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ABSTRACT 

DETECTION AND ANALYSIS OF RECOMBINATION LINE 

EMISSIONS FROM GALACTIC HII REGIONS 

by 

James Edward Kalshoven, Jr. 

A survey of ten galactic HII regions provided the 

most extensive high frequency (near 8.6 GHz) recombination 

line data to date, with several of the sources being 

observed for these lines for the first time at such a short 

wavelength. Transitions detected were H91a, H114.S , H130Y, 

He9ia , and Hell43. 

Observations were conducted on the National Radio 

Astronomy Observatory’s 140* telescope at Green Bank, West 

Virginia employing a specially designed parametric amplifier 

system constructed in the Space Science Department at Rice 

University. Computers were programed to determine the line 

parameters after manipulating the data taken over several 

days and during various observing runs to give the best 

signal to noise ratio. Both the detection system, and the 

computer analysis is discussed. 

The hydrogen line emissions were analyzed to determine 

the electron temperatures of the regions assuming conditions 

of local thermodynamical equilibrium (LTE). These temper¬ 

atures were found to be lower than corresponding optically 



determined temperatures. An analysis was therefore 

performed based on non-LTE assumptions and the temperatures 

so derived were found to be within reasonable agreement 

with optical results. The implications of the assumptions 

involved are discussed. 



CHAPTER 1 

INTRODUCTION 

1.1 Background 

Radio astronomy received a rejuvenating boost 

during the middle of the last decade with the detection 

of microwave recombination lines emitted by tenuous HII 

regions located within the Milky Way. (The ionization 

state of an element is indicated by the element’s 

chemical name followed by Roman nuraerials. Thus, HI 

is neutral hydrogen, CII is singly ionized carbon, etc.) 

Ever since Karl Jansky (1933) first identified hissing 

noise in his receiving apparatus as being of extrater¬ 

restrial origin, radio, astronomers had been analyzing 

intergalactic and galactic space utilizing this con¬ 

tinuum of "noise” radiation. Among other things, this 

radiation provided information on the thermal or non- 

thermal properties of the emitting regions, on the 

possible relativistic nature of the source’s constituent 

particles, and on the characteristics of cosmic magnetic 

fields. 

In 1951 they received a new tool with the detection 

of the now famous 21-cm hydrogen hyperfine line by Ewen 

and Purcell (1951) which is emitted by a magnetic dipole 
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transition of the ground state electron. This line 

provides the only direct method of observing neutral 

intersteller hydrogen in the ground state. Because of 

the distribution of HI regions, especially in the 

spiral arms, much of the structure of our galaxy and 

neighboring galaxies could be determined. The line’s 

intensity, shape and Doppler shifted position also pro¬ 

vided information on densities in HI regions and their 

relative motions. 

More then a decade later, ffeinreb and his associates 

(1963a) discovered a series of hyperfine lines produced 

by electric dipole transitions of the OH radical which 

opened up new areas of study analogous to those of the 

21-cm work. 

Despite the gz*eat amount of information obtained 

from work with these various types of emissions, what 

radio astronomy needed was a general technique to obtain 

information comparable to what optical astronomy had with 

its spectroscopic studies. And that, literally, is what 

the recombination lines provided. 

1.2 Nature of Hs^drogenic Recombination Lines 

Both "spectroscopic” and recombination lines are 

emitted by electronic transitions between orbits in the 

atom. However, the recombination lines are produced for 
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transitions occurring at higher levels with less of an 

energy spread relative to the optical lines. 

Describing orbits by their principle quantum number, 

n, it is found that for n?£,60, transitions between ad¬ 

jacent levels yield lines whose frequencies fall within 

the conventional radio range of less than 30 Gigahertz. 

In ionized regions of space, orbits are populated 

by recombination of electrons with ions followed by the 

electrons cascading to the ground level. The name "re¬ 

combination lines" therefore reflects the state’s ances¬ 

try . 

1.3 Detection of Recombination Lines 

It would probably be unfair to credit any one person 

with predicting the existence of recombination lines since 

this follows directly from the Rydberg formula which 

gives the frequencies, VL> of these lines: 

where c is the speed of light, R is the Rydberg constant, 

Z is the effective nuclear charge, n* is the principal 

quantum number of the lower energy level, and n the 

principal quantum number of the upper energy level. 

Since the characteristic size of the orbits which 

give rise to the recombination line emissions are 

physically quite large, being on the order of 10“^ cm 
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for the n = 100 level, the nuclear charge seen by one 

electron excited to such a level is effectively +1 no 

matter which element is being considered. In elements 

other than hydrogen, this is due to screening of the 

nuclear charge by the remaining inner electrons. Conse¬ 

quently, since Z in the Rydberg equation remains virtually 

the same, the spectrum emitted by heavier elements, and 

even molecules, is nearly identical to that produced by 

hydrogen. Each corresponding line, however, is slightly 

shifted to higher frequencies for heavier elements be¬ 

cause the Rydberg constant depends on the ratio of the 

mass of the electron to the mass of the nucleus. At a 

frequency near 8.65 GHz, for example, the transition 

from n - 116 to n ~ 114 for hydrogen is separated by only 

about 3.5 MHz from the same transition in helium. 

One form of the Rydberg equation was presented by 

Balmer (1885) who, in addition to predicting the optical 

series of lines which bares his name, also predicted the 

existence of higher order lines as well. Wild (1952) 

also mentioned that these lines might occur when he dis¬ 

cussed the general possibility of detecting other spectral 

lines following the detection of the 21 cm line the year 

before. 

At least in published form, however, it was some¬ 

time before anyone seriously considered that a search 
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should be undertaken for recombination lines. 

Then, in 1959, a Russian, N. L. Kardashev, pub¬ 

lished a paper that has since become something of a 

landmark in radio astronomy. In that paper, he predicted 

quantitatively that radio recombination lines of hydrogen 

and possibly helium might be detectable in HII regions 

with equipment available at that time. He derived the 

expected line intensity and width as a function of the 

electron kinetic temperatures and densities of these 

regions. He compared these with the effects due to the 

background continuum of radiation from the regions, 

indicating that the lines should be readily observable. 

Though Egorova and Ryzhkov (1964) bad made an un¬ 

successful attempt to observe these lines from the 

Pulkavo Observatory in the Soviet Union in 1958, they 

published nothing on their effort until 1964 after two 

other Russians had discovered the first line working 

from the same observatory. Z. Dravskikh and A. Dravskikh 

(1964) made their discovery in December of 1963. They 

found the HI transition from n = 105 to n = 104 at 5.762 

GHz in two of the six HII regions Kardashev had suggested 

be searched: Orion and the Omega Nebula, M 17. A few 

months later Sorochenko and Borodzich (1966) detected the 

n = 91 to n = 90 transition at 8.873 GHz. 

The first detections outside of the Soviet Union 

occurred at the National Radio Astronomy Observatory at 
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Green Bank, West Virginia, in July of 1965. Hoglund and 

Mezger (1965) detected the n = 110 to n =* 109 transition 

at 5.009 GHz in fifteen sources with a signal to noise 

ratio which allowed a good quantitative analysis. Mezger 

(1960) had tried earlier to detect a line at 2.8 GHz 

using the 25 m telescope of the University of Bonn, but 

was forced to set aside his search because of a lack of 

telescope time. 

All of these line detections were of hydrogen 

emissions. The first radioastronomical discovery of 

helium was made by a Harvard group at Agassiz Station in 

early 1966 (Lilley _et al.. (1966)). Zuckerrcan announced 

the He I n “ 167 to n - 166 transition at an April conven¬ 

tion that year. 

During a survey for the n = 110 to n ■ 109 helium 

line in the Spring of 1967, a new, anomalous, line was 

found nearly on top of the helium line in the spectra of 

several sources (Palmer et al. (1968)). The line is now 

thought to be from neutral carbon in adjacent H I regions. 

Many other lines of hydrogen and helium have been 

found and a notation introduced by Palmer and Zuckerman 

(1966) to simplify their designation is now accepted in 

the literature. Such a line is labeled by the chemical 

symbol of the emitter followed by the principal quantum 

number of the lower level followed by a Greek letter 

denoting the change in n in the transition. »C corresponds 



7 

to a change of one level, etc. Thus the hydrogen line 

emitted in a transition from n = 116 to n s 114 is de¬ 

noted as the H114£& line. 

As the number of line detections increased, 

theoreticians revised and improved Kardashev's original 

calculations leading to better agreement with the obser¬ 

vational results. Kardashev had derived his equations 

assuming that all the levels in the emitting atom were 

populated in a manner appropriate to conditions of local 

thermodynamical equilibrium (LTE) throughout the nebula. 

Now this is in doubt since analyses using this theory 

give temperatures for these regions that are generally 

systematically lower than the corresponding temperatures 

derived from optical observations. It was also found that 

lines emitted by transitions through greater changes in 

n (higher order lines), and those emitted at relatively 

higher levels of n, gave temperatures which approached 

more closely the optical temperatures. This indicated an 

enhancement of the lines (chapter 5) due to a slight over¬ 

population of the upper electron levels with respect to 

the lower ones. Thus a non-LTE analysis is needed, and 

was so derived by Goldberg (1966). 

As will be seen, a non-LTE analysis depends more 

strongly on a knowledge of the nature of the source than 

an LTE analysis, and is thus subject to greater uncer¬ 

tainty. Nevertheless, when sufficiently reliable data is 



present, a non-LTE analysis is appropriate, though an 

LTE study still provides useful information. 
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1.4 Nature of HII Regions 

Stars are thought to condense out of large regions 

of gas made up mainly of hydrogen gas. 

This gas overcomes its own internal pressure and 

begins to collapse due to gravitational attraction with¬ 

in it. When the density reaches a particular level, parts 

of the cloud begin to contract independently forming 

clumps. The gravitational energy released in the further 

contraction of these clumps heats their centers to tem¬ 

peratures on the order of 10^ °K. This provides enough 

energy to light a nuclear fire and a star is born. 

The most massive of these stars will reach the 

main sequence first and, if they are intense enough, will 

begin to ionize the surrounding gas which gave birth to 

them. The size of a new HII region around a star depends 

on the luminosity (spectral type) of the star. Two types 

of these regions can be classified as to whether their 

extent is limited by the lack of further material to be 

ionized or by the dilution of radiation from the ioniz¬ 

ing star or stars. The former are called density-bound 

regions, while the latter are termed ionization-bound 

regions. 
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Hot 0 and B type stars are capable of ionizing adjacent 

regions to distances of several parsecs depending on the 

density of the surrounding gas. These stars emit consi¬ 

derable amounts of UV (ultraviolet, or Lyman) radiation 

which is the source of the ionizing radiation. 

In general, the photo-ionized atmos obtain kinetic 

energy from the UV radiation field since the energy 

absoi'bed by the atom is usually greater than that needed 

for ionization. Collisions among particles quickly re¬ 

distribute this kinetic energy so as to raise the tempera¬ 

ture of the gas from perhaps the 100 °K of its "pre¬ 

star" state to temperatures on the order of 10,000 °K, 

with the exact temperature varying from region to region 

and within regions depending on local densities and radia¬ 

tion intensities. 

Since the pressure of a gas is proportional to its 

temperature, the HII regions begin to expand outward 

against.the surrounding neutral gas. This expansion may 

be supersonic, creating shock waves and turbulence with¬ 

in the region. 

A survey by Hodges (196S) of several galaxies indi¬ 

cates that HII regions are most likely to be found at a 

distance of ^ the galactic radius. From this peak, their 

number decreases exponitially toward the boundaries, while 

the manner of decrease toward the center depends on the 

type of galaxy (with some actually peaking near the center). 
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Our galaxy follows the general trend with most of the 

regions in the spiral arms. 

Those within our galaxy are often difficult or 

impossible to observe opitcally owing to large amounts 

of dust between them and the solar system. Some, how¬ 

ever, such as the Orion nebula, are visible optically 

and thus comparisons can be made of their characteristics 

as determined both by optical and radio emission. How¬ 

ever, as a rule, the exciting stars of the nebulae 

cannot be seen. 

We will discuss several of these regions based on 

recombination line data. (Table 1.4.1 contains a tabula¬ 

tion of the observed sources, their coordinates, the 

times of observation, and finally the recombination lines 

detected with the corresponding integration time in paren¬ 

thesis.) We will begin by describing the equipment and 

the methods used in making observations, followed by the 

techniques employed to reduce these observations to 

useable data. 



1.4.1 
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1950 /RA N * /INTEGRATION ) 
COORDINATES \DEcJ W \ TIME - rains ) 

W 51B 
19h 

14° 
21m 

24' 
24.0S 

33.0" III H1148 (45) 

ORION A 
5 

-5 
32 
25 

50.9 
39.0 III 

H114B 
H130Y 

(30)# 

(15) 

M 17 
18 17 35.5 III HI 14 8 (30) „ 

(15)* -16 12 30.0 II H91a 

W 3A 
2 

61 
21 
52 

56.1 
6.0 III H1146 (30) 

W 49A 19 7 51.8 II H91a (15) 
9 0 53.0 I H114B (15) 

W 22B 17 22 16.8 II H91a (10) 
-34 18 19.0 I Hi 14 8 (15) 

W 43 18 
-2 

45 
0 

0.3 
4.0 I HI 14 8 (15) 

W 29 
(M 8) 

18 
-24 

0 
22 

37.3 
45.0 I H9la (10) 

W 31 
18 

-20 
6 

19 
23.6 
53.0 I H9ia (10) 

NGC6334 17 
-35 

16 
52 

52.0 
0.0 

II 
I 

H9ia 
H114B 

(10) 
(15) 

"k JJ. 
I - August 1968 ^Corresponding He line 
II - November 1968 detected — section 5.4 
III - November 1970 
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CHAPTER 2 

COLLECTION OF DATA 

2.1 Telescope 

Observations were conducted at the National Radio 

Astronomy Observatory in Green Bank, West Virginia on 

the 140’ (42.7 m) parabolic radio telescope in August 

and November of 1968 by H. C. Goldwire, G. K. Walters, 

and C. R. Predraore. Further observations in November 

of 1970 included the writer. 

This telescope is completely steerable in declina¬ 

tion and hour angle (the hour angle of a source is equal 

to tis right ascension minus the local sidereal time. 

For a description of coordinate systems used in radio 

astronomy and other basic information for this field, 

see Kraus (1966)). The observatory is located on a high 

plateau surrounded by mountains which put practical 

limits on observations to about -40° in declination and 

± 4.5 hours in hour angle. 

Although the uncorrected pointing accuracy of the 

140’, for its size and for centimeter wavelengths, is 

relatively good, it is often not sufficient to allow an 

observer to locate a source, or a point in an extended 

source to a high precision by its catalog coordinates 
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alone. It has therefore been found practical to use 

such coordinates to locate the general position of the 

source (often, for extended HII regions, this is suffi¬ 

cient to actually find the source), and then to scan in 

right ascension and declination until peak power from 

the source is obtained. Since the pointing accuracy 

varies as a source is tracked across the sky, it is 

often necessary to re-peak on the source following any 

extended off-source calibration measurements. 

Pointing curves giving corrections to catalog 

coordinates as a function of hour angle and declination 

are available, but their absolute accuracy is not too 

great because of day to day structural variations in 

the telescope due to ambient effects. Once calibrated 

(by observing a source whose position is precisely known, 

and which appears as a point source to the telescope), 

it is possible to make fairly good relative checks using 

these curves. These checks can be done following obser¬ 

vations to determine if the same location within an 

extended source was relocated following any off-source 

measurements. A lack of good calibration sources over a 

wide range of coordinates, though, often hampers the re¬ 

liability of this method for some sources. 
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2.2 Signal Acquisition and Storage 

2.2.1 Front End 

The front end, telescope mounted receiver, was 

designed and built in the Space Science Department at 

Rice University to serve in the search for the He^ 

hyperfine line (Goldv/ire, 1967; Predmore, 1969, 1971) 

and is described in detail by Halpain (1970). Its con¬ 

struction was supported in part by funds from the National 

Science Foundation and by the National Radio Astronomy 

Observatory. 

The instrument consisted of a two stage, parametric 

amplifier cooled to a temperature of approximately 18°K. 

Each stage contributed a gain of 13 db for a total series 

gain of 26 db. A signal was fed through these two stages 

to a tunnel diode amplifier at ambient temperature which 

provided an additional 16 db gain. These three stages 

were located together with the collecting horn at the 

main focal point of the telescope. The refrigeration 

and control instrumentation for the cooling system was 

located at the base of the telescope. Aluminum lines 

connected this equipment to the receiving box. 

Both the parametric amplifier and tunnel diode 

amplifier (TDA) are negative resistance devices (Kraus 

(1966)). A TDA is a broadband amplifier with a range on 
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the order of one octave, while a parametric amplifier 

is a relatively narrow band device spanning a bandwidth 

relative to its operating frequency of 20% or less. 

Tunnel diode amplifiers do not exhibit exception¬ 

ally low noise temperatures (490°K would be considered 

very good), but their simplicity and ruggedness makes 

them attractive. In our case, the TDA was used as a 

third stage so that its noise contribution would be 

minimized (section 3.1). See section 2.2.2 for a note 

on temperature vs. power. 

The parametric amplifier employed utilized a vari¬ 

able capacitance diode - varactor - to provide the non¬ 

linear characteristics necessary for amplification. 

Parametric amplifiers are distinguished by their use of 

non-linear reactances which do not contribute thermal 

noise to a circuit. This being the case, a "paramp" has 

a noise temperature roughly proportional to the ambient 

temperature. A Ka-band klystron pumped each diode in 

the two stages of the paramp at 31.5 GHz with 10 mW of 

power. 

Before beginning its journey from the focal point, 

•the signal from the tunnel diode amplifier went to a 

mixer-preamp. There it received an additional 20 db of 

gain providing a total system gain of about 55 db after 
/ 

line losses are considered. The signal was mixed with 
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a local oscillator (LO) input derived from a frequency 

synthesizer which was accesible to the observer and teles¬ 

cope operator. These LO inputs, which were frequency 

multiplied from the syntheiszer's fixed frequency range 

and then amplified before being sent to the focal point, 

could be selected quite precisely. 

During the August and November runs in 1868, a 

technique known as frequency switching was employed in 

an attempt to reduce the effects of variations in atmos¬ 

pheric extinction of signals which were quite unpredictable. 

The LO frequency was switched, usually at a 10 Hz rate, 

between two frequencies. It was then possible to compare 

a "signal band", containing the desired spectral line, 

with a nearby "reference band", which genei-ally contained 

no significant lines. This assumes the atmospheric 

fluctuations affected frequencies over small intervals 

in the same manner. The technique was abandoned for the 

November 1970 run in favor of a "total power" method 

(Gordon (1970)). Both techniques will be discussed fur¬ 

ther throughout this chapter. 

In deriving the LO frequencies, it was necessary to 

correct for the Doppler shifts due to the motion of the 

earth with respect to the source and for the intrinsic 

motion of the source, called its "velocity with respect 

to the local standard of rest' - VLSH. Given the source's 
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VL-SR, its coordinates, and the time of observation, 

computer programs were used to generate appropriate LO 

frequencies for our lines. 

An intermediate frequency (IF) of 150 MHz was pro¬ 

duced by the mixer-preamp from the LO and amplified 

signal. The IF signal was fed through low loss cable to 

the observing room in the telescope’s base. There the 

signal was split. 

Part of it went to the NRAO’s standard receiver 

which controlled monitoring equipment, including a total 

power analog strip chart, used by the telescope operator. 

This receiver is often used in continmua radiation sur¬ 

veys of a region (none were conducted by us). 

The other part of the IF signal went to a spectral 

line receiver, the nature of which changed between the 

August and subsequent runs. 

2.2.2 Fifty Channel Spectral Receiver System 

In August 1968 a 50 channel filter receiver was used 

to delineate the desired spectrum. Each filter had a 

3 db bandwidth of 100 KHz. All 50 filters working contigu 

ously provided a 50 MHz bandwisth centered about the 150 

MHz IF frequency. In an alternative arrangement, the 

filters could be split into two sets covering 2.5 MHz 

each and the sets could then be used with separate RF 
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front ends. The 5 MHz bandwidth arrangement was used 

throughout the run. 

The output from this receiver was fed via an analog- 

to-digital converter to a Honeywell DDP-116 computer. 

This computer also controlled the LO switching between 

signal and reference bands. The reference pov/er was sub¬ 

tracted from the signal power for each channel and the 

results normalized to the reference power. These signals 

for each channel were integrated for 10 seconds and then 

written on magnetic tape for future processing. Values 

recorded were in terms of temperatures relative to a 

calibrated noise tube - called the calibration tempera¬ 

ture, (In radio astronomy, powers are often 

expressed in terms of temperatures: T := P/k, where P is ' 

the spectral pov/er, or powex* per unit bandwidth, in 

watts/Hz; and k is Boltzmann's constant - 1.38 x 10 -23 

joules/°K.) This calibration temperature was injected 

into the signal band at tv/o second intervals for 45 ms 

and the power change measured (section 3.1). 

These blocks of 10 seconds of integrated data were 

collected over a period of time called a "scan". These 

scans varied in length from 10 to 40 minutes during the 

different observing runs with 15 mins being about average. 

Punched cards with temperatures and standard de¬ 

viations for each channel during a scan were eventually 
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produced from the tape generated by the DDP-116 computer. 

The standard deviations were determined from the fluctua¬ 

tions in the 10 sec records which made up the scan. In¬ 

formation on various data reduction techniques undertaken 
O 

in searching for the He hyperfine line along with other 

details on the August run were discussed by Predmore 

(1969). 

2.2.3 413 Channel Spectral Receiver System 

During both of the November runs in 1968 and 1970, 

the signal from the telescope went to a 413 channel 

autocorrelation (AC) receiver. This receiver was deve¬ 

loped by Yfeinreb and its functional nature is described 

by him (1983b). 

Coupled with the on-line DDP-116 computer, the 

system works on the principle that the Fourier transform 

of the autocorrelation function gives a power spectrum. 

The autocorrelation function, R(t'), can be des¬ 

cribed as a time average of the signal, x(t), multiplied 

by a delayed replica of itself, x(t+t*): 

where t* is the delay time, and T is the averaging time. 

Since an infinite segment of x(t) and an infinite 
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amount of apparatus would be required to perform the 

above operation, an estimate of R(t') is made at a 

finite number of points, N, by the AC receiver using 

the following formula: 

t* is now a unit of time chosen using the Nyquist 

sampling theorm to be twice the bandwidth (e.g., for 

is an integer between 0 and N-l where N is also called 

the number of correlation channels, K is the integation 

time in the receiver (usually 10 seconds), and k is the 

total number of samples, an integer between one and 

(K + N) . 

The IF signal is ’’clipped" before sampling with a 

rise time of about 1.6 ns to give a rectangular wave¬ 

shape which has the value +1 for a positive signal and 

-1 for a negative signal. This simplifies circuitry 

and the operation can be compensated for in the computer 

processing. Clipping in effect normalizes the autocor¬ 

relation function to unit area. Weinreb notes that 

European observers do not use clipping. 

K Pi 

a 10 MHz bandwidth, B, t*= = 5 x 10“® seconds), n 

The autocorrelation function produced above is fed 
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into the computer which corrects each channel for the 

clipping with the formula: 

where is the normalized output from the autocorre¬ 

lator for the nth channel, and AQ is the corrected 

autocorrelation function for the channel. 

A Fourier transform is then performed to obtain the 

power spectrum: 

number of channels, and A is the autocorrelation function 
n 

for the nth channel. 

The IF signal from the telescope mounted equipment 

is connected to the AC receiver through attenuators which 

allow for adjustment of the signal strength to a level 

acceptable to the receiver. These signals are then fil¬ 

tered to produce the desired bandwidth as selected by a 

switch on the receiver. This process makes from 9 to 17 

end channels in the eventual output erratic because of 

attenuation due to the filter. In November of 1970, the 

widest possible bandwidth of 10 MHz was selected. This 

An s Stn(f\nTf/l) 

// 
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allowed a reduction in random noise and provided for 

the possible detection of He lines near the H lines. 

In 1968, 5 MHz was normally used since frequency switch¬ 

ing over 20 MHz could distort the baseline with paramp 

bandpass effects. The filtered IF is next reduced to a 

frequency range from zero to the bandwidth selected, 

clipped, and then sampled. 

The signal from the sampler is split. Part of it 

goes to channel one of a 192 bit shift register, moving 

to each successive channel at the sampling rate as other 

samples fall in behind it. This part then goes to ground 

after channel 192. Meanwhile, the other part of the sig¬ 

nal from the sampler has been fed simultaneously into 192 

multipliers, with each multiplier being fed by one channel 

from the shift register. This therefore serves to deter¬ 

mine the correlation between the current sample and the 

previous 191 samples. 

If the samples sent to a multiplier correlate, the 

multiplier provides a one to an associated counter; if 

not, a zero is provided. After an appropriate integration 

time, the counter represents 192 points on the autocor¬ 

relation curve of the integrated signal. A counter of 

the total number of attempts at correlation can be kept 

since the first channel always correlates as it merely 

multiplies itself. 
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There are two 192 channel correlators and a third 

29 channel correlator in the NRAG autocorrelation 

receiver. Three IF filter units, A, B, and C receive 

the incoming signals. In the parallel mode, units A 

and B each feed one of the 192 channel correlators, 

while unit C feeds the 29 channel block. In the series 

mode of operation, unit A feeds both 192 channel sections 

for a 38^channel bandpass, while unit C continues to 

feed 29 channels. Each unit’s bandwidth is separately 

adjustable. Unit C receives its input from either unit 

A or unit B with the selection made by a cable connection 

The input to the cable is taken from a point following 

the attenuaters so that these affect both units. 

During our runs, we observed the same spectra with 

both units A and B. Subsequent averaging together of 

these units resulted in a noise reduction of almost 30%. 

This meant, in effect, that we were, for all practical 

purposes, nearly doubling our effective integration time 

(see section 3.2). This result most likely means that 

the noise seen by units A and B is nearly uncorrelated 

between them. 

Calibration noise injection is controlled by the 

AC receiver. Each filter unit uses a synchronous de¬ 

tector to record the total power with the noise off. 

Average signal and reference power is also accumulated. 

These integrations occur for 10 seconds, as noted above, 
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before being dumped to the computer. 

The on-line computer integrates all the dumped in¬ 

formation it receives from the AC for a preselected time 

interval (usually one minute) and calculates the required 

quotients depending on whether frequency switching or the 

total power method is used (i.e. (signal minus reference)/ 

reference for each channel for frequency switching and (on 

minus off)/off for each channel for the total power method. 

This latter method will be discussed in the next section.) 

The computer then writes the result as a record on mag¬ 

netic tape along with telescope information on source 

coordinates and the local sidereal time. Also recorded 

are various receiver parameters such as LO settings, 

attenuater settings, and dump times. It continues collect¬ 

ing records until the completion of a scan when it records 

cumulative averages. It also may provide on-line plots 

and CRT displays of the progress of a scan’s spectrum. 

Each channel of the spectrum represents a smoothing 

of a sin x/x nature with a half power width 1.21 times 

the width of the channel. (The channel width is equal to 

the receiver bandpass divided by the number of channels.) 

This smoothed quantity is the resolution of the receiver 

and has the effect of lowering and broadening, to a slight 

degree, any lines in the spectrum, while keeping their 

area constant. This effect can be corrected by subtracting 
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in quadrature the instrumental width from the observed 

line width and then adjusting the height to maintain the 

same area. Our results in chapter 5 include this cor¬ 

rection. 

2.3 Observations 

The sources observed were selected either because 

1) they exhibited a thermal continuum spectral index 

(Kraus (1966)) while being relatively intense thus being 

good subjects for the search for He^; 2) they could serve 

as system calibration sources. Fortunately, as Wilson 

and Altenhoff (1969) have shown, all sources which exhibit 

recombination lines have a thermal continuum spectrum. 

During all three observing periods it was normal 

procedure to take on source scans and off source scans. 

An off scan could then be subtracted from an adjacent on 

source scan to reduce baseline irregularities which were 

hopefully the same in both cases. The off scan was usually 

taken from about one degree west of the source. 

In November 1968, the technique was slightly re¬ 

fined in most cases by injecting a set amount of white 

noise from a noisetube at the front of the system. This 

was done because it had been determined that the receiver 

baseline varied as a function of the intensity of the sig¬ 

nal it was being fed (in our system, for example, Orion 
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could produce nearly a 50% increase in the intensity 

seen by the receiver relative to off-source measure¬ 

ments) . The noise thus could make the total power 

measured equal in both on and off scans. 

An oddity, however, entered into some of the data: 

It was caused by reflections of the source’s signal off 

of the receiving box back into the telescope reflector. 

The parabolic shape of the antenna caused much of this 

reflection to be lost, but that hitting the center of 

the dish was re-reflected back and forth betv/een the 

receiver and the dish. A standing wave with a frequency 

f = c/2L (where L is the dish to receiver distance), or 

about 7.5 MHz, was thus set up. 

Since observations off source set up this wave to 

a lesser extent, it could not be completely eliminated 

by subtracting off from on scans. 

In order to alleviate this problem, Davies (1971) 

has suggested observing a source near the source of in¬ 

terest and of equal intensity (but containing no lines) 

such that it would set up an equal standing wave. This 

would then serve as the off measurement and could be sub¬ 

tracted from the on scan to remove the wave. A need for 

balancing noise injection would also be eliminated. 

However, there are not always such convenient 

sources located nearby, and observing time can be lost 
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in moving from one source to the other and peaking up 

on them. 

A more permanent solution would be to place a cone 

at the center of the dish which would reflect the waves 

from the receiver off to the sides and away from the 

telescope. 

This standing wave was noted to some degree in the 

data, bvit fortunately did not pose a problem for the re¬ 

combination line data reduction. 

The August 1968 data was available on punched cards 

as on's with smoothed off*s subtracted (Predmore (1969)). 

This smoothing had the effect of reducing the noise while 

still retaining the general shape of the baseline. How¬ 

ever any subtraction process of this nature does intro¬ 

duce some noise into the data. So a trade off of baseline 

irregularities for noise is seen. However, the frequency 

switching technique is such that the line can be seen in 

the on scan, though it may appear atop an irregular 

baseline. Since a computer program was used in our 

analysis which could fit to these baselines, no off scans 

were subtracted in the November 1968 data, thus provid¬ 

ing a better signal to noise ratio. 

This choice did not present itself in the case of 

the November 1970 data, which was based on the on-off 

procedure, though on a more fundamental level. 
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In this conceptually simple approach, referred to 

earlier as the total power method, an off source scan 

is taken and stored in the on-line computer. Any num¬ 

ber of on scans of equal length may then be taken with 

limitations set by the stability of the receiving system 

and the ambient observing conditions. We conservatively 
j 

took one on with each off. 

As the on scan progresses, each 10 second dump is 

compared with the stored off and a quotient is formed 

as described in the preceding section. Again, noise 

injection in the off scans is important in balancing 

the signals seen by the receiver. 

This method presupposes that atmospheric effects 

have a time scale much shorter than the system*s inte¬ 

gration times so that the effects are averaged out; or 

that the time scale of these effects is much longer than 

the times of the successive ons and offs; or both. The 

right approach can only be proved empirically, if at 

all. Some observers still do not employ this method. 

We have found that the resulting baseline using this 

technique can be flatter. This is because bandpass dif¬ 

ferences, even over a narrow frequency range, which 

appear in frequency switching are eliminated. Compli¬ 

cated baselines due to recombination lines appearing in 

the reference spectrum are also not present. This latter 

problem is most significant when weak lines are being 
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sought. Though the total power method is still not ideal 

since it does add some noise to the data by subtracting 

an off source scan, it appears to be the best technique 

in current use for systems which employ very stable amp¬ 

lifiers. 
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CHAPTER 3 

SYSTEM VARIABLES CONSIDERED IN THE DATA 

3.1 System Temperature 

Many of the parameters of an HII region can be 

found by considering the ratio between the excess line 

temperature above the continuum temperature to the con¬ 

tinuum temperature. This means it is not necessary to 

know the absolute temperatures involved, but only their 

ratios, since multiplicative scaling factors effect T^ 

and T^ equally (TT refers to the line temperature above 
Lr li 

the continuum temperature, T^, and both symbols will re¬ 

tain this meaning through this work) . However, in ordez- 

to group various scans together properly, it is necessary 

to understand how the telescope efficiency and system 

temperature varies as a source is tracked across the sky. 

Knowledge of the calibration temperature, T^^, makes 

it possible to determine separate antenna temperatures 

.for T^ and TQ when one or the other may have a large un¬ 

certainty or be indeterminable. 

The receiver temperature or "internal noise" is 

effectively set by the noise present in the first one or 

two stages of the receiver. This is because, besides 

amplifying the desired signal, this noise also becomes 
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amplified in later stages. The receiver temperature 

could therefore be determined in the lab with the Rice 

front end: 

Two noise generators producing known temperatures 

were prepared with an internal impedence to match that 

of the antenna. One was near room temperature, T_, while 
H 

the other was "cold" with a temperature, T^, of less than 

100°K. The two noise generators could be coupled sepa¬ 

rately to the receiver and the amplified power output 

measured. 

With the noise generator producing T_ connected, an 
H 

output, P„, is measured. Then, with the cold load booked 

up, an output, P^,, is measured. In both cases, the in¬ 

variable receiver noise appears in the output, so that: 

For the August and November 1S88 runs, this tempera¬ 

ture was about 95 ± 10 K, while the November 1970 run had 

a temperature of about 85 ± 10 K. 

With the receiver mounted on the telescope, the total 

system temperature, Tg, was made up of the sum of the 

receiver temperature and the antenna temperature, TA- This 

solving for the receiver temperature, TR; 
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latter quantity could be further divided into the contri¬ 

bution from the source being observed, and the antenna 

temperature which would be measured when looking at cold 

(empty) sky. 

3.2 RMS Temperature Fluctuations 

The standard deviation of each channel temperature 

about the mean temperature of the baseline in its vicinity 

may be observed for the 50 channel receiver (section 2.2.2). 

Because of the nature of the autocorrelation receiv¬ 

er, hov/ever, there is little or no variation in the noise 

from channel to channel (except at the end channels - 

but this is due to the decrease in gain at the bandpass 

limits of the IF filter, not to inherent channel to channel 

variations) since analysis is done in the time rather 

than the frequency domain. 

Neverthe less, the general fluctuations of data 

points from channel to channel due to random noise is 

Gaussian in distribution and is found in the same manner 

for both receivers: 

V*6 

where AT is the rms temperature fluctuation of each 

channel about the mean value of the baseline in its vicinity, 

Tg is the system temperature, t is the total integration 
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time, B is the channel width, and k is a constant deter¬ 

mined by the nature of the receiver. By measuring T by 

hand for several scans, k was found to be 3.0 for the 50 

channel system and 3.6 for the autocorrelator system. 

It should be noted that t is the total time spent in 

observing a source or a spectral feature in a source for 

an on scan. This means that in the frequency switching 

case, for example, where the line only appears when?L0 is 

set for the signal band, the baseline will have a lo'.ver 

AT compared to the line's AT, since the continuum contri¬ 

bution to the baseline is observed in both signal and re¬ 

ference bands. With half the total scan time spent for 

each band, as was the case, the line would appear noisier 

by a factor 2^ than the baseline. This is a disadvantage 

of frequency switching as compared to the total power 

method which observes the line at all times during an on 

scan. 

Theoretically, the minimum detectable signal is 

equal to AT. 

3.3 Calibration Temperature, Antenna Beamwidth, and 
Aperture Efficiency 

Because of minor circuitry changes and varying "set¬ 

up” procedures, the calibration noise temperature utilized 

for each observing period (sections 2.2.2 & 2.2.3) had to 
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be determined individually. This was done in the lab 

for the November 1970 run. The procedures for the other 

two runs will be described shortly. 

The calibration noise source consisted of an Argon 

filled tube which, when firing, had an unattenuated 

temperature of about 10,000°K which was virtually inde¬ 

pendent of variations in the applied voltage or ambient 

temperatures. Attenuaters were inserted to reduce the 

calibration power to a level that could be handled by the 

sensitive receiver system. This tube and the accompany¬ 

ing control circuitry were located together with the first 

three stages of the receiver in the antenna mounted box. 

Therefore a calibrated noise level could be injected 

directly into the receiver when desired without interfer¬ 

ing with the observed signal. 

In the lab, TQ^ was determined in a manner similar 

to that used for T^. In this ca.se, the cold load and the 

noise tube (attenuation, as noted above, will be under¬ 

stood) were attached. The tube was then turned on and off 

and the change in the output power was used to calculate 

the value of T^^: 

^G+CflL - TG + Tfj +■ TCAL 
r& + TX 

This gives 

TCAl ■ (TS * V<.W -1) 
& 
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This procedure gave a TQ^ for the November 1970 

run of 3.6 ± .4 K. The primary source of the .4 K error 

limit lies in the uncertainty in T„. 

An inherently less accurate method was used to deter¬ 

mine T for the other two observing periods, August 
CAL 

and November 1968. The procedure employed required ob¬ 

servations of standard astronomical sources of known flux 

density and angular extent. It also required that the 

antenna beam shape and aperture efficiency, which are 

both functions of antenna position, be known. 

If the chosen source is small with respect to the 

half power width of the beam (HPBW), then the antenna 

temperature of the source can be determined from the for¬ 

mula: . 

-i- Ag S-f 

where is the source flux density at the observing 

frequency, f; AQ is the effective area of the telescope 

which is found by multiplying the geometrical antenna 

area (1430 m for the 140' telescope) by the aperture 

efficiency, a ; k is Bol'tzmants constant (1.38 x 10""23 

j/°K); -4^and -©^are the half power angular extent of the 

main core of the antenna beam in right ascension and de¬ 

clination respectively; and-^and are the convolution of 

the half power width of the source-^and-©-, and the half 
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power width of the corresponding antenna beam which sweeps 

across the source in right ascension and declination res¬ 

pectively . 

-6-andAvary with frequency for most sources since 

the flux from the source varies with frequency and so more 

tenuous outer regions of the source may become brighter 

or dimmer. It is therefore not generally possible to use 

’’catalog” values for-GKand-^-, but their values may be 
H S’ 

determined at the observing frequency, however, if the 

antenna’s HPBW is known. Knowledge of the antenna HPBW 

is also necessary in order to f ind^f and ^'since 

= K HP8vfc + 'ei 
AV/a. ) 

and 

i 
-G-r 

2A 

HP13Wg, +■©* yk 

where the HPBW angles are in right ascension and declina¬ 

tion respectively. These equations assume a Gaussian 

distribution of the antenna beam pattern and of the source 

extent. 

To determine the HPBW unambiguously at any one time 

requires observations of a bright ’’point” source whose 

half power angular extent is considerably less than the 

HPBW. We employed a quaser, 3C273, an intense source 

whose size is too small to be yet determined with existing 
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methods. 

Observations of 3C273 were conducted during the 

November 1970 run for this purpose. It was necessary to 

take readings with this source at various zenith angles 

since the HPBW varies depending on the telescope’s posi¬ 

tion. This is due to a readjustment of the reflecting 

panels and the supporting structure due to gavitational 

effects. 

Both right ascension and declination scans of 

3C273 were made. Results were recorded on the analog 

strip chart output of the NRAO standard receiver and 

were termed ’’drift curves”. 

These curves are obtained by sweeping the telescope 

across a source. The power received increases as the main 

lobe of the antenna beam approaches the source, reaches 

a peak, and then decreases as the beam moves away from 

the source. The resulting output represents the convolu¬ 

tion of the antenna and source patterns. It is just a 

’’picture” of the beam if the sovirce is negligible in size 

as in the case of 3C273. As these curves are produced, 

the telescope operator inserts a marker at regular inter¬ 

vals on the chart to indicate the current right ascension 

or declination in units of time and arc, respectively. It 

is then possible to compare the half power width of these 

curves with these markers to obtain the HPBY/ of the teles¬ 

cope. 
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Drift curves of 3C273 near zenith angles of 36°, 

42°, and 65° gave a fair estimate of the change in the 

HPBW. The beam, which is ideally circular, was seen to 

broaden with increasing zenith angle: (all angles have 

maximum deviations of about .05*) 

-Q. 

zenith "^HPBW^ HPBW* 
angle 
(deg) (min of arc) 

36 3.45 3.55 

42 3.55 3.65 

65 3.60 3.75 

Knowing the HPBY/, drift curves of sources of known 

flux density (3C273 is a variable radio source) could 

be made and the results deconvolved to give the source 

extent. In November 1970, Virgo and Taurus A were used 

for this purpose. Their flux densities at our observing 

frequencies were derived from the work of Baars et al. 

(1965) on calibration sources. By firing the calibration 

noise lamp after a drift curve is taken, the height of 

the resulting square pulse on the chart can be compared 

with the height of the curve. Knowing T_._, this com- 

parison then gives the antenna temperature, T^, of the 

source. This left Ae (or, effectively, the aperture 

efficiency) as the only unknown in the above general 

equation which could be applied to these sources. 
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The aperture efficiency was then determined for 

zenith angles of 16°, 26°, 42°, and 48°. Since the HPBW 

is not necessarily variable to a predictable extent such 

as it can be precisely extrapolated given the known errors 

in our points, a source of error is introduced. Another 

source of error is the accuracy with which the height 

ratios in the drift curves could be measured. 

With these problems in mind, we did a linear fit to 

the points we calculated for the aperture efficiency as 

a function of zenith angle giving 

ae =53.2 - ,213z 

for the aperture efficiency, a , expressed as a percent- 

age, with z, the zenith angle, in degrees. Each value of 

ae is accurate to about t 4%. See the accompanying graph. 

One drift curve of Taurus A had been taken during the 

August 1968 run with appropriate firings of the noise 

tube. Both Taurus A and Virgo were taken during the Nov¬ 

ember 1970 run. Assuming that the above values of HPBW 

and aperture efficiency could be extrapolated back in 

time, then measurements and calculations could be made 

■to find T for the runs. Summarizing the results: 
CAL 

RUN tCAL (deg) 

August 1968 6.5 ± .5 

November 1968 6.3 ± .7 

November 1970 3.6 ± .4 
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3.4 Continuum Temperature 

Knowing T^^J source continuum temperatures for the 

1970 run could be determined in two ways which were fun¬ 

damentally related: either the data on the standard 

receiver's analog strip chart could be analyzed, or the 

amount of balance noise needed to bring an off source 

scan to the same intensity as a corresponding on source 

scan (section 2.3) could be calculated from the noise 

meter dial readings recorded by the operator. (This 

noise meter was an attenuater inserted between the noise 

generator and the receiver. It had a 000-*999 scale 

which was calibrated in terms of temperatures by measur¬ 

ing percentage changes in the system power at different 

dial settings in a manner similar to that used to find 

Tj^ and TQ^. In this case, however, calibration was done 

while on the telescope.) 

The figure on the next page is a reproduction of a 

very small portion of the analog strip chart. The hori- 
n 

zontal lines are a record of the total power received 

by the telescope. The regularly spaced spikes on these 

lines are the successive firings of under control 

of the AC receiver. It can be seen that the total power 

into the receiver was balanced on and off the source. 

The dip between the two scans represents the actual power 

seen by the telescope off source before the balancing 
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noise was injected. Consequently, comparing the height 

of this dip with the average height of the T blips, 
CAL 

which correspond to a known temperature, can then give 

the actual source antenna temperature, or continuum 

temperature, TQ. 

This method proved rather accurate, but the transi¬ 

tion period between going off source and the injection 

of noise was often negligible with respect to the time 

scale of the analog strip chart motion. The telescope 

operator was therefore asked to delay before injecting 

this noise and to speed up the chart for a mement so that 

the above mentioned dips could be produced. However, 

this was not requested in November 1968, where noise in¬ 

jection was also used, so these dips are often not present. 

The other method referred to at the beginning of this 

section had the operator record the dial readings he got 

on the noise meter after balancing. (This method is re¬ 

lated to the one above since one of the criteria used in 

the balancing was that the strip chart output "look right".) 

These values for all the scans were later transfered to 

punch cards and a functional relationship between the 

readings and the noise injection temperature (relative to 

1*CAL^ was derived. This relationship could then be incor¬ 

porated into computer programs and the card data read in. 

This method was easier to use and values were 
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available for all scans. Both methods gave nearly identi¬ 

cal results for the same scans, as was to be expected, 

but the computer technique seemed to give slightly more 

fluctuations for the same zenith angle for a given source 

from day to day. It is not apparent if this was due to 

random error or might be a reflection of the preciseness 

of this approach. 

Unfortunately, as partly already noted, no provisions 

were made to obtain continuum temperatures by either method 

for the November 1968 run where noise injection was used. 

Since no noise was injected to balance on and off 

scans during the August 1968 run, it would seem possible 

to compare on and off source temperatures for the recom¬ 

bination line scans on the analog chart in a manner like 

that described above. Such an effort was made, but switch¬ 

ing of analog scales was done in an unpredictable manner 

and it was often hard to determine when the operator even 

went off source. For both the 1988 runs, therefore, data 

on antenna continuum temperatures for the sources observed 

was derived from Reinfenstein (1968), who made observa¬ 

tions near 5GHz, and Schraml and Mezger (1969), who made 

observations near 15.4 GHz. These authors gave data on 

their antenna temperature for each source they observed, 

and the source's angular extent and flux at their frequency. 

Knowing the flux goes approximately as D* (section 5.1) 
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and given their beamwidth and ours, the general equation 

given in section 3.3 for the antenna temperature was 

used to find a ratio between their value of continuum 

temperature and what our value should be. This was then 

solved for our value. This assumed that the source's 

angular extent and the antenna aperture efficiency re¬ 

mained constant from their frequency to ours. The purpose 

in selecting two references which bracketed our frequency 

of about 8.6 GHz was to minimize the effect of these 

assumptions. This was done by averaging the results for 

both sets of data for each source together. The error 

limits were then taken to be the maximum deviation about 

this average value. 

On the following page is a plot of continuum temp¬ 

eratures obtained by various observers on the 140' tele¬ 

scope for the sources observed by us in November 1970. 

The general decrease in T^, with increasing frequency 

reflects the decrease in the antenna beamwidth and aper¬ 

ture efficiency. For each source, the functional interrela 

tionships of the values of TQ are quite consistent, espe¬ 

cially in the case of Orion for which the most data points 

are available. The relatively greater fluctuations in T^, 

for M 17 can be explained by its higher observing zenith 

angle which causes variations in the telescope beamwidth 

and atmospheric attenuation to become more critical. 
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3.4.a 

Frequency (Gigahertz) 

References: 

~ 2.7 GHz — Zuckerman and Palmer (1970) 
~ 5.0 GHz— Reifenstein (1968) 
~ 8.6 GHz — This survey 
~ 15.5 GHz — Schraml and Mezger (1969) 
~ 23.4 GHz — Churchwell e_t al. (1970) 

(all values for 140' telescope) 
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CHAPTER 4 

DATA REDUCTION 

4.1 Summary of Reduction Flow 

Since the computer routines employed at NRAO for 

the initial reduction of the August 1988 data are no 

longer in use and since only one scan per recombination 

line per source was taken, only the final analysis of 

this data will be discussed, as this was similar to the 

analysis used for the later runs. 

Despite the change from frequency switching to the 

total power method, data reduction techniques for both 

November 1968 and 1970 are virtually identical. 

A binary magnetic tape produced daily on site at 

the telescope is shuttled to NRAO headquarters in 

Charlottesville, Virginia where it is processed on an 

IBM 360/50 computer. There a 9-track Fortran readable 

tape and a printed output are produced. Using this out¬ 

put, an observer may then perform various editing opera¬ 

tions on each scan. This new tape is then processed by 

a second NRAO program which also has editing capabilities. 

This program produces a third, formated, Fortran tape 

and a printed output which is now ready for final data 

reduction (see Farris et al. (1968) for a detailed 
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description of the NRAO programs). This tape was con¬ 

verted to a form acceptable to the Burruogh's 5500 

computer employed at Rice University, and then brought 

back to Houston for final processing. 

4.2 Processing at NRAO 

4.2.1 Program I 

Generally of primary interest to the observer from 

the first computer output at Charlottesville is the in¬ 

formation on the individual records that constituted a 

scan, and the system temperature. 

Data derived from the total power counters of the 

autocorrelation receiver is listed for each record for 

IF units (receivers) A, B, and C. In our mode of opera¬ 

tion (parallel: see section 2.2.3), the information 

displayed is reference power and gain. 

The reference power is obtained directly from the 

telescope tape. In November 1988 it represented the 

power in the reference band for frequency switching. For 

November 1970, it is simply the total power seen by the 

receiver since there is no separate reference band as 

such. This power is measured with the noise tube (T ) 
CAL. 

off so that the signal variations from record to record 

can be seen 
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The gain is calculated by the program as the signal 

power with the noise tube on minus the signal power with 

the noise tube off, giving, in effect, T^,^* Since the 

gain of the receiver varies with the intensity of the in¬ 

coming signal (section 2.3), and since T^L is a constant, 

this parameter actually measures the receiver*s reactions 

to variations in the signal such as those due to atmos¬ 

pheric effects. 

A simple plot of these two values for each record 

giving the variations among the records is presented. The 

observer can then delete records which appear erratic or 

out of line with respect to the othex’s because of electri¬ 

cal interference, equipment malfunction, bad weathery or 

any other reason. Future processing is then undertaken 

as if the record had never been present. 

The system temperature and quantities that can be 

used to determine its standard deviation based on the 

standard deviations of the records are also printed out 

and can be used to determine the rms fluctuations of the 

scan (section 3.2). 

Another output of this program is a plot of the ob¬ 

served spectrum with the average quotients (obtained by 

averaging the quotients for each channel in all the 

records of a scan - section 2.2.3) vs. channel number 

for each receiver (A, B, and C). Adjustments in the plot 
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scale can be made at this point if it is desirable. The 

computer automatically scales for the highest and lowest 

data points outside about 10 erratic end channels (see 

below). In the case of our November 1968 run, this scal¬ 

ing ability was found convenient in several scans since 

receiver B had gone bad and the noise it thus produced 

affected the plot of receiver A, automatically scaling 

it down. The program used in 1970 scaled both receivers 

separately, however. 

A standard deviation table giving the standard 

deviations of each channel for a scan as determined from 

the variations in the records is presented. As noted 

in section 3.2, standard deviations of adjacent channels 

in the AC receiver are relatively constant except there 

are large deviations on the end channels due to IF fil¬ 

tering effects. This table can therefore be used to 

determine which end channels should not be given equal 

weight or deleted in future data reduction since they 

have high noise. 

All the above editing information, plus other in¬ 

formation which will be mentioned in the following section, 

is punched on cards and fed with the magnetic tape to 

NRAO’s program II. 
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4.2.2 Program II 

Besides allowing the user to edit the input tape 

as indicated in the preceding section, this program 

averages the quotient power spectrum over all records 

included in the edited scan and converts the result to 

temperature units using T . It also calculates the 
CAL 

corrected and uncorrected velocities of the center of 

the bands (effectively the source’s radial velocity with 

and without respect to the local standard of rest, 

respectively - section 2.2.1) using the line frequency 

information fed to it on punched cards and using the LO 

settings found on the magnetic tape (if they were not 

changed in the editing process, in which case they, also, 

would be found on cards). 

The source radical velocity, including the earth’s 

motion, is determined from the non-relativistic Doppler 

shift equation 

<f - fG) 
V = c   

fo 

where V is the source radial velocity; c, the speed of 

light; fQ, a line rest frequency (input from cards); and 

f, an observed frequency determined by the LO settings. 

The source’s radial velocity corrected to the local 

standard of rest (VLSR) is found in a similar manner by 

this program using subroutines which give the earth’s 
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motion as a function of the observing time and source 

coordinates. 

This program produces a 9-track Fortran tape con¬ 

taining the average power spectrum and various identifying 

information. Neither the system temperature nor the 

standard deviation table for individual channels is in¬ 

cluded on the input or output tape. C. R. Predmore added 

statements to program II to recalculate this information 

for the November 1970 tape while we were at NRAO in ex¬ 

pectation that the standard deviations would be used in 
$ 

averaging scans together. The later data were not 

explicitly used here, but the system temperature data 

did prove useful in averaging scans as will be shown in 

the next section. 

A reduced size copy of actual sample output of this 

program is shown on the next page. After the header in¬ 

formation, self-explanatory information on the first and 

last record in the scan is presented. (The receiver 

box mounted on the telescope can be rotated through 360 

degrees and its relative position is recorded as the 

polarization angle. The same setting was used through¬ 

out our run.) A plot of the spectrum of receiver A 

appears in the left column and that for receiver B in 

the right column. The plot for receiver C is located at 

the bottom of the page. Channel numbers run down the 
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NRAO 140 FPPT TELESCOPE TOTAL POrfEK SYSTEM 

/ ORSFRVAMON 14193 

7 PICE UNIVERSITY 

AVERAGE HF IQ PFCOROS 

ORION A HI14H 

CURRENT INTEGRATION TIME 
- 

10.00 MINUTES 

DATA OF RECORO NUMBER DATA OF RFCORO NUMBER 

OATE 
OPFRAT ION 
ircAi SIPFPPAL TJMF 
IASTFON fTANOAOO TIMf 
TIGHT A SCF7 4 I ON 
TFCL FNATI ir 
*0L API 7 A T I(‘N ANGLE 
L. O. FPEO A4-C 0/1 
L. P. F»r) n o/l 
YPISF TUPFS A/R/C 
1TTE N J A T f’O S A/R/C 
lANOWTOTHS A/B/C 
JULIAN nArr 
VFLOCirv copperTION 

1 70/11/ 2 1 70/11/ 2 
1 PARALLEL I PARALLEL 

02 67 60.1 I 03 06 50.1 
I 00 32 50.3 I 00 Al A8.8 
1 05 31 44.9 I 05 33 44,8 
I -006 21 30.4 1 -005 21 34.2 
1 092 16 00.C 1 092 36 00.0 
I 241.16451400 / 243.00001400 / 283.00001 '.00 I 243.36451400 / 283.00001400 / 283.00001400 
1 241.16451400 / 283.00C01400 / 243.00001600 243.36451400 / 283.00001400 / 283.00001400 
1 4.00000000 / 4.00000000 / 4.003C03C0 1 4.0000CC00 / 4.00O00C0O / 4.00000000 
I 10.49099905 / 12.13996941 / 4.300000CO l 10.49999505 / 12.199999.41 / 4.00000000 
1 10000.0000 / lOOOC.OOOO / 10000.0000 I 10000.OCOO / 10000.0C00 / 10000.0000 
I 2A40B9?.7311376 1 2440892.7373706 
1 0.0743046 I 0.0881109 

VFLnriTY OF CcNTFR OF BANOS 
\FLOCf rv OF f C N T F R OP BANOS 
VFLDPITY CWAVGC PER CHANNEL 

CnRPFfTFO A/B/C 
UNCriROFCTED A/8/C 

A/B/C 

-2.72015772 
-2.64815044 

1.80481434 

-2.7293577? / -2.7203577? 
-2•64B15044 / -2.64815044 
1.80481319 / 11.94910908 

• •THIS IS AN UN OBSlRV AT I ON* * TEMPERATURE — { ON - OFF 1 / OFF ♦•THIS IS AN ON OBSERVATION** 

l 
-1 .SAP 
-0.156 
-0.519 
-0.311 
-0.173 
-0.1 AO 
-0.20R 
-e.i 
-0.06? 
-0.21P 
-0.14S 
-0.113 
0.016 

-0.390 
-0.021 
-0.03R 
-P.l?7 
-0.0 32 
-0.167 
-0.266 
-0.09? 
-0.0B3 
-O.OAR 
0.394 
O.r'Sl 
0.061 
0.1 59 
0.291 
0.654 
9.6 R l 
0.7 ?A 
0.B79 
0.P17 
0.71R 
0.4 59 
0.A4? 
0.1?1 
0.1 A? 
0.027 

-0.101 
-0.1 IP 
-0.P3P 
-0 .CNR 
-0.0 1? 
-0.331 
0.3? A 

-0.060 
-0.3?7 

0.*>^A 
-0.3?0 
-0.0 1? 

0.94,'J 
-0.105 
-0.0 16 
-0.09C 
0.00? 

-0.069 
-0.156 
-9.0 A 7 
-0.067 
-0.117 
0.0 56 
0.077 
0.32? 
0.30? 
0.040 
O.OB? 

-0.9?l 
-0.066 
-0.0 l R 
-0.1 U 
-C .10 5 
0.016 

-0.019 
-0.096 
-0.07? 
-0.0 79 
-C.?IP 
-0.0A1 
-0.1Al 
-0.1 1 A 
-0.1R9 
-P.l16 
-0.17fl 
-0.2AI 
-0.194 
-0.258 
-0.2B6 
-0.1 94 
-0.269 
-0.3R7 
-0.260 
-0.1 17 
-0.3B? 
-0.46« 
-0.191 

1 

1 
-0.64B 
-0.14? 
-C.0R6 
-o.r r? 

0 .? 6R 
0.7 17 

-0.011 
-9.046 
-0.068 
-9.069 
0.P19 

-0.3R1 
-0.164 
-9.1 MS 
-0.2M7 

1 

? 
r.07i 

-P.I i« 
-0.CH9 
-0.2 17 

0 • C 1 A 
-C.110 
-C.213 
-0.121 
-9.177 

1QO 
-".14? 

IAP 
-0.144 
-9.111 
-C.1«C 
-0.124 
-0.IP 1 
—3.019 

19 0 
-0.119 
0.040 

-o.cio 
-0.071 

9.0®1 
0.9 28 
9.117 
0.217 
C.449 
9.713 
9.723 
C.760 
C. 7*4 
9. 729 
0.714 
0.461 
0.1C3 
0.194 
0. 106 
0.191 

-0.008 
0.C06 

— ''.01 1 
-0.046 
-0.054 

0.C49 
0.049 
•9. Cl? 

-C.C46 
-9.084 
-'‘.04 0 
-9.11? 
-9.024 
-0.019 
-0.I 14 
-0.139 
-0.0R9 
-0.041 
-0.PC6 
9.018 

-3.1 16 
-9.09P 
-0.3R7 
0.021 

-9.021 
o. 101 
0.0 2 R 

-c.001 
-0.357 
-9.027 
-0.044 
-9.1U 
-9.14| 
-9.027 
-9.061 
-G.149 
-9.125 
-9.too 
-9.1>6 
-3.I 7 R 
-0.146 
-9.10* 
-9.I 76 
— ^ . O 7 R 
-0.12 9 
-9.100 
-9. IRC 
-9.270 
-3.2Q9 
-9.217 
-9.?6R 
-9.3At 
—9.2 90 
-0. I OR 
-9.247 
-0.108 
-C.263 

2 

2 
-0.164 
-O.14? 
-0.1C6 
-9.017 

0. 777 
0.204 

—9.043 
—\031 
-0.070 

9.017 
-9.023 
-0.1 M 
-9.17* 
-0.267 

-0.2905 -0.0C61 0.2800 *     .   , -—— 
6 

9 6 
9 6 
9 6 

9 6 
8 

6 9 

I 
91 

9 I 

6 9 
69 
96 
6 9 

R 
69 

6 9 
69 

-♦ 6-9 — ♦  
6 9 
69 

9 6 
6 9 
69 

9 6 
1 

l RCW 8 

69 

r 6 
r 6 
r 6 

-0.2905 ~ -C.0951 

?. 
-8.808 

-0.2905 -0.0053 0.2800 0.5652 • x 
2! 2 3 5 IL TJ 
1.914 -6.999 IL T! 

-7.094 -2.544 „. I 

-6.069 l.8?3 1 T LI 
-2.029 -0.2 10 IT 6 I 
-0.944 -0.646 I 
-0.410 -0.311 1 5 1 
-0.204 -0.343 2 10*L 9 ♦ 
-0.325 -0.256 19 6 I 
-0.163 -0.226 1 6 9 I 
-0.245 -C.226 1 8 I 
-0.141 -C.319 16 9 I 
-0.1H4 -0.226 220* 6 9 
-0.164 -C.285 1 6 9 
-3.096 -0.158 1 6 9 
-0.301 -C.227 1 9 6 
-0.149 -0.177 1 69 
-0.176 -0.196 2 30* 69 
-3.188 -0.115 1 «6 i 
-0.099 -0.036 ( 9 6 1 
-3.141 -0.161 I 8 1 
-3.134 -C.199 1 6 9 1 
VO.099 C.037 240* 9 6 * 
-3.021 0.022 1 9 6 1 
0.062 0.066 1 8 1 
0.166 0.165 1 8 1 
0.279 0.42 7  I 9 6 1 

■3 16 61 C 16 37 l 8 1 
0.76? 0. 718 1 6 9 1 
0.RC9 0.736 1 6 9 * 
3. 764 0.644 1 6 9 1 
3.699 0.600 26G* 6 9 ♦ 
9,516 0.443 1 6 9 1 
3. 3 16 0.356 1 96 1 
0.248 C. 1 76 1 6 9 1 
3.127 0.088 1 6 9 i 
3.015 0.089 270* 9 6 * 

-0.061 -0.116 1 6 9 1 
-3.162 -C.037 1 9 6 1 
— 3•C 66 -0.003 1 96 1 
-3.071 -C.1 11 1 6 9 1 
-3.017 -0.012 280* 8 ♦ 
-9.377 -C.020 l 9 6 1 
-3.004 0.015 1 96 1 
-3.07? -0.016 1 9 6 1 
0.018 -0.073 I 6 9 1 

-3.061 c.on 290* 9 6 
-0.07? l 8 i 

-3.320 —C .114 1 6 9 1 
-0.046 0.027 1 9 6 1 

3.003 0.046 1 ^9 6 1 
—011 1A -oil 1C 1 8 1 
-3.01? -0.116 I 6 9 1 
-3.106 -C.046 1 8 1 
-0.126 -C.031 1 9 6 1 
-0.988 -P.014 310* 9 6 ♦ 
-0.141 -0.048 1 9 6 1 
-9.093 -0.044 1 9 6 1 
9.034 -c.uc 1 6 9 1 
9.063 0.049 1 96 1 

-O.O’S -0.01? '»?0* 96 * 
3.020 0.15? 1 9 6 i 
3.066 0.032 1 69 1 
3.098 0.02C 1 6 9 1 
3.015 -C.060 1 6 9 1 

-0.070 0.00? 130* 9 6 ♦ 
-3.029 0.010 I 9 6 1 
0.013 -0.07? 1 6 9 1 

-3.049 -C.091 1 69 1 
-3,014 -C.098 1 6 9 1 
-3.019 -0.008 340* 96 ♦ 
- 3.1 t 6 -C.065 1 9 6 1 
-3.076 -C.041 1 69 1 -).o?n -0.051 1 69 1 
-3.171 -0.0 10 I 0 6 

-3*044 -0I2l7 f 6 9 1 
-3.200 -0.074 ! 9 6 i 
-3.050 -0.116 l 6 9 1 
-3.114 -0.006 1 9 6 1 
-9.141 -0.013 360* 9 6 ♦ 
-1.120 -0.21? I 6 9 1 
-3.1?? -0.126 1 8 1 
-3.161 -0.243 I 6 9 1 
—0.2? 8 -0.1 16 I 96 1 
-3.216 -o.on 170* 9 6 ♦ 
-3.21? -G.208 1 96 1 
-9.294 -0.358 IL9 1 
-0.192 -0.046 1 T 6 1 
-3.129 -0.249 1 6 9 1 
-3.564 -0.678 140*a * 
-3.515 -C .148 1 T 6 1 
-3.061 0.1 70 1 9 6 i 

-0.2905 -0.0053 0.2800 0•5652 

3.2245 0.1156 0.4464 0.5573 0.6683 0.7792 

9 6 

69 
96 

69 
9 6 

6 9 

-0.219? -0.1081 0.0027 0.1116 0.2245 0.1155 0.6466 0.5571 0.6681 0.779? 

Printed output from program II. 
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page, and temperature increases to the right. 

Two points are printed on one line and their res¬ 

pective values listed in columns one and two. A "9" 

represents the first point and a ”6” the second. The 

tails of these numbers should be ignored and only the 

closed circles should be followed. If two points fall 

at the same location, an ”8" is printed. Values off 

scale are indicated by a "T" if the first point is off, 

an "L" if the second point is off, and an ^=,, if both 

points are off. 

This 10 minute scan is of Orion, and the H114B 

line can be clearly seen above the continuum. About 70 

channels above it in receivers A and B (10 channels in 

receiver C), the Hell4B line can just be made out. 

It should be noted that a third program was avail¬ 

able at NRAO that stacked scans together to effectively 

increase the integration time. It would also subtract 

off scans from on scans for the frequency switching 

method and would average receivers A and B together if 

desired. The scans were weighted when stacked by their 

integration times. Though this program was used initially 

by us, we later decided on a different way to stack scans 

so this program will not be discussed further. 

The output tape from program II was converted to a 

form acceptable to the Rice computer, and data processing 

was continued in Houston. 
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4.3 Scan Grouping 

Before determining the height, width and center 

frequency (shifted due to the source's motion) for the 

various recombination lines, it was necessary to increase 

the signal to noise ratio as much as possible. This was 

done in cases where there was more than one scan by 

averaging the scans for each source for a particular 

line together. Then, when desirable, receivers A and B 

were averaged together. 

In order to properly average scans together, the 

fact that the antenna temperature which is measured is 

proportional to the telescope's efficiency (section 3.3), 

which is a function of zenith angle, must be taken into 

consideration. If this were not done, then a line measured 

in a scan taken at a low zenith angle, and thus with 

relatively high efficiency, might be degraded when aver¬ 

aged with a line taken in a scan at a larger zenith angle 

since a line will not then appear as high above the back¬ 

ground noise. 

This effect can be accounted for by noting that the 

ratio T/T- for a time stationary source should be constant. 
JLi u 

(chapter 5). Therefore it is only necessary to normalize 

each scan to its corresponding continuum temperature before 

averaging. 

The normalized temperature after averaging is, for the 
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ith channel 

NS 

£ <yvy*j 

j-i 

where 

1 

rfCTj/Vj 

where NS is the number of scans being averaged, and w. 
3 

is the weighting factor for scan j. The square of the 
Q 

standard deviation of the ratio T^/T^ is ^(T^/T^) . 

6 (
T
JJ/
T
C
) 2
 = (TL/TC)

2
(<5TL/Tl)

2 + (TL/TC)
2
0JTC/Tc)

2 

- (^TL/Tc)
2 + (TL6TC/Tc

2)2 

is just the rms fluctuation given in section 

3.2.{JT£ is discussed in section 3.4. IfjjT^ is on the 

order of T , and T is much larger than T , as is the 
li C L 

case on both counts, then the second term in the last 

line of the preceding equation can be neglected so that 

the first equation can be written as 
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5 (TL*TC)/(<STl) 
2 
j 

T2/(<$T)2 

C . L j 

(ith channel) 

with j going from one to the number of scans, NS. 

The standard deviation of the final average is just 

(fCT^/TQ)^ = l/(£wj) with the sum over all j. 

As noted earlier, the weights were taken as the same 

for every channel within a scan. The August 1968 re¬ 

combination line data had no stackable scans, but the 

procedure would have been the same with the weights above 

replaced by the observed individual channel deviations. 

To obtain T alone, it is only necessary to multiply 
li 

the above mean value of Tj/TQ by the average continuum 

temperature obtained by weighting each scan’s continuum 

temperature by w... 

Following stacking, receivers A and B were averaged 

together, channel by channel, with equal weighting. This 

was omitted in the case of some November 1968 data where 

receiver B malfunctioned. 

4.4 Line fitting 

The recombination line shapes with which we are deal¬ 

ing can be considered Gaussian to a good approximation 

(section 5.2). Therefore, to determine the line parameters 

of height, width, and center frequency a Gaussian curve 
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could be fitted to the channel data points. 

This is the theory behind the line fitting proce¬ 

dure about to be described. It should be noted that for 

small amounts of data with a relatively straight baseline 

and a good signal to noise ratio, determining the line 

parameters by hand is virtually as efficient as any other 

method, as noted by Gardner et al. (1970). Since comput¬ 

ing facilities were available and since our baselines 

generally appear to be non-linear, a computer routine was 

therefore employed to determine not only the line para¬ 

meters but also to fit baseline polynomials of arbitrary 

order. Also, since a helium line was expected in the 

hydrogen line bandpass, in many cases, a second Gaussian 

function was included to account for it. 

Many observers first make polynominal fits only to 

the data points making up the baseline, excluding channels 

which they feel include the line. They then subtract 

this fit from all the data. They can then theoretically 

fit to a Gaussian without worrying about the baseline 

since it should be "straightened out" in the subtraction 

process. Error can be introduced with this method, how¬ 

ever, especially in the wings of the line where subtle 

baseline changes may have been omitted and could thus de¬ 

crease the accuracy of the result. Churchwell and Edrich 

(1970) have employed this method but admit that, even 
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after careful scrutiny, it is possible for systematic 

errors to effect the data. The method we used treats all 

the data together and avoids this problem, but often at 

the expense of considerably greater computing effort. 

A fifth order polynomial was found sufficient to 

describe any of the baselines we encountered in the auto¬ 

correlation receiver scans without exhibiting any tendency 

to follow individual points (there were 158 degrees of 

freedom after end channels were delected). Other obser¬ 

vers have noted using up to sixth order polynomials, but 

the irregularities their baselines displayed appeared 

more severe than ours. A second order baseline fit was 

employed for the 50 channel receiver data (actually only 

48 channels were used, the two bad channels luckily being 

outside the line channels). Higher order fits were found 

to emphasize individual points to too great an extent. 

In order to get the best fit of a functional form 

to a spectrum, it is necessary to minimize, in some 

manner, differences between the fit and the data points 

at all points along the curve. This is known as the 

least squares method since the square of the distance be¬ 

tween the fitted function, y(x^), and the data point, y^, 

is taken to avoid cancellation by positive and negative 

values. The variance of NP data points about any resulting 

fit to them can be defined as 
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NP 

NP - n 
(y± - yCx^) 

2 

where n is the number of coefficients making up the 

function, including the constant; and the meanings of 

the other terms remain the same. The quantity NP - n 

is called the number of degrees of freedom, f. 

One manner in which fitting can be acomplished 

for normally distributed data is in minimizing the 
o 

equation defining chi-square,% , or the reduced chi- 

square : 

2 
whereis the parent variance of the data, derived 

from instrumental considerations in our case. For the 

AC receiver they are taken equal over all NP points. 

A minimum to this equation can be found by the 

.proper choice of the coefficients of the terms making 

up yCx^). This can be done by setting the derivative of 

this equation with respect to each coefficient equal to 

zero. The resulting equations can then be solved simul¬ 

taneously for the coefficients. 

Chi-square (reduced) can be thought of as a measure 
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of the correctness of a fit since the numerator measures 

the spread of the data about the fit and the denominator 

represents the spread of the data about the true distri¬ 

bution. Values of the reduced chi-square on the order 

of one mean that the fitting function is a good approxi¬ 

mation to the parent function. If the fitted function is 

not representative of the data, then the variance will be 

large and the reduced chi-square will be greater than one. 

A value less than one does not mean a better fit, but 

merely reflects the uncertainty in determining the var¬ 

iance . 

Techniques coming under the heading ox ’’multiple 

linear regression analysis” have been developed to mini¬ 

mize chi-square in order to determine the coefficients of 

a polynomial. Hov/ever, these procedures fail when the 

derivatives with respect to one coefficient end up with 

this coefficient being expressed in terms of products of 

the others. This was the problem encountered with combined 

Gaussian and polynomial functions with the Gaussian of 

2 2 
the form A1exp(-(xi - Ag) /A^) . 

A method to minimize chi-square using a non-linear 

regression analysis was therefore needed. This was found, 

along with an excellent description and computer programs 

implementing its use, in a book by P. R. Bevington (1969). 

Among the many computer programs he presents for the 
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problem, one he called CURFIT was found tc exactly suit 

our needs and was used with little modification except 

to make it self-iterating.(Statement 103 of his routine 

on page 239 should be multiplied by SQRT (CHISQR) when 

Mode =0.) 

The techniqvie employs a refined search for the 

appropriate minimum of chi-square on an n-dimensional 

hypersurface, where n is the number of parameters in¬ 

volved in the fitting function. The "appropriate mini¬ 

mum" means that false or relative minimums of chi-square 

are possible and may be avoided by making a reasonably 

good first guess as to what the parameters should be. It 

was found in practice for our data that this guess could 

be quite rough, as will be seen. 

The program performs a gradient search along the 

hypersurface which determines the region of the minimum 

chi-square rather quickly. Thereafter, convergence is 

slow. Therefore, another approach which is appropriate 

only near the minimum is undertaken. This method in effect 

linearizes the function in a first order Taylor expansion 

which is then minimized with respect to the parameters. 

Bevington credits Marquardt (1963) for an algorithm which 

combined the best features of both methods. 

We considered a fit as converged when no parameter 

changed by more than 1% in a subsequent iteration. 



63 

Depending on the data, convergence in four iterations was 

about average. In order to consider a parameter as useable 

after convergence, we decided, in general, that its stan¬ 

dard deviation as determined by the program had to be less 

than about half of its own magnitude (deviations greater 

than this somewhat arbitrary cut-off generally implied to 

us that the particular parameter did not belong in the 

fitting function since chi-square could be minimized al¬ 

most independently of any of the parameter’s variations). 

As a check on CURFIT, a linear least squares fit was 

performed on the points making up the baseline outside 

the region of the recombination line and the result com¬ 

pared with the polynomial coefficients CURFIT found. The 

agreement was generally within 10%. Variations were of 

course present due to the omitted line wings. A value of 

zero had been used as a first guess to these coefficients 

for CURFIT. In order to check the speed of convergence 

and the variations in convergence caused by different first 

guesses, the values for the higher order terms found using 

the linear regression fit were fed to CURFIT as a first 

guess. It was found that the same number of iterations 

were required to converge and that the same final point 

was reached for all the parameters, including the Gaussians. 

The second result is to be expected if CURFIT is 

working properly and does not find a false minimum. No 
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change in the convergence time can be explained by the 

effectiveness of the initial gradient search. It was 

found by examining the coefficients at each iteration 

that the first iteration alone had done a very good job 

at approximating what would be the final values, some¬ 

times coming within 10%. 

False convergence was checked by trying to fit 

Gaussians to areas in the baseline where lines were 

known not to exist. In this case the routine had not 

converged after 10 iterations when it was stopped. At 

that point, it had an amplitude for the Gaussian which 

was less than the rms fluctuation. 

The following figure shows a typical result of 

CBRFIT's fit. The "Q"s are the fit and the "x"s are 

the data. Fitting was done including the channels from 

16 to 184. The plot is of T and the data point values 
11 

are given adjacent to the channel values in the column 

near the graph. The center column gives the correspond¬ 

ing frequency in MHz for each channel relative to channel 

number 96.5. 

The main program, written by us, would calculate 

first guesses for the heights, widths, and frequency 

locations for expected hydrogen lines after having read 

computer cards fed to it. Each card contained instructions 

as to which scan from a magnetic tape containing the data 
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(for August 1968, data was on punched cards) was to be 

read and processed. The card also contained the approxi¬ 

mate channel number for the peak of the hydrogen line, 

the bandwidth of the spectrum, and a code indicating if 

an attempt should be made to find the helium (which was 

not present in all the scans). If a helium fit was de¬ 

sired, its width was assumed to be .8 times that of the 

corresponding hydrogen width, and its height .1 times 

that of the hydrogen height. This gave a helium to 

hydrogen ratio of .08, a value normally found in these 

nebula. The helium's frequency location was fixed with 

respect to the hydrogen frequency (see section 1.2). 

The main program also provided guesses for the con¬ 

stant term and the coefficient for the linear term in 

the polynominal. Initial guesses for the remaining co¬ 

efficients were set to zero. 

The various fits for the observed line data are 

presented on the following pages (the November 1970 scan 

of Orion is presented in Fig. 4.4.a). Fig. 4.4.b con¬ 

tains the 50-cfc.annel recombination line data from the 

August 1968 run in which the H114p line was detected. 

Each plot is 5 MHz wide. Figs. 4.4.c and 4.4.d contain 

the H91e( line data from November 1968. A possible He91& 

line can be seen in the scan for M17 (see section 5.3). 

The observing bandwidths are noted on each 192 channel 



67 

plot. The November 1970 data, except Orion, for the 

H114p> line is presented in Fig. 4.4.e. In this figure, 

the fitting by CURFIT was done omitting channels 120 

to 140 since these channels should theoretically contain 

the Hell4{3 line. However, this line was not definitely 

detected in earlier fitting attempts, so this figure 

provides information on the nature of the baseline in 

the Hell4j3 line channels when extrapolated from adjacent 

channels. Each plot in Fig. 4.4.e is for a 10 HBz band¬ 

width . 
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CHAPTER 5 

INTERPRETATION AND ANALYSIS OF DATA 

5.1 Continuum Radiation 

The continuum radiation from an HII region primarily 

arises from the acceleration of free electrons in the 

Coulomb field of the ions. This process is called free- 

free emission or Bremmestralung. 

At a specified frequency,V , the continuum bright¬ 

ness at a pointcG,S on the projected surface of an HII 

region of uniform density is given by 

where T_ is the electron temperature, %} is the continuum 
w 

optical depth, and the integration is along the line of 

sight. 

In the case of a constant electron temperature, 

which appears to be roughly true for these nebulae (see, 

for example, Hjellming and Davies (1970)), equation 5.1.1 

reduces to 

For a region in which all species are predominately 

singly ioized such that the number of free electrons is 

(5.1.1) 

(5.1.2) 
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equal to the number of ions and provided that Tg is less 

than 550,000°K (both conditions are met in the major 

portion of the regions we studied), the functional de¬ 

pendence of the optical depth as given by Oster (1961) 

can be written 

%) - vi.o/4 * la* Tc1'*ln ^\\ & 
(5.1.3) 

where V is the observing frequency in Gigahertz and E is 

the emission measure, E = fN ^ds (N is the electron 

density and the integration is taken over the line of 

sight through the nebula), with dimensions of parsecs 

6 per cm . 

An approximate equation is given by Altenhoff et. al. 

(I960): 

Tv r x Tz"1,3*))*-1 E (5.1.4) 

where the parameters are defined in the same manner as 

noted above. 

The ratio of equation 5.1.3 to 5.1.4, 

CLZ ('OWSS })~l) f L&ln Clc^3 (5,1,5) 

has been shown by Mezger and Henderson (1967) to be close 

to one and never deviates from this by more than 24%. At 

our frequency of about 8.6 GHz and for T 5* 3000 K this 
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deviation is less than 10%. 

At frequencies typically greater than 1000 MHz and 

for the conditions found in the nebulae which we observed, 

becomes much less than one (e.g. at 8.6 GHz, with T = 
w 

10,000 K and with E ~ 10^ pc/cm®, we find that the optical 

depth is on the order of lO"^). Equation 5.1.2 can there¬ 

fore be approximated as follows: 

Tb = Te tv (5.1.6) 

where will be understood to be measured at a pointy £ , 

from now on. 

With a radio telescope, the temperature actually 

measured is proportional to the brightness temperature, 

but is not equal to it because of the finite size of the 

antenna beam and of the source. 

In effect, we measure the quantity T given by 
v# 

T<2 1 ^ jib(-&,$) Vie,dj> <5-1-7) 

where T^, is termed the ’'source continuum antenna tempera¬ 

ture” (section 3.1). When no other effects are considered, 

such as ground and sky temperatures, this parameter is 

termed as the antenna temperature, T (section 3.3). The 
A 

distinction is often overlooked, however, and the two terms 

used interchangeably, P is the antenna beam pattern, and.fi. 
B 

is the beam solid angle. 
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For a source smaller than the antenna beam, equation 

5.1.7 reduces to 

Tc = a.b fhx- Tb (5.1.8) 
a 

where a is the beam efficiency and JV is the solid 
b _ S 

angle subtended by the source. This equation is equa- 

valent to the one given in section 3.3. The difference 

between the beam and aperture efficiencies should be 

noted. Quantitatively, 

ae 1 (5.1.9) 

where A is the observing wavelength, JV. is the main 
m 

beam soldi angle, and A is the physical area of the 

antenna. 

For an extended source, the determination of P and 

to find T, is a complicated problem. In this work, 
8 — 

however, many of the quantitative results depend on ratios 

of antenna temperatures (section 3.1) so this problem can 

often be avoided. The continuum temperatures quoted here¬ 

in are the values of T which are derived in section 3.4. 
v 

Equation 5.1.9 was based on the Raleigh-Jeans 

approximation for the flux density of the radiation from 

the source: 

(5.1.10) 
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where the integration is carried out over the source sub¬ 

tending a solid angle -A-. 

Inserting equation 5.1.4 into 5.1.6 and then intro¬ 

ducing this result into equation 5.1.10 for T. , we see 
D 

that the continuum flux, S, from the source is approxi¬ 

mately proportional to ^-.1, so that over relatively 

narrow frequency bands in the radio region, this flux is 

nearly constant. For a 10 MHz bandpass at 8 GHz, this 

frequency dependence of the flux is completely negligible. 

Recombination line emissions with widths on the order of 

one megahertz at 8.6 GHz appear above this flat continuum. 

5.2 Line Shapes 

As has been mentioned in earlier chapters, the re¬ 

combination line shapes were assumed to be Gaussian. 

The various mechanisms and reasons which led to this 

conclusion will now be discussed. 

It can be shown from quantum mechanical considerations 

that the lifetime against any spontaneous transition by 

an electron in a level n7?l is relatively long (on the 

order of seconds). This means the natural line width is 

on the order of about one Hertz. This is quite negligible 

when compared with the observed widths which are on the 

order of one Megahertz. 
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These observed widths must therefore be due either 

to a decrease in the lifetime of the state caused by 

external influences, or to Doppler broadening arising 

from the motion of the atoms in the nebula, or to a 

combination of both. 

The second of these, Doppler broadening, arises 

from two causes: thermal motion and turbulent motion. 

Thermal motion effects reflect the individual motions 

of the atoms, while turbulent motion effects represent 

the movements of clumps of gas that are small in size 

relative to the observed area of the nebula. For a 

Maxwellian distribution of velocities for both effects, 

the resulting line width at the half-intensity points 

(full width at half max — FWHM) is 

2± I 72kT J r~N 

A)) -c Vln2Us + 3 yRMSJ (5.2.3) 

where T is the kinetic temperature, V is the rms 
rms 

velocity of the internal turbulence, and M is the mass 
s 

of the emitter. This formula may also be written in 

.terms of the most probable turbulent velocity, = 

(2/3), and values of V_ are often quoted in the 

literature. Lines broadened by the Doppler effect are 

Gaussian in shape. 
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A Lorenzian shaped line, which, compared to a 

Gaussian, is lower in height with longer wings, is pro¬ 

duced by pressure or Stark broadening. This effect is 

caused by a decrease in the lifetime of a state due to 

external effects. 

Following Griera (1967), one of the possible sources 

of this external perturbation is usually applicable only 

to high density plasma: This is the quasi-static 

approximation in which the atom is regarded as sitting 

in the average electric field set up by the surrounding 

charged particles. 

Another, and more likely, source of this distur¬ 

bance is termed the impact approximation. Here the atom 

is regarded as being influenced by collisions with 

individual charged particles or by the rapidly fluctuating 

electric fields of these particles. Griem (1967) has 

estimated the effects due to this type of perturbation. 

He finds inelastic collisions by electrons which induce 

transitions between levels of different n dominate over 

elastic collisions and ion induced transitions. He 

obtained a ratio between the half width, 4» of the 

Lorenzian line these collisions would cause, and the 

Doppler e“~ width, AU which can be written as follows: 

4ClJci> _£ tW 
A ~ cfn K 
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* ^ tie n*1 

vMH/ (T T^)^ 

(2.3.5) 

where 7fHis 
t^ie ionization potential of hydrogen, aQ is 

the radius of the first Bohr orbit, n* is the principal 

quantum number of the lower level, T is the kinetic tem¬ 

perature, Tp is the Doppler temperature (i.e., the 

temperature which would produce the amount of Doppler 

broadening that is present), and N is the local electron 
© 

density (the density determined by radio continuum 

studies is the rms denisty and may differ significantly 

from the local density in the line emitting regions). 

Though equation 5.2.7 was derived for transitions 

only between adjacent levels (n-^n-l), Griem suggests that 

it can be extended for higher order lines and/or for 

ionic lines by dividing by (Z^\n) and dividing the argu¬ 

ment of the logarithm by Z. Z is the ionic charge. 

As indicated by him, this ratio should increase for 

larger n. However no recombination line investigation 

to date has unambiguously confirmed the existence of 

pressure broadening. These investigations are hampered 

by the fact that the convolution of the resulting Lorenzian 

profile due to collisions and the Doppler effect's 

Gaussian profile gives a Voight profile which is charac¬ 

terized by a lower height and extended wings as compared 
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to the Gaussian alone. With a poor signal to noise ratio, 

these wings can be lost or confused in the baseline. 

Davies (1971) and Williams (1967) report some possible 

collisional line broadening. The broadenings Davies de¬ 

tected, the H13S$ of NGC 2024 and W43, and the H158S’ line 

of M17 (all relative to the H110CC line), are admittedly 

just barely larger than the stated errors of measurement. 

He suggests that Griem's equation (5.2.7) is an overesti¬ 

mate by at least a factor of five. Williams noted broaden¬ 

ing of the H225«f line relative to the H156& and H197§ 

lines in H17. Surprisingly, Orion A, with its higher 

electron density, should produce more collisional broad¬ 

ening than M17 according to equation 5.2.7, but no such 

broadening was detected by either observer. In any case, 

Williams only finds a ratio of 1.11 for H225JVH156fi£ des¬ 

pite the large difference in quantum numbers. 

For our data, Griem's equation gives for the 

collisional broadening of the H130^/Hll4p lines a value 

of about two to one, assuming a temperature of 10,00G°K. 

In the case of the Orion nebula, for which data was 

available, no broadening outside the random error limits 

was found to occur, nor was broadening for any other 

source found for the H114£ /H91dC ratio. If the line does 

have a Voight profile, than it is possible that the base- 
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line was fitted too high if the line wings were lost in 

the baseline noise. This problem has already been noted 

with respect to determining broadening effects. Such a 

higher baseline fitting would make the line appear weaker 

and narrower. 

With the uncertainties in the presence of collisional 

broadening affects, we find that Doppler broadening can 

be considered the dominent contributer to the line widths. 

Therefore, following other observers, we determined our 

line parameters from Gaussian fits. 

5.3 Line Temperatures and LTE Analysis 

The basic relations for hydrogen recombination line 

emissions were derived, as noted in the.first chapter, 

by Kardashev (1959) . He assumed emission sources to be 

in local thermodynamical equilibrium and the resulting 

equations are still a starting point for any analysis 

not based on this assumption. 

The temperature of a hydrogen recombination line 

emitted in LTE can be written as, expressing frequencies 

in GHz, 

E l)L 

(5.3.1) 
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where )) ^ is the line frequency, A})^ is the line half 

power width, E is the emission measure, N is the density 

of hydrogen ions, N is the density of helium ions (the 
He 

ratios of other ions would be included in this expression 

by adding them to the helium to hydrogen ratio if they 

were found to be large enough to make a reasonable 

difference). gn, is the statistical weight (excluding 

spin) of the lower level, n', and f , is the absorption 
11 j U 

oscillator strength. Values for this oscillator strength 

are derived by Goldwire (1968) for all n'< n<50, and 

for all n£;500 where An = (n - n')^5. 

Inserting equation 5.1.3 into 5.1.8 and dividing the 

result into 5.3.1, we get 

TL ^ J.cl X IQ1 r\%!L fn«, n 
Tc Tc Cr^lO4Alh.e 

We can multiply 5.3.2 through to obtain a ratio 
L 

involving AVTT_. This quantity is defined as follows: 
L Jj 

42)LTL = MS [\(j>)ciD (5.3.3) 

for a Gaussian shaped line of half width ADT. If this in- 

tegrated intensity is then used in equation 5.3.2, the 

results are then independent of deviations from a Gaussian 

shape by the observed line (this does not however solve 

the problem indicated at the end of the last section since 
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the line wings must be removed from the noise in order 

to perform the integration, though once removed it saves 

having to fit a Voight profile). 

An approximate form for equation 5.3.2 can be obtain 

ed by using equations 5.1.4 and 5.1.5: 

MLTU S n,a,fytn I)*
3,1 

Tt CL Te 0 

Solving for T , we have 
e 

~r f Tc l&Sp n* $n\ n ^l *1 
U * [AVl °-0+Wrie/Wri)J 

Ibis' 
(5.3.5) 

Specializing to the 91<( , 114p , and 130^ lines, 

respectively: 

(5.3.6) 

* 1.2900 x 108 (a) 

* 4.2697 x 107 (b) 

* 2.193S x 107 (c) 

The theoretical LTE line strengths relative to the 

stronger H91c( line along with the lines' rest frequency 

in Gigahertz are given below: 
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LINE RATIO FREQ 

91 1.00 8.5848 

114 3.65 8.6491 

130 7.93 8.6781 

These were the strongest lines in the range of our 

observation program. 

Since the value of a in equations 5.3.6 is within 

10% of one (section 5.1), it was given the value of one 

and these equations solved for T . This can give the 
e 

observer a fairly accurate idea of T without much effort. 
e 

It was found however that trying to iterate using equa¬ 

tion 5.1.5 for a(T ) and the calculated value of the above 
e 

T led to a diverging series. Equation 5.3.2 was there- 
0 ' 

fore multiplied through by (T (TQ/TJJ)) and it was found 

that complete convergence could be obtained for T^ no 

matter what the initial guess for the logarithmic value 

of T was providing the guess Y/as greater than zero. 
0 

Convergence was extremely rapid no mattex* what the initial 

guess, usually in three or four steps. The values obtain¬ 

ed for T are in Table 5.3.1. 
e 

The error limits given in this table are obtained by 

differentiating equation 5.3.5 and taking its maximum: 

ST e = 
1 

UlS 
J- Te 
Tc 4 A IJ (5.3.6) 
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The values of T and p are obtained from the computer 
L L 

routine which fit to the scans (section 4.4). The 

variance of the data points about the fit was used by 

the routine to calculate &T^ and £4^. T^, was obtained 

as noted in section 3.4. Each scan that was stacked in 

November 1970 had an uncertainty in T^ found from the 

system temperature fluctuations among receivers A, B, 

and C. £T is the weighted average of these fluctuat- 

ions. 5 for the 1968 runs was taken as the deviations 

in extrapolated values - section 3.4. All these quantitie 

are x’ecorded in table 5.3.1. The zenith angle at which 

observations were conducted is also given along with the 

observedAT (section 3.2). The helium to hydrogen 
rms 

ratios assumed in the calculations are also presented. 

These were obtained from a compilation in a paper by 

Churchwell and Mezger (1969) of the values given by var¬ 

ious observers. (Each increase of .01 in the helium to 

hydrogen ratio generally caused about a 20°K decrease in 

the resulting electron temperature.) 

A line, or a combination of lines, which is thought 

to be helium was detected in the 91£ scan of M17 and the 

114^ scans of Orion. However the derived helium to hydro¬ 

gen energy ratios (i.e., the ratio of the line areas) was 

found to be .12 1 .01 for Orion and .11 i .01 for M17. 

These values are both higher than values found by other 
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observers. The problem with our helium line may arise 

from the adjacent anomalous line noted in section 1.1. 

This is not certain however, and this anomalous line is 

not definitely detected by us. 

For reference, the values obtained for these two 

sotirces are given below: 

TL (He) AV L 

M17 .287 + .018 .831 jr 0.018 

Orion .102 i .on .788 0.083 

Unless otherwise noted, all subsequent line references 

will pertain to hydrogen. 

All the 91c( scans were taken during November 1988. 

114$ scans from M17, Orion, Y/51 and W3 were observed for 

the November 1970 run, while the remaining 114|£ scans were 

conducted in August 1968. The 130^ scans were also taken 

in November 1968. 

Systematic errors may be as much as £ 10% for both 

the August and November 1968 data based on the quoted 

error limits given for the calibration temperatures for 

these periods in section 3.3. 

Although it was noted in section 3.1 that calculations 

based on T^/T^, ratios remove these ’’scaling" errors, this 

fact does not apply in the case of the above data since 

the continuum temperatures which were used were extrapolated 
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from other runs as described in section 3.4. This did 

not pose a problem in November 1970 where both T and T 
L C 

were measured. 

As will be noted again in the next section, these 

possible systematic errors precluded a reliable non-LTE 

analysis of the scans from August and November 1968. 

Our values for AVJT^/TQ are indicated in Fig. 5.3.a 

where plots of this quantity versus frequency for d, Q, y, 

and £ line orders are presented for the most widely 

observed sources. (The M17 and Orion graphs, for which 

the most extensive data is available, are reprodxiced from 

Hjellming and Gordon (1971), while the remainder are from 

Andrews et al. (1971).) These plots represent the theo¬ 

retical fits to the most recent line observations. 

Agreement of our data is fairly good. 

5.4 Non-LTE Analysis 

Early ooservations of HII regions with a subsequent 

LTE analysis were found to give electron temperatures 

that were systematically lower than those given by corres¬ 

ponding optical observations (Hoglund and Mezger (1965); 

Lilley et al. (1966); Palmer and Zuckerman (1966)). It 

was also found that for observations made at increasingly 

higher frequencies, the agreement between radio and optical 

measurements got better. These facts led Goldberg (1966) 

to propose a departure from local thermodynamical 
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Fig. 5.3.a 

Predicted line strengths (&V T /T ) as a 
L L C 

function of frequency. 
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equilibrium in the nebulae as the source of the apparent 

observational discrepancies. 

He concluded that there must be a population inver¬ 

sion among the levels in the emitting atoms with a 

subsequent masering action which enhances the line strength 

Since T varies inversely with T (equation 5.3.5), such 
e Xi 

an enhancement of T would serve to give lower than ex- 
Li 

pected values for T than if LTE is assumed. 
e 

The departures of the bound-state populations from 

thermodynamical equilibrium are measured by the functions 

b (N_,T_) which are defined by N = b N* where w is the 

true population of the nth level, and is the population 

expected in LTE. 

Letting r - T /T ' be the true ratio of the line to 
L v 

continuum temperatures, and r* be the observed, or LTE, 

ratio, then Goldberg finds for a homogenous gas at uniform 

temperature and density that 

r' j = j 0 1 ~ C~ 0 krn* B r * )_j_ (5.4.1) 
I + v r' /-«p (•%) 

•where b . and b are the departure coefficients for the 
nf n 

lower and upper level respectively, 'f is the continuum 
c 

optical depth (equation 5.1.3) and 

*>n« ft r kft [j- Kjk ( br> " )] (5.4.2) 
KD v bn 
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where the symbols have their usual meaning. 

Since b^ - bQl is generally small, equation 5.4.1 

may be approximated as 

b & = b fi - — An] (5.4.3) V °n L hY) J 

For an optically thin gas, equation 5.4.1 reduces 

to 

In this equation, Y£ is the LTE value of the optical 

depth at the line center. Unless the frequency is very 

high and/or the temperature very low, bj, is very small 

compared with Tc and may be neglected in 5.4.4 (Goldberg 

and Cesarsky (1970)). Neglecting the slight logarithmic 

dependence on T by r and noting the b '~ b , we obtain 
© n n 

Te = T*' (i + 2L. 
<ZL 

ak 
hv An)tn» (5.4.5) d.n' 

When b ,0 is less than one (equation 5.4.2), the 
n ' 

population of the upper level exceeds that of the lower 

level. If T is very small, it is seen equation 5.4.4 
c 

A 

that r - b^r*, implying Te<T’e from equation 5.4.5 since 

bn is less than one. However, with Y larger, but still 
c 

less than one, and with b ,fi<l, then T yT'. This is the 
n'r e e 

case with our data where we shov/ed in section 5.1 that Y 
c 

-2 is on the order of 10 in many cases. 
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Since the frequency of a n-»n - An varies as An 

(section 1.2) and sinceY varies as “2.1 (equation 
c 

5.1.4), we get T <C (An)~^*^. Therefore, the amount of 
c 

line enhancement decreases with increasing order (An) 

for a given upper state n. 

As n increases, the populations of the lower and 

upper levels tend to unity so by equation 5.4.2, 

so that T -> T!b ,0 Therefore, higher order transitions 
e e n 

for large n are expected to approach values expected for 

actual LTE. 

Using equation 5.1.3 for T (=T) and equation 5.4.5, 
c 

we find that a determination of a non-LTE value,for the 

electron temperature in the nebula depends on d(ln bn)/dn, 

b , and E. 
n 

The determination of d(ln b )/dn and b has been a 
n n 

bothersome theoretical problem ever since Goldberg pre¬ 

sented his equations. Both quantities are functions of 

the local temperature and density (N ) of the nebula. 
e 

Sejnowski and Hjellming (1969) have done a good deal of 

work on this problem and have presented results for these 

quantities that give reasonably consistent correlations 

between observations and theory for certain simple nebula 

models. Recent revised determinations of d(in b )/dn and 
n 

b by Brocklehurst (1970) are thought to be more reliable 
Xi 

both by their author and by Hjellming (Andrews et al. 
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(1971)). However, Brocklehurst shows that uncertainties 

in the collisional processes assumed still are such that 

estimates of the overall accuracy of d(ln b )/dn are 
n 

around 6% for n = 100 with T = 10^ K and N = 10^ cm”^. 
e e 

He tabulates b and C - - log.n(d(ln b )/dn), this latter 
n n 10 n 

form being more convenient for tabulation and interpolation, 

as functions of temperature and loglf.(N ). We present, on 
±u e 

the following pages, graphs of the values of b and C as 
n n 

a function of IOS^QQ^) appropriate to the 114f> transition. 

The temperature dependence is represented by the three 

lines at T - 5,000; 10,000; and 15,000°K. 
© 

Values for the electron density N and the emission 
e 

measure E for the sources observed in November 1970, namely 

Orion A, M17, W51, and W3, were taken from Anderws et al. 

(1971). (No non-LTE analysis was performed on the August 

and November 1968 data because of the relatively large 

error limits on the values of T and possible systematic 
e 

error as noted in the previous section.) Initial deter¬ 

minations of d(ln bn)/dn and bQ were made using the assumed 

N *s and the LTE values of T obtained in section 5.3. e e 

This value of T was also used in determining the optical 
G 

depth, . These results were used in equation 5.4.5 

along with the assumed value of E. This equation was then 

iterated until it converged to a non-LTE value for T 
e 

(convergence was quite rapid, requiring only three or so 
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steps). This value of T was normally less than 1-2%. 
e 

It was also found that the primary uncertainty in the 

final non-LTE value for T arose from the initial un- 
e 

certainty in the LTE value of T . Effects due to 5% 
e 

variations in the other factors involved only effected 

the final non-LTE temperatures by a maximum of about 

100°K. 

The calculated values of T are presented in Table 
e 

5.4.1 along with the values of the parameters used in 

their determination and the non-LTE values for T found 
e 

by Andrews et al. (1971) for these sources. 

Since lines from an HIT region which is not in LTE 

can be described in terms of T , N , and E. then a "best 
e e 

fit" can be made for these parameters using observations 

of three or more recombination lines as shown by Hjellming 

and Churchwell (1969), Hjellming and Davies (1970), 

Hjellming and Gordon (1971), and Andrews et al. (1971). 

The results obtained from such an analysis should be in¬ 

terpreted as averages in the sense (Hjellming and Davies 

.(1970)) 

PT N* -1* 4A 

(5.4.6) 
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where the integrals are taken over the line of sight of 

length s through the nebula and over solid angle out to 

the main beam solid angle, -A.^, of the antenna. 

If the regions under observation are in LTE, or if 

less than three lines are available, parameters could be 

determined from knowledge of the source's flux density, 

angular extent, and density distribution (Mezger and 

Henderson (1967)). However, it was found that the simple 

models of sources with homogenous or exponitially taper¬ 

ed density distributions over the observing beam width 

still gave results for emission measures and electron 

densities which differed substantially from optical data. 

Hjellming et al. (1969) showed that these discrepancies 

could be accounted for if clumping of gas were assumed 

in the nebula. Most of the line emission arises from 

these high density regions. However, by using the best 

fit techniques referenced above, there is no need to de¬ 

vise a model since these parameters are obtained directly. 



99 

5,5 Comparative Results and Conclusion 

In the previous sections and chapters, we described 

our data collection, reduction and analysis. In this 

section, we shall include a discussion of our results 

for the source temperatures with respect to the results 

obtained by previous observers. The sources of the other 

line data we shall use were obtained as follows: (all 

hydrogen) 109c?, Reifenstein (1968); 109& and 1370, Gardner 

et al. (1970), and a survey on M 17 and Orion A (a review 

paper in part) by Hjellming and Gordon (1971). References 

to non-LTE analyses are from Andrews et aJL. (1971) . 

Other sources used will be specifically noted. Our LTE 

temperature values are summarized in table 5.3.1, while 

the non-LTE temperatures are recorded in table 5.4.1. 

5.5.1 Line Temperatures and Widths for the 140* Telescope 

A plot of Tj^s for the November 1970 sources scaled 

to our value of T^ for the H114§ emission using equation 

5.3.1 and assuming constant T and E is presented in Fig. 
V? 

5.5.a for the 140* telescope. The ratio &Vr/VT is assumed 

constant (equation 5.2.3) for this graph. It can be seen 

that there is a trend toward increasing T. with increasing 

frequency except in the case of M 17. However, M 17 also 

exhibited a lower than expected continuum temperature 

(Fig, 3.4.a) indicating a physical effect (section 3.4). 
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5.5. a 

Frequency (Gigahertz) 

References: 

~ 2.7 GHz — Zuckerman and Palmer (1970) 

~ 5.0 GHz — Reifenstein (1968) 

~ 8.6 GHz — This survey 

~ 23.4 GHz — Churchwell e_t ad.. (1970) 

(all values for 140' telescope) 
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The assumption of constant £V_/V appears to be 
L Li 

valid as shown in Fig 5.5.b where fluctuations appear to 

be random except in the case of Orion. As indicated by 

D. Hoang-Binh (1970) for the case of Orion, the decrease 

in the ratio with increasing frequency could be due to 

the narrowing of the antenna beamwidth (which is propor¬ 

tional to the wavelength) which gives averages over 

less turbulent areas in the source. 

5.5.2 M 17 

When comparing our electron temperatures as derived 

in both an LTS and a non-LTE analysis with those obtained 

by other radio astronomers with recombination line data, 

M 17 (also known as V/ 38 and NGC S61S) provided one of 

the more interesting results. In our survey, the 114§ line 

gave an LTE temperature for this source of about 8,000°K. 

This is 500°E higher than the non-LTE electron temperatures 

derived by the above authors. As noted earlier, a non-LTE 

analysis normally gives electron temperatures which are 

higher than those obtained assuming LTE. The data they 

use is based on lines at a lower frequency (5.0 GHz) than 

our 8.6 GHz observations, which may indicate a trend 

since observations of the 85ckline (Churchwell and Mezger 

(1970)) at 10.5 GHz and the 56<t line (Sorochenko et al. 

(1969)) at 36.5 GHz yield derived LTE temperatures of 
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8,000°K and 8,900°K, respectively. This could be due to 

the resolution of the brighter G15.0-0.7 component by the 

smaller beamwidths employed at the higher frequencies, 

while the lower frequency measurements admittedly cannot 

separate this component from the weaker G15.1-0.7 compon¬ 

ent. The result would be an average temperature that was 

smaller for the larger beamwidths. Since our non-LTE 

analysis yielded a temperature which was only a few 

hundred degrees higher than our LTE temperature, departure 

from LTE probably do not explain the above results. 

5.5.3 Orion A, ff 51B, W 3A 

As can be seen from the tables, Orion A (also known 

as M 42, NGC 1976, and W 10), W 51B, and W 3A (W 3 is 

often designated as IC1795, which is an associated optical 

emission. Y/ 3A, one component of this region* is obscured 

by intersteller dust, however.) all provided reasonably 

good non-LTE agreement with Andrews et al. This probably 

reflects the fact that these sources are relatively 

homogenous and present the same component structure, at 

least over the beamwidths used in the various observations 
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5.5,4 W 49A, NGC 6334, W 22B 

Within our survey, it is possible to compare LTE 

electron temperatures as derived for both the 9M, and 

114$ lines of W 49A, NGC 6334, and W 22B. It should be 

noted that the 114$ temperatures are consistently higher 

than those found with 9lct. This is to be expected when 

there are departures from LTE as noted in section 5.4. 

Comparing our temperatures with other surveys, a 

non-LTE analysis finds a mean temperature for W 49A of 

12,000°K. Our 114$ line yielded a temperature of 11,000°K, 

while 9M gave 7,100°K. An LTE analysis of the 137$ line 

produces a mean value of 9,400°K, while 1090* gives 7,300°K. 

This trend in temperatures indicates a rather large 

departure from LTE rather than being a reflection on 

the beamwidth variation between surveys since both sets 

occur in a small frequency interval. 

For NGC 6334 on the other hand, 137$ and 109give 

6,800°K and 6,100°K, respectively, so that non-LTE departures 

would not account for the differences between these values 

and our values of (114$) 9,000°IC and (91<3) 8,000°K. But, 

like M 17, NGC 6334 is a complicated source consisting of . 

at least three components which are unresolved at 5.0 GHz, 

Two of these are about equal in intensity (Schraml and 

Mezger (1969)) while the third is slightly stronger. They 

are so situated that we most likely resolved the stronger 
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one (G351.34 + 0.6) and one of the weaker ones (G351.31 

+ 0.6) separately from the third component (G351.2+ 0.6). 

This is not definite since no drift curves (section 3.3) 

were made of this source (nor of any others listed here, 

for that matter, except Orion A), but it would serve as 

an explanation of our higher teiaperatures. 

For W 22B, the 137^ line gives a mean temperature 

of 7,400°K, while the 109ct line gives 6,500°K. For our 

survey, this source had the greatest uncertainty in 

temperatures yielding mean values of (114^) 8,600°K and 

(91$) 5,800°K. Taken together, these values indicate a 

rather large departure from LTE as in the case of Y/49A. 

5.5.5 W 43, W 29, W 31 , 

Though the continuum emission around YI 43 is very 

complex (Ball (1869)), the 114£ line temperature obtained 

during the August 1968 run of 6,800°K (LTE) agrees quite 

well with the non-LTE value of 7,200°K. This fact may 

indicate only a slight departure from LTE conditions in 

general for this source. 

W 29 (also known as the Lagoon Nebula, M 8, or 

NGC 6253) yielded a 9lci line temperature of 8,200°K which 

was slightly higher than that given by a non-LTE analysis 

of 7,700°K, although they overlap within their error limits. 

In an LTE analysis, the 109line gives 7,200°K which, 



106 

since it is very close to the non-LTE value of 7,700°K, 

could indicate that departures from LTE are not too 

significant in this source. 

Extensive line surveys have not been conducted on 

W 31, however the 109& LTE temperature of this source 

was found to be 6,100°K comparing v/ith our mean for the 

91<S line of 7,800°K. At 1.65 GHz, Dieter (1967) gives the 

only other recombination line of 1583. for this source 

yielding a temperature of 5,600°K. Though all the results 

have fairly large error limits, they indicate a rather 

large departure from LTE in this region. 

Our. results as indicated in various graphs and in 

the above subsections should be free from any systematic 

error* and could be used in conjunction with other surveys 

to determine these regions’ characteristics. However, future 

surveys of these particular sources are recommended only 

if they are at a substantially higher frequency than our 

survey such that possible LTE departures could be less, 

and the beamwidths could be smaller to give better resolu¬ 

tion. As receivers become more stable and sensitive, weaker 

sources should be sought out and emissions from elements 

or molecules of recombination lines should be pursued and 

analyzed. 



107 

REFERENCES 

Andrews, M.H., Hjellming, R.M., and Churchwell, E. 1971, 
Ap. J., (in press). 

Altenhoff, W., Mezger, P.G., Wendker, H., and Westerhout, 
G. 1960,Veroff. Sternwart, Bonn, No 59, 48. 

Baars, J.W.M., Mezger, P.G., and Wendker, H. 1965, Ap. J., 
142, 122. 

Balmer 1885, Ann. Phys. Chem«, 25, 80. 

Ball, J.A. 1969, Lincoln Laboratory, M.I.T. Tech. Report 
458. 

Bevington, P.R. 1969, Data Reduction and Error Analysis 
for the Physical Sciences (New York: McGraw Hill). 

Brocklehurst, M. 1970, M.N.R.A.S., 148, 417. 

Churchwell, E. and Edrich, J. 1970, Astron. and Astrophys., 
6,261. 

 , and Mezger, P.G. 1970, Astrophys. Letters, 5, 227. 

, Mezger, P.G.-, Reifenstein III, E. C., Rubin, R., 
and Turner, B. 1970, Astrophys. Letters, _5, 157. 

Davies, R. D. 1971, Ap. J., 163, 479. 

Dieter, N. H. 1967, Ap. J., 150, 435. 

Dravshikh, Z. V. and Dravskikh, A. F. 1964, Astron. Tsirk., 
No. 282. 

Egorova, T. M. and Ryzhkov, N. F. 1964, Izv. Glavn. Astr. 
Obs., 21, 5. 

.Ewen, H. I. and Purcell, E.M. 1951, Nature, 168, 356. 

Farris, S., Greenhalgh, J., Vitiello, D. 1968, NRAO Computer 
Division Report No. 5. 

Gardner, F. F., Milne, P. K., Mezger, P.G., and Wilson, T. 
L. 1970, Astrophys. Letters, 6, 87. 



108 

Goldberg, L. 1966, Ap. J., 144, 1225. 

 and Cesarsky, D. 1970, Astrophvs. Letters, 6, 93. 

Goldwire Jr., H. C. 1967, Ph. D. Thesis, Rice University. 

 , 1988, Ap. J. Suppl., No. 152. 

Griem, H. R.^1967, Ap. J., 148, 547. 

Halpain, J. L. 1970, Master’s Thesis, Rice University. 

Hjellming, R. M. and Churchwell, E. 1969, Astrophys. 
Letters, 4, 165. 

, . and Davies, R. D. 1970, Astron. and Astro¬ 
phys., 5, 53. 

 , and Gordon, M. A. 1971, Ap. J., 164, 7. 

Eoang-Binh, D. 1970, Astrophys. Letters, 6, 151. 

Koglund, B. and Mezger, P.G. 1965, Science, 150, 339. 

Hodges, P. W. 1969, Ap. J., 156, 847. 

Jansky, K. G. 1933, Proc. IRE, 23, 1158. 

Kardashev, N. S. 1959, A. J., 36, 838 (Eng. trans: Sov. 
Astr - A. J., 3,~8TcT (I960)). 

Kraus, J. D. 1966, Radio Astronomy (New York: McGraw Hill). 

Lilley, A. E., Palmer, P., Penfield, H., and Zuekerraan, B. 
3.966, Nature, 211, 174. 

Marquardt, D. W. 1963, J. Soc, Ind. Appl. Math, 11, 431. 

Mezger, P. G. 1960, Veroeffentl. Univ. Sternwarte Bonn, 
Nr. 59, 3. “ ~ 

  , and Henderson, A. P. 1967, Ap. J., 147 , 471 

Oster, L. 1961, Rev. Mod. Phys., 33, 525. 

Palmer, P. and Zuckerman, B. 1966, Nature, 209, 1118. 

, Zuckerman, B., Penfield, H., and Lilley, A. E. 
”1988, Ap. J., 156, 887. 



109 

Predmore, C. R. 1969, Master’s Thesis, Rice University. 

 , 1971, Ph. D. Thesis, Rice University. 

Reifenstein III, E. C. 1968, Ph. D. Thesis, M.I.T. 

Schraml, J. and Mezger, P. G. 1969, Ap. J., 156, 269. 

Sejnowski, T. J. and Hjellming, R. M. 1969, Ap. J., 156, 
915. ~ 

Sorochenko, R. L., Puzanov, V. A., Salomonovick, A. E., and 
Shteinshleger, V. B. 1969, Astrophys. Letters, 3, 7. 

Weinreb, S, Barrett, A. H., Meeks, M.L., and Henry, J. C. 
1963a, Nature, 200, 829. 

 , Lincoln Laboratory, MIT Tech. Report 412. 

Wild, J. P. 1952, Ap. J., 115, 206. 

Williams, D. R. W. 1967, Astrophys. Letters, 3., 59. 

Wilson, T. L. and Altenhoff, W. 1969, Astrophys. Letters, 
5, 47. " 

Zuckerman, B. and Palmer, P. 1970, Astron. and Astrophys., 
4, 244. ” 


