
DY101D3=A1*DY1010D3+A2*DY1011D3 
DY101DR=Y1011-Y1010 
Y110=A1*Y1100+A2•Y1101 
DY110D3=A1*DY1100D3+A2*DY1101D3 
DY110DR=Y1101-Y1100 
Y111=A1*Y1110+A2•Y1111 
DY111D3=At•DY1110D3+A2*DY1111D3 
DY111DR=Y1111-Y1110 

C 
C Abundance interpolant 
C 

I:3*11LIIIES+3 
At:1.-A(I) 
!2:A(I) 
YOO:A1*YOOO+A2*Y001 
DYOOD3:A1*DY000D3+A2*DY001D3 
DYOODR:A1*DYOOODR+A2*DY001DR 
Y01:A1*Y010+A2*Y011 
DY01D3:A1*DY010D3+A2*DY011D3 
DY01DR:A1*DY010DR+A2•DY011DR 
Y10:A1*Y100+A2*Y101 
DY10D3:At•DY100D3+A2*DY101D3 
DY10DR:At•DY100DR+A2*DY101DR 
Y11:A1*Y110+A2*Y111 
DY11D3:At•DY110D3+A2*DY111D3 
DY11DR:A1*DY110DR+A2*DY111DR 

C 
C Gravity interpolant 
C 

I:3•11LIIIES+2 
!1=1.-A(I) 
!2:A(I) 
YO:At•YOO+A2•Y01 
DYOD3:At•DYOOD3+A2*DY01D3 
DYODR:A1*DYOODR+A2*DY01DR 
Y1:U*Y10+A2*Y11 
DY1D3:A1*DY10D3+A2*DY11D3 
DY1DR:A1•DY10DR+A2•DY11DR 

C 
C Temperature interpolant 
C 

I:3*11LIIIES+1 
U:t.-A(I) 
!2:A(I) 
Y:A1*YO+A2•Y1 
DYD3:A1*DYOD3+A2•DY1D3 
DYDR:At•DYODR+A2*DY1DR 

C 
C Continuum fit 
C 

U:A(3•IL-2) 
A2:A(3*IL-1) 
YC:At•X+A2 
YMOD:Y•YC 
DYDA(3*IL-2):X*Y 
DYDA(3•IL-1):Y 



DYD!(3•IL)=YC•DYD3 
DYD!(3•1LIIES+4)=YC•DYDR 
RETURI 
EID 
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SUBROUTIIE PLOTFUIC(II,A,YFIT,DYD!,11!) 
C 
C Generate continuua paraaeters for fit to line profiles. 
C 

IMPLICIT RE!L•8(A-B,O-Z) 
IITEGER PLI, PLI 
DIMEISIOI A(S),DYD!(3), DIPLOT(801), DYPLOT(801) 

C 
C EJ:ternals 
C 

IITEGER DLOC.&TE 
EITERl.&L DLOCATE 

C 
C PLOTFUICA c01111on block 
C 

COMMOI /PLOTFUIC/DIPLOT, DYPLOT, PLI 
C 
C Start of eJ:ecutable statements 
C 

I=II-.&(3) 
L=DLOC.&TE(DIPLOT,PLl,I) 
L=Mil(PLl-2,M.&I(2,L)) 
Ii=DIPLOT(L-1) 
I2=DIPLOT(L) 
I3=DIPLOT(L+1) 
I4=DIPLOT(L+2) 
Yt=DYPLOT(L-1) 
Y2=DYPLOT(L) 
Y3=DYPLOT(L+1) 
Y4=DYPLOT(L+2) 
YMOD=Yt•(I-I2)*(I-I3)•(I-I4)/((I1-I2)•(I1-I3)•(I1-I4))+ 

Y2•(I-I1)•(I-I3)•(I-I4)/((I2-I1)•(I2-I3)•(I2-I4))+ 
Y3•(I-It)•(I-I2)•(I-I4)/((I3-It)•(I3-I2)•(I3-I4))+ 
Y4•(I-It)•(I-I2)•(I-I3)/((I4-It)•(I4-I2)•(I4-I3)) 

DYlllDD3=-Y1•((I-I3)•(I-I4)+(I-I2)•(I-I4)+(I-I2)•(I-I3))/ 
((I1-I2)•(I1-I3)•(I1-I4))+ 

-Y2•((I-I3)•(I-I4)+(I-It)•(I-I4)+(I-I1)•(I-I3))/ 
((I2-I1)•(I2-I3)•(I2-I4))+ 

-Y3•((I-I2)•(I-I4)+(I-It)•(I-I4)+(I-It)•(I-I2))/ 
((I3-I1)•(I3-I2)•(I3-I4))+ 

-Y4*((I-I2)•(I-I3)+(I-It)•(I-I3)+(I-It)•(I-I2))/ 
((I4-It)•(I4-I2)•(I4-I3)) 

COIT=.&(t)•I+.&(2) 
YFIT=YMOD*COIT 
DYDA(t)=I•YlllD 
DYD.&(2)=YlllD 
DYD!(3)=DYMODD3•COIT 
RETURI 
EID 




