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Radial velocities of faint galaxies from objective prism s ectra 

Abstract 

Since Hubble's discovery of the correlation between 

galaxy radial velocity and distance, velocities of galaxies have 

been obtained using slit spectra to establish the value of the Hubble 

constant. More recently, with the acceptance of a general Hubble 

flow, velocities have also been used to examine the distribution of 

galaxies in space. Velocities within clusters of galaxies have also 

been used to establish cluster velocity dispersions, and hence uirial 

masses. Large numbers of galaxy velocities obtained over a small 

area of sky to a faint limiting magnitude would help to construct a 

clearer picture of the medium scale (supercluster- sized) structure 

of the Universe. 

In this thesis the basis for a method of obtaining radial 

velocities of faint galaxies from their objective prism spectra is 

described. Measurement techniques, both manual and computer -based, 

using digitised data from several measuring machines, are discussed. 

The parameters able to affect the velocity measurement are examined, 

and checks are made to compare velocities obtained from objective 

prism spectra with velocities of the same objects obtained from slit 

spectra. The method is shown to be easily applied to measurements of 

individual known galaxies, but quite difficult to apply to large numbers 

of objects using computer techniques. In particular the signal to 

noise ratio in galaxy spectra has a very important effect on auto- 

mated velocity measurements. 

The application of the method to clusters of galaxies is dem- 

onstrated, and preliminary results presented for several Abell clusters. 

The application of the method to the general field is discussed, and 

the problems encountered with this application described. It is 

concluded that the technique described has great potential for both 

the study of clusters of galaxies, and if certain measurement problems 

can be overcome, for the study of the distribution of galaxies in large 

volumes of space. 
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1. Introduction 

Radial velocities of galaxies have in the past been 

obtained from slit spectrograms. Most early velocities were obtained 

for work on the redshift- distance relation (e.g. Humason, Mayall and 

Sandage, 1956, henceforth referred to as HMS), or, within clusters of 

galaxies, for determining cluster velocity dispersions (e.g. Holmberg, 

1961.). More recently, with the acceptance of a general Hubble flow, 

velocities have been used to define distances and hence the dis- 

tribution of galaxies in space (e.g. Tifft and Gregory, 1976; Tarenghi 

et al, 1979). However as we reach out to fainter objects it becomes 

more difficult to secure spectra, because considerable quantities of 

large telescope time are required. The National Geographic sky survey 

in the northern hemisphere showed that very large numbers of faint 

galaxies could be photographed using a large Schmidt telescope. In 

the southern hemisphere, we now have the U.K. 1.2m Schmidt telescope 

which has been equipped with a thin objective prism; .a prism with three 

times the dispersion is under construction. The thin prism allows 

us to examine the low dispersion spectra of large numbers of faint 

galaxies. 

It is only in recent years that objective prism spectra of 

galaxies have been examined in detail, in the Byurakan (Markaryan et 

al , 1967 -73) and Cerro Tololo (Smith 1975) surveys; both of which are 

primarily concerned with emission -line galaxies. At low spectral 

resolution absorption lines in particular become difficult to detect 

in objective prism spectra, due to the smearing of the spectrum 

produced by the galaxy luminosity profile in the direction of dis- 

persion; and the resulting spectra have a resolution similar to that 

produced using scanning spectrographs to measure galaxy energy distri- 

bu Lions. 

The measurement of radial velocities from objective prism 

spectra has in the past been confined to stars with measurable lines, 

from photographs taken with dispersions of the order of 100 iRmm -1. 

The extension of these techniques to galaxies, at much lower dispersions, 

is the object of the present study, the goal being to obtain radial 

velocities of large numbers of faint galaxies from sky limited 

objective prism photographs. The work is part of a larger project to 



5 

study the spectra of faint galaxies on objective prism photographs 

taken with the UK Schmidt telescope (UKST), a project begun by 

Professor U.C. Reddish, Dr. K. Nandy and Dr. D. Emerson. This 

thesis is concerned with the techniques successfully used to obtain 

velocities of faint galaxies, and with some preliminary applications 

of the method. 

A survey of work previously done relating to the present 

study is given in chapter 2. This covers objective prism work (both 

on stars and galaxies), the spectra of galaxies, and previous work on 

obtaining velocities of galaxies. 

Chapter 3 covers the material and techniques used in the 

present work. Section 3.1 gives details of the photographic material 

available, with some remarks on the effects of the photographic 

process. Section 3.2 lists the machines used; both measuring machines, 

used to extract information from the photographs, and computing 

machines, used to analyse data, in particular the large quantities of 

data produced by the COSMOS measuring machine(Stobie et al, 1979). In 

sections 3.3 and 3.4 the methods used for obtaining velocities, both 

by manual measurement of microdensitometer tracings of the spectra, 

and by automatic computer analysis of COSMOS machine data, are 

described. The manual method is particularly simple to apply, and 

should be of use to many workers wanting to obtain quickly an approxi- 

mate velocity for, say, a cluster of galaxies. The automatic techniques 

are more complex, and great care has to be taken over the quality of 

the data used with them. Section 3.5 describes the tests and 

calibration that have been applied throughout the work, and pro- 

cedures which should be undertaken for any new set of measurements 

to ensure consistency. 

Chapter 4 covers applications of the method, in particular 

to clusters of galaxies; this appears to be the area where the method 

holds the most immediate promise with the opportunity of quickly ob- 

tained results, but section 4.2 looks at the more common case of a 

general field on a photograph, which should provide the more significant 

results. Finally in section 4.3 the conclusions that may be drawn from 
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this work are summarised, along with some speculation as to the 

lines along which this work is likely to proceed in future. 

The timescale of this work has been dictated by many 

events. It was initially started in October 1975; at that stage 

the COSMOS machine was available, but only objective prism plates 

from the Curtis Schmidt telescope at Cerro Tololo could be used for 

initial tests, through a generous loan by Dr. M.G.Smith. The first 

UKST objective prism photographs became available in July 1976, 

although early deep plates at high galatic latitude were few in number. 

The basis of the technique was well established in early 1977, and 

continuous effort was made to establish software capable of producing 

accurate velocities, software to extract and display spectra from 

COSMOS data having previously been developed. A major computing 

machine change occured in March 1978. Work done between that date 

and the present includes the majority of the work on clusters of 

galaxies. 
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2. Previous related work. 

2.1 Objective prism work. 

The objective prism as a tool for astronomical research has 

its origin in the beginning of spectroscopy itself. Fraunhofer 

used an objective prism for visual observation of the lines in 

stellar spectra, and later Secchi (1869) examined stellar spectra 

visually and classified them. A catalogue of visually classified 

spectra of over 4000 stars between -1° and +20° declination was 

later produced by Vogel (1883), using Secchi's classification 

scheme. 

Objective prism work was considerably changed with the 

introduction of photography, which allowed the observation of very 

large numbers of stars. The Henry Draper Memorial provided the 

facilities for such work to be done, resulting in the Henry Draper 

catalogue (1918 -36). The first objective prism photograph was taken 

in May 1885, and the classification of the spectra of about 222,000 

stars from over 2000 photographs took about four years. These photo- 

graphs each covered a field five degrees square, using dispersions 

ranging from about 10 H mm -1 to about 45 R mm -1. The possibility of 

obtaining radial velocities from the objective prism spectra was 

mentioned by Pickering (1891a) in a description of the work of 

the Henry Draper Memorial. 

A review of early work done in the field of objective prism 

radial velocities was given by Millman (1931); there had by that time 

been several attempts to obtain stellar radial velocities by different 

methods. The main methods being considered were: 

(i) 

(ii 

the use of an absorption standard, ideally an 

absorbing screen which would produce a sharp 

calibration line in the spectrum; knowing the 

dispersion curve of the prism, the wavelengths of 

lines observed in the spectrum could be found 

the 'reversion' method, whereby two exposures 

would be taken with dispersions in opposite direc- 
tions on the one photograph, the two spectra of each 
star arranged to be parallel and adjacent to each 
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other. Any wavelength shift works in opposite 
directions in the two spectra, and the separation 
between the two positions of each spectral line 
can be measured. With this system, only the relative 
radial velocities of the measured stars can be de- 
duced; a standard velocity would be needed to 
provide an absolute calibration. 

(iii) the length of spectrum method. Due to the differen- 
tial dispersion of a prism with wavelength, the 
spectrum shortens with increased radial velocity; 
measurement of the amount by which the spectrum 
shortens can be used to obtain the radial velocity. 

The advantages and disadvantages of each method were 

later discussed by. Fehrenbach (1947 a,b). Bok and McCuskey (1937) 

and Cherry (1937) made a serious attempt to obtain radial velocities 

using the absorption method, and obtained velocities of over 200 

stars. They aimed for an accuracy of better than + 10 kms -1 using a 

dispersion of 95 Á mm -1 at Fix , and estimated that their probable 

errors were about this value; after analysing their data, Fehrenbach 

(1947a) claimed that they were actually slightly worse. Bok and 

McCuskey attempted to correct for changes in dispersion across the 

field, but noted that the change of dispersion with position differed 

from night to night; thus plates were obtained at the beginning and 

end of each night's observations to check the dispersion, and used in the 

reduction. Even though their velocities agreed quite well with 

velocities from slit spectra, it seems that the disadvantages of the 

detailed checks needed in reduction outweighed the advantages of 

obtaining many velocities from one plate. 

The reversion method was again put forward by Fehrenbach 

(1944) but with a modification; he replaced the single prism by a 

normal -field direct vision prism, that consisted of three components, 

with front and back faces parallel and normal to the optical axis of 

the telescope; this design of prism removes many of the field distor- 

tions introduced by a single prism, and removes the need for a 

reduction procedure as detailed as that of Bok and McCuskey. Fehrenbach 

later (1947 a,b) discussed at length the various methods of obtaining 

radial velocities. He concluded that the absorption standard, 

Neodymium Chloride, was not good enough because (a) the absorption 

maximum varies with concentration and temperature, (b) the absorption 
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feature itself is too wide, and (c) the asymmetry of the feature 

makes measurement difficult. In fact the variations in wavelength 

with temperature and concentration are small, causing a change of 

about 3 kms -1 in the measured velocity for a 10 °C change in temper- 

ature. However these effects combined with the asymmetry of the 

feature, with solutions giving enough absorption to provide a visible 

calibration on the photograph (Fehrenbach measured a change in apparent 

position of the feature of over 4 over a large concentration range) 

could easily introduce errors of several tens of kilometers per second. 

The length of spectrum method he also rejected, because, he claimed, 

variations in spectrum length due to variations in the prism properties 

(e.g. with temperature) are about 1000 times larger than the 

variations due to radial velocities; in addition, the ends of a spectrum 

are difficult to define exactly. Fehrenbach also discussed the 

difficulties in the reversion method as it had been used, in particular 

the great difficulties caused by the change in dispersion across 

the plate. 

The problems of obtaining radial velocities from objective 

prism spectra were discussed at the same time by Treanor (1948). He 

came to much the same conclusions as Fehrenbach, and also suggested 

the use of a direct vision prism, calibrated using a direct image 

formed on the photograph at the same time as the dispersed image, 

instead of using the reversion method. He did not reject the length 

of spectrum method outright as did Fehrenbach; in fact the change in 

spectrum length, if defined by two lines at opposite ends of the 

spectrum (e.g. Ho; and H 6 ), is only a few times less sensitive than 

the absolute wavelength shift of the lines, using a prism with a large 

change in dispersion over the wavelength range used. Treanor discussed 

temperature effects in some detail, but omitted the effect of 

temperature on the neodymium absorption standard in his discussion of 

that method. The errors he calculated are of the order 15-20 kms -1 

per °C for all methods, due entirely to changes in the prism glass 

properties. 

Comstock (1906) had suggested the use of two direct vision 

prisms, with opposite dispersions, in front of the objective; this 

would distort the field less than a single prism. Fehrenbach took 
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this a stage further in introducing his normal -field prism 

which removed the field distortions; it had another particular 

advantage in that the dispersion variations were symmetric, 

so that an image at any position on the plate would have the same 

dispersion for the two orientations of the prism. In the third 

paper of the series (Fehrenbach 1948) he presented the first 

results obtained with the normal -field prism. In a later series 

of papers (Fehrenbach 1955 a,b; Duflot and Fehrenbach 1955 a,b; 

Barbier and Fehrenbach 1955) the method of measurement and reduction 

were described in more detail; the best velocities obtained, from 

4 measurements, have internal errors of about + 2 kms -1. Fehrenbach's 

prism gave a dispersion of about 80 Á mm -1 between H and HS ; 

this result implies measurement accuracy, on the photograph, to 

better than + 1 jm. Schalén (1954) also used Fehrenbach's tech- 

nique, with a prism giving a dispersion of 113 mm -1 between H 

and H6 ; the mean error obtained, for measurements of two to four 

photographs, was about 6 kms -1. 

Fehrenbach (1966) considered a Schmidt telescope to be 

inferior to a refractor for obtaining radial velocities, because 

of light loss in the Schmidt due to the central obscuration, and 

also due to loss of resolution away from the optimum wavelength 

of the corrector plate. However a great advantage of the Schmidt 

was indicated by Stock and Osborn (1972, 19973); the field 

distortions are of a different form to those produced in a tele- 

scope with a flat focal plane, and can be corrected for much more 

easily. The method used by Stock and Osborn is similar to the 

'reversion' method; the difference being that two separate 

photographs with dispersions in opposite directions are taken. 

The x and y positions of spectral features in the spectra obtained 

are then measured on both photographs. For concentric projection of 

the sky onto a Schmidt plate, the co- ordinate difference for 

a given spectral line in the direction of dispersion is given by 

yi = aoo + a10 xi + a01yi + a22(xi 
2 

+ yi 
2 

) 

neglecting higher order terms, where xi and yi are the average 

co- ordinates of feature 'i' from both plates, and Q yi the 
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difference between the two y measurements (in the direction of 

the dispersion). They determined the coefficients aoo, 
a10 

and a01 by a least squares method; a22 is an instrumental constant 

which has to be determined independently. Any different between 

the observed Q.y, 
s 

and that obtained from the equation is inter- 

preted as a radial velocity. 

Stock and Osborn applied the method to more than 50 stars 

using the Curtis Schmidt telescope at Cerro Tololo and a 4° prism, 

giving a dispersion of about 240 M mm -1 at H V They found an 

average mean error of about + 20 kms -1 for each programme star, 

comparing its velocity to 10 comparison stars. The error here, as 

with Fehrenbach's measurements, also corresponds to a measurement 

accuracy of about + Ijim, which must be maintained over the area on 

the photograph containing the comparison stars. This may be rather 

more difficult than in Fehrenbach's method of measuring the two 

adjacent spectra, but measurement accuracies of better than 1 .em 

should be possible with a good spectrocomparator (Abt and Smith, 

1969). 

Objective prism plates can be calibrated in intensity by 

various means, and thus used for spectrophotometry. For example, 

Lindblad (1922) used spectrophotometric methods to determine stellar 

luminosities. He calibrated his photographs by using a series of 

different exposures on the same plate, thus knowing (if atmospheric 

conditions remained constant '.) the relative magnitudes of the 

various exposures, and hence, by comparing the exposures of 

different stars, the relative magnitudes of the stars on the 

photograph. Lindblad also defined an effective colour index for 

each star, measuring the relative intensities on either side of an 

intensity drop in the spectrum. (His actual definition was of log t 

E being the ratio of exposures t1, t2 needed to make the intensity 

on one side of a given wavelength in t1 equal to that on the other 

side in exposure t2). This enabled him to plot a colour -magnitude 

diagram, on which he put stars from different groups reduced to 

absolute magnitude by using known parallaxes. These stars all 

fell on approximately the same curve, and Lindblad suggested 

that this colour -magnitude diagram could be used to determine 
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absolute magnitude of stars (over the limited spectral range 88 

to A3) by measuring the colour index. Later a different method of 

calibration was used (Lindblad and Stenquist, 1934); a diffraction 

grating constructed of parallel wires was placed perpendicular to the 

direction of dispersion and in front of the prism, thus producing 

higher -order spectra on either side of the zero -order prism spectrum. 

Knowing the 'grating constant', the reduction in magnitudes of the 

secondary images could easily be calculated. This 'crossed prism 

and grating' technique was also used by Needy in his studies of 

interstellar reddening (Nandy 1964 -1968) and by numerous workers 

from Uppsala, following Lindblad and Stenquist (e.g. Schalén 1952). 

Samson (1969) also used this technique to calibrate his photographs 

used for the determination of coarse metal -abudance parameters. 

This type of calibration method, using secondary images at a known 

reduction in magnitude from primary images is ideal for objective prism 

work, as only the brighter images will have visible secondaries, 

the secondaries of the fainter images being too faint to register on 

the photograph. A similar method, producing secondaries about five 

magnitudes fainter than the primaries, was described by Pickering 

(1891 b). 

Nandy and Smriglio (1970 -76) used yet another method for 

the calibration of their plates; they calibrated direct photographs 

and applied this calibration to the objective prism photographs, 

taken to study the distribution of carbon and I1 stars. 

A review of objective prism work with particular reference to 

surveys was given by Stephenson (1966); much survey work has been 

done since the Henry Draper catalogue, particularly using dispersions 

of around 300 -600 2 mm -1 (at about H ). Bidelman (1964) noted that 

much was to be gained in classification using higher dispersions 

and cited Fenrenbach's work (at 80 and 110 Á mm -1), the Vatican 

observatory (80 rT1 mm -1, Treanor 1969) and the Curtis Schmidt at 

Michigan (108 mm -1). Since the removal of the latter telescope 

to the Cerro Tololo Inter -American Observatory (CTIO), the re- 

classification of HD stars has begun, using photographs taken at 

this dispersion (Houk and Cowley 1975). Bidelman (1972) has noted 

several other recent surveys of particular regions. 
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A recent publication of particular interest in the case 

of stellar classification is the Bonn Spectral Atlas (Seitter 

1970, 1973, 1975). This gives examples of sequences of spectral 

types from objective prism spectra, at dispersions of 240 Ñ mm -1 

(vol. I) and 645 and 1280 R mm -1 (vol. II). The spectra at this 

lowest dispersion are of interest as the dispersion is not too 

dissimilar to that used by Markaryan (1967) at Byurakan, 2500 mm -1 

at y, and the new thin prism at Cerro Tololo (Blanco 1974), 

1360 R mm -1 at H ó , both being used in the study of galaxies. 

The surveys have often been used to isolate classes of objects, 

and occasionally have been made specifically for such 'discovery' 

purposes; for example, Minkowski's use of a Mount Wilson objective 

prism survey by Miller to discover new HD& emission nebulae (Mink- 

owski, 1946). Much use has been made of the Schmidt telescope at 

the Warner and Swasey observatory (Nassau, 1945) for identification 

of particular types of objects; for example 08 stars (Nassau and 

Morgan, 1950), carbon stars (Nassau and Blanco, 1954 a; McCarthy, 

1960) and M stars (Nassau and Blanco, 1954 b). 

Very low dispersions were shown to be useful for the 

segregation of classes of objects, in particular reddened 0 and B 

stars, by Morgan, Meisel and Johnson (1954), who used the rather 

extreme dispersion of about 30,000 Á mm This necessitated the 

use of very careful photographic techniques as the spectra ob- 

tained, using a Schmidt camera of 8 inches focal length, were only 

about 100 to 200 jim long. However the authors concluded that, 

with care, a 70 -80 per cent success rate could be achieved in a 

search for early B stars; the great advantage being that this system 

would allow much fainter objects to be discovered than had been 

possible before. This is one of the most important reasons for 

using a low dispersion; the sky background is the same for an 

objective prism photograph as for a direct photograph, so in 

order not to lose toc many of the fainter objects visible on a 

direct photograph, the prism photograph must be at low dispersion. 

Schulte (1956) made further experiments at low dispersion using 

a 6.5 inch prism on the Yerkes 24 -inch f/4 reflector at a dispersion 

of about 10,000 R mm -1 at H(. He concluded that instruments used 
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for extremely low dispersion work need not give exceptionally 

small stellar images, as long as the ratio of length to width of 

the spectra produced was at least 10. In practice, the width 

would be governed primarily by the seeing rather than the tele- 

scope optics for a fairly normal Schmidt telescope. 

Philip and Sanduleak (1966) explored Schulte's suggestions 

adopting a slightly different approach; having no thin prism 

to hand, they crossed two prisms at almost 1800 to obtain 

very low- dispersion curved spectra, giving a dispersion from 

3000 R mm -1 at the blue end to about 20,000 mm -1 in the infrared. 

They used these spectra for a rough visual classification of stars 

from the intensity distributions within the spectra, down to 

about the 15th magnitude, but found that their plates were not 

suitable for detecting with certainty reddened early -type stars. 

Philip and Sanduleak also investigated the images of 

galaxies appearing on their photographs; due to the concentration 

of light in the nucleus, they found galaxies showing semi -stellar 

spectra, and found it possible to identify very red and very blue 

systems. They noted that the vast majority of systems show an 

intermediate G -type spectrum. This work brings us to the field 

most relevant to the present study. 

Some objective prism spectra of galaxies were studied 

by VandekeIkf,ove (1963, 1965) who was attempting to correlate the 

slope of the galaxy continua with redshift; this work is discussed 

in section 2.3. Much more extensive work was begun by Mark aryan; 

after some early work on the colours and colour distributions with- 

in galaxies, Markaryan et al (1967 -73) began to publish lists of 

'galaxies with an ultraviolet continuum' found on objective prism 

photographs taken with the Schmidt telescope at 8yurakan. Using 

a 10.5 prism giving a dispersion of 1800 Á mm -1 at H 
ó 

, he noted 

that very sharp and intense lines could be detected in stellar 

spectra, and unbroadened spectra of objects down to 17 m could be 

obtained, using the Kodak TIa -F emulsion. Markarvan's 'ultraviolet 

continuum' objects have continua in the ultraviolet of similar 

strength to those observed in 0 and B stars (Markaryan and 

Lipovetskii, 1971). 
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Plerkaryan had the choice of using_ other dispersions, either 

900 2 mm or 280 2 mm -1, but chose the lower value for several 

reasons: (i) the desire to investigate very faint objects; 

(ii) to reduce the overlapping of images and (iii) because of a 

photographic feature which eased identification of the objects; 

early type stellar spectra were divided by the 'green gap' in the 

sensitivity of the photographic emlusion into two roughly equal 

parts in intensity, thus facilitating the detection of the ultraviolet 

continuum in faint stars and galaxies. Markaryan has thus brought 

a feature of stellar objective prism work, that of isolating a class 

of objects, into the field of galaxy investigations, and his lists 

have been used extensively for further work on these interesting 

objects. The sample appears to contain a variety of types of object, 

including Seyfert galaxies and QSO's, confirmed by obtaining 

larger- dispersion slit spectra of the Markaryan objects. 

Markaryan's success in the northern hemisphere has prompted 

a southern hemisphere survey at CTIO (Smith 1975). In his paper 

Smith describes the survey and its applications. 

The prism used for the CTIO survey was described by Blanco 

(1974), and has a dispersion of 1360 2 mm 
-1 

-at H x Again, the 

photographs are being used for the isolation of classes of objects, 

in this case emission -line galaxies and QSO's. The survey is at a 

higher dispersion than Markaryan's but reaches a fainter limiting 

magnitude (blue magnitude 18) due to the use Of sensitised (Nitrogen 

baked) Kodak IIIa -J photographic plates instead of the IIa -F plates 

used by Markaryan; this has advantages in that the IIIa -J emulsion 

cutoff is at about 5400 , thus limiting exposure due to the \5577 

and 6300 night sky lines, whereas the IIa -F emulsion used by 

Markaryan is sensitive to about 7000 Other advantages are the 

finer grain and increased contrast of IIIa -J. A disadvantage noted 

by Smith is the reduced spectral range, thus reducing the redshift 

range over which Lyman a can be detected in high redshift quasars, 

and also causing the loss of HOC. . 

The survey is performed by two observers, searching by eye 

with a view to isolating the maximum number of objects in a period 

of about 1 hour per plate per observers, and checks for completeness 
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are also performed. Smith found that galaxy identification 

is positive, although checks for galactic planetary nebulae 

occasionally need to be made. He gave no details about the 

appearance of the images on the photographs, other than the fact 

that stellar images are 'hard' on direct photographs, and this 

seems to have some bearing on the separation of galaxy and star 

images on the objective prism photographs. 

Smith discussed applications to quasars, Seyferts, large - 

scale instabilities in galaxies, evolution of the emission -line 

phenomena in sharp -lined galaxies, and the study of outlying H II 

regions in galaxies. He found that all his QS0 candidates were 

in fact new radio -quiet QSO's, and those showing more than one 

emission line on the objective prism photograph could have the 

lines tentatively identified, and a rough redshift estimated by 

reference to the green cutoff of the IIIa -J emulsion. Extension 

of QSO identifications to higher reshifts is being attempted by the 

use of red emulsions, to detect Ly p. shifted beyond the IIIa -J 

cutoff. 

Seyferts are being isolated directly from the objective 

prism plates by the detection of a forbidden Neon line with some 

success. Isolation of objects with peculiar features is also 

achieved from the emission -line sample by further analysis using 

the 4m reflector at CTIO for direct photography and to obtain 

spectra. 

The first note on results from the UK 1.2m Schmidt tele- 

scope (UKST) (Dolton et al, 1977) indicated that work similar 

to that at CTIO could be done to fainter magnitude limits (Bolton 

et al estimated that 60 minute unfiltered and untrailed photographs 

on hypersensitised Kodak IIIa -J emulsion reach beyond 20th magni- 

tude); in particular, a large sample of optically selected QSO's 

was isolated. Smith (1978) has described his extension to the 

CTIO work on quasars using the U.K. Schmidt telescope. His dis- 

cussion is primarily concerned with the spectra of quasars, but 

he also discusses objective prism work ('slitless spectroscopy') 

as a technique for their discovery. He also mentions a problem 

of surveys of this typo, that of non- uniformity, citing Savage's 
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(1978) remarks on incompleteness, particularly that due to 

selection of objects using ultraviolet excess alone: the selection 

criterion for .fllarkaryan's survey. 

The usefulness of a low dispersion objective prism in the 

study of faint galaxies, particularly in the isolation of 

specific classes of 'unusual' objects, can clearly be seen; how- 

ever little work on 'normal' galaxies comparable to the early stellar 

work has yet been undertaken, perhaps because of the magnitude 

of the task. Philip and Sanduleak (1970) followed up their 

early stellar work using crossed prisms (described above) with 

a study of galaxy spectra in clusters; the technique allowed them 

to allocate colour indices to the spectra. Results were given for 

the Coma and Virgo clusters, and also the Hercules cluster and 

clusters Abell 2197 and 2199 (Philip, 1970). 

Galaxy objective prism spectra are dominated by the 

distribution of luminosity in the galaxy, which in both spirals and 

ellipticals is clearly peaked towards the centre (Van Houten, 1961), 

more so in spirals than ellipticals, giving the general appearance 

of a diffuse stellar spectrum, which in the case of spirals is 

sharper and surrounded by a diffuse region; As, in the case of 

objective prism photographs, the image being dispersed is a star 

or galaxy, instead of (as in a slit spectrum) the image of a 

narrow slit, the spectral resolution is determined by the size and 

light distribution of the object. This puts a restriction on the 

range of galaxies for which the spectra can be measured, or even 

used for classification purposes, and a more detailed discussion of 

this problem is given in section 3.1, 

Vanderkerkhove (1963) gives photographs which show the 

general appearance of Ir ge bright galaxies in objective prism 

photographs. Bolton et al (1977) presented photographs from a 

UKST objective prism plate, but gave only two photographs of quasar 

spectra, and none of 'normal' galaxy spectra; photographs of the 

appearance of stellar spectra are given in a more recent paper by 

Krug et al (1980). 

A technique related to objective prism work which should be ment- 

ioned for completeness is the use of a transmission aretino- prism 
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combination ( "grism ") used near the focal plane at prime focus 

of a telescope to obtain photographs with both zero order images 

and first order (blazed) spectra of objects (e.g. Hoag, 1976; 

Hoag and Smith, 1977). This technique can be used to extend 

objective prism surveys to fainter magnitudes over limited areas 

by utilising the light -gathering power of large telescopes. 
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2.2 Enerov distribution and colours of galaxies. 

The intrinsic colour, or to be more precise, the intrinsic 

spectral energy distribution, and the distribution of colour within 

galaxies, is important in any consideration of the appearance of 

galaxy spectra on objective prism photographs. As early as 1916 

Seares(1916) noted that the nuclei of several galaxies were 'stronger 

in yellow light than in blue', from photographic plates taken using 

filters and different emulsions to restrict the wavelength range, For 

galaxies smaller than the dispersed (stellar) image, the overall 

appearance on an objective prism photograph is determined principally 

by the energy distribution (in the direction of dispersion) and the 

luminosity and colour distributions perpendicular to the direction of 

dispersion. Additionally the image is smeared in the direction of 

dispersion by the luminosity distribution in that direction. 

Generally the brightest part of a galaxy spectrum will be in 

the centre, because of the concentration of light in the nucleus. This 

concentration also means that the highest spectral resolution will be 

at the centre of the spectrum, and this will be the part of the spectrum 

of interest in any measurement, for example using a microdensitometer. 

Thus the colours of the central regions of galaxies will be of interest 

in the present study, although for the fainter and more distant galaxy 

images with a smaller overall size, much more of the galaxy, and hence 

perhaps a slightly different energy distribution, would be sampled 

by a given aperture in a measuring machine. 

In the study of galaxy luminosities photoelectric photometry 

has played a prominent part. Whitford (1936) published magnitudes 

of 11 bright galaxies, and this'was followed with a paper by Stebbins 

and Whitford (1937) which contained magnitudes of 165 galaxies and 

colours for 112 of these, all determined photoelectrically. Later 

work (Stebbins and Whitford, 1948) giving observations in six 

colours, originated the arguments about the 'Stebbins- Whitford effect', 

which is discussed below. A brief summary of photoelectric work 

to 1954 is given by Holmberg (1975). 

Stebbins and Whitford (1952) noted some correlation between 

colour and Hubble type, in that Sc galaxies were measured as 

being about 0.4m bluer than E to Sb galaxies; they found both 'red' 
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and 'blue' irregular galaxies. They used apertures of 11 aresec for 

colour measurements and 24 artsec for magnitudes (Stebbins and 

Whitford, 1948), recognising that these apertures were rather 

small, but choosing them to avoid field stars, and to give a 

better galaxy signal to sky background ratio. The detailed 

problems of galaxy photometry are not a concern of the present 

study; however the effect of aperture size on measured colour is 

important, and the fairly constant colour of galaxy types E to Sb 

using a small aperture is relevant to the objective prism plate 

appearance of these galaxies. This 'colour -aperture' relation is 

given by de Vaucouleurs (1961) for galaxies of different morpho- 

logical type, in a paper giving colours of 148 bright galaxies in 

the standard U,B,V system. De Vaucouleurs corrected his colour 

measurements for inclination of the galaxies and plotted them as a 

function of a standard ratio: the observational aperture divided 

by the 'face -on' diameter, A /Do. For E to Sb galaxies, the 'central' 

colour tended to the values (8 -V) = 1.0, (U -0) = 0.6; Sbc and 

Sc to (B-V) = 0.8, (U -8) = 0.3. The outer regions of these galaxies 

were all bluer, from 0.1m in 8 -V for E and SO galaxies, to 0.3m 

for type Sc. The Magellanic irregular types were observed to be 

more blue in the centre; although observations for types Scd to Im 

were rather more scattered than those of the earlier types. De 

Vaucouleurs (1972) later.gave data for a much larger sample, 461 

galaxies, together with a more detailed analysis of effects on 

observed colours. He found that he could express colour effects 

as simple mathematical functions of Hubble type T (from T = -5 

(type E) through 0 (type SO /Se) to 10 (type Im)). However some 

of these functions contain discontinuities, one of which de Vaucou- 

leurs suspects may vanish in al analysis of an even larger data 

sample; 

Using de Vaucouleurs' data, and his colour aperture relation, 

the colour -type relation for the nuclear regions of galaxies can 

be calculated, at least approximately; these relations are given in 

fig. 2.2.1 , for the (8 -V) colours, where X = log (A /Do). Even 

with the disappearance of the discontinuity between T = -1 and 

T = 0, there would be some change in colour from T = -5 (type E) 
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to T = 3 (type Sb) but it is rather less for the central regions 

(crosses) than for the whole galaxy (circles). 

De Vaucouleurs' data is presented in the three colours of 

the U,B,V system, and he gave reduction formulae to the (8 -V) colours 

for other workers' results, which were often in only two colours. 

However many workers have used multicolour photometry, from Stebbins 

and Whitford's six colours (1948) onwards, mainly to provide data 

for the synthesis of galaxy stellar populations, which is one use 

of multicolour photometry; Stebbins and Whitford had given an 

example of p synthesis of the observed colours of an Sb galaxy. 

Tifft (1961, 1963, 1969) made measurements using up to eight filters, 

and used seven relative colours from these measurements for stellar 

population synthesis; Wood (1966) increased the number of colours to 

twelve, including five to measure specific absorption line 

indices. 

Another use of multicolour photometry is in the determin- 

ation of radial velocities; the fact that redshift would affect 

colour measurements was mentioned by Stebbins and Whitford (1937), 

but the was first applied by Baum (1957, 1962). This is 

discussed in section 2.3. 

There are some important corrections to be made to multi- 

colour photometric observations of galaxies. Firstly, the effect 

of absorption in our own galaxy must be taken into account; this 

follows approximately a cosecant law. Further refinements may be 

made, for example de Vaucouleurs (1972) considers the amounts of 

absorption at the two galatic poles to be slightly different. 

Secondly, the effect of absorption in the galaxy under study can be 

considered, and again de Vaucouleurs (1961, 1972) has made a 

fairly detailed analysis of this effect, reducing measurements to 

the values that would be obtained for a 'face -on' galaxy. A third 

effect is that due to redshift, known as the 'K- correction'. For 

a redshifted galaxy, different parts of the energy distribution fall 

in the wavelength bands being observed as compared with a zero - 

redshift galaxy. The colours required are those that would be 

obtained in the rest -frame of the observed galaxy, and so corrections, 

which depend on the energy distribution of the observed galaxy, 
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have to be applied to the observed colours. These corrections 

are called 'K- corrections'. 

Stebbins and Whitford (1948) realised that to compute 

such corrections, the complete energy curve (at rest wavelengths) 

of a galaxy of the same colour is required; the difference in obser- 

ved colours at different redshifts (the K- corrections) can then 

be computed, knowing the response curves of the detectors. However 

even after application of the K- corrections, Stebbins and Whit- 

ford were left with a colour reddening that increased with redshift; 

this became known as the 'Stebbins- Whitford effect', and led to 

much work being done to obtain accurate K- corrections. 

Whitford (1975) has given a comprehensive review of 

measurements of galaxy energy distributions to 1973. (Measurements 

of energy distributions have been made using multicolour photo- 

metry, examples of which have been given above, and in more detail 

using scanning spectrometers. In these 'scanners' the dispersed 

light from an object is scanned using a photometer behind an 

exit aperture in the plane of the spectrum, the spectrum generally 

being scanned by rotation of the grating, although in the first 

primitive scanner an objective prism was placed in front of a 

telescope with a photometer, and the telescope moved in declination 

to trail the stellar spectrum over the photometer aperture (Stock, 

1956). 

Code (1959) made scanner observations of an elliptical 

galaxy (1132) to investigate the Stebbins -Whitford effect; he 

found the energy distribution to be rather different from the 

smoothed energy curves that had previously been used, and using 

his curve of M32 to calculate the K- corrections found that the 

excess reddening of the Stebbins -Whitford effect was reduced to 

20 per cent of the value obtained by Stebbins and Whitford. De 

Vaucouleurs (1948, cited in Whitford, 1975) had suggested that the 

sharp drop in the energy distribution of the galaxies near 4000 

could have been responsible for the Stebbins- Whitford effect, the 

filters used having had inadequate resolution to indicate the 

presence of this feature. Oke's (1962) measurements seemed to 

indicate that the Stebbins- Whitford effect did exist, but Whitford 
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(1962) pointed out that Oke's results did not agree with those of 

Code. Oke and Sandage (1968) made further scanner observations 

of giant elliptical galaxies, and demonstrated the absence of a 

Stebbins- Whitford effect to the 3 per cent level, using their 

spectral energy distributions; subsequently only small changes 

have been made to the K- corrections for giant elliptical 

galaxies (e.g. Schild and Oke, 1971). 

Scanner observations have generally been made to obtain 

more accurate K- corrections, this being important in any cosmo- 

logical tests involving magnitudes, and much of this work has 

centred on the energy curves of elliptical, and in particular, 

giant elliptical galaxies (Oke and Sandage, 1968; Whitford, 1971; 

Schild and Oke, 1971; Oke, 1971) although other stellar systems, 

for example globular clusters, have also been observed (van den Bergh 

and Henry, 1962; Schild, 1972). The measurements have not been 

without problems; the determination of all these absolute energy curves 

depends on the absolute flux calibration for Vega (OC Lyr). Oke 

(1964) used an absolute calibration for oC Lyr based on a model 

atmosphere which fitted well with data available at that time; the 

star was subsequently recalibrated (Oke and Schild, 1970) using 

terrestrial standards, and this affected subsequent scanner 

observations of galaxies. The oc. Lyr standard has continued in 

use (e.g. Oke and Schwarzchild, 1975). 

The use of scanner observations of galaxies has not been 

confined to K- corrections; they have been used for the determination 

of redshifts (discussed in section 2.3), and to provide fairly 

detailed information for stellar population synthesis; for example, 

Spinrad and Taylor's work at a resolution of 16 Á (Spinrad and 

Taylor, 1971). Recent work has been possible on very faint objects 

by the introduction of faster systems, for example the multichannel 

spectrometer on the Hale 5m telescope (Oke 1969) enabling simul- 

taneous observations to be made with 18 channels, and more recently 

the image- dissector scanner system of Robinson and Wampler (1972), 

using a computer- controlled scan of an image -tube screen to provide 

2043 channels, and the Image Photon Counting System (Boksenberg 1972). 

This type of system enables the sky background to be subtracted 
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from the spectrum easily, as in standard photoelectric photometry. 

As noted above, most of the work on energy distributions 

of galaxies has been on elliptical galaxies. However Wells (1973) 

observed energy distributions of 13 galaxies from type E2 to types 

Im and IO, using a scanner, at a resolution of about 50 Á. Wells 

used the revised calibration of DC Lyr by Oke and Schild (1970) with 

slight corrections for instrumental differences. He grouped his 

observations into 4 sections: E and SO, Sa and Sb, Sbc,. Sdm and 

Im; then obtained K- corrections for each of these groups, out to a 

redshift of ti 0.3, for B and U colours. Wells' corrections for 

galaxy types that had previously determined K- corrections agreed 

well with the earlier values, except in cases where adopted 

extrapolations of energy curves could have been different. He 

suggested that the 0A0 -2 ultraviolet photometry of galaxies could 

be used to provide improved extrapolations, and this suggestion 

was taken up by Pence (1976). Pence constructed energy distributions 

of 5 groups of galaxies: E -SO, Sab, Sbc, Scd, Sdm -Im, from the work 

of Wells; Oke and Sandage (1968); and 0A0 -2 ultraviolet observations. 

In several cases he had to use interpolations between types, and 

the extrapolations of Wells into the red for spiral galaxies; 

however most uncertainty comes from the 0A0 -2 data, which Pence 

notes to be based on a preliminary analysis, and could be 'sig- 

nificantly revised in the future'. Pence did attempt to 

synthesise a better curve for the E -SO galaxy type in the ultra- 

violet, using an observation of such a galaxy at high redshift, 

and 0A0 -2 stellar observations. 

The energy distributions given by Wells and Pence are 

useful when considering the appearance of low- dispersion objective 

prism spectra of faint galaxies. In particular. the metallic -line 

blanketing continuum drop at X"*..., 4000 R is shown well for galaxies 

of type E -SO, and this feature still appears fairly strongly for 

type Sa and Sb galaxies. These measurements were made with A /Do ̂,1, 

thus tracings through the nuclear regions of objective prism spectra 

of Sa /b galaxies should more closely resemble the energy 

distributions of E -SO galaxies. This 4000 Ñ feature, henceforth 

referred to as such, has however reduced in size to the level of 
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other features in the spectrum at that resolution for Sbc 

galaxies, and for Sdm and im galaxies, emission lines dominate 

the spectrum. The usefulness of these features for the determi- 

nation of radial velocities is discussed in section 2.3. 

Galaxies of type E to Sb can thus be expected to exhibit 

the main features of E -SO type intensity distributions in their 

nuclear spetra, or in other terms, to have late -type spectra. At 

very high redshifts (z ,0.4) the 4000 R feature is redshifted out 

of the range of the IIIa -J emulsion, and the energy distribution 

from the ultraviolet is shifted into the IIIa -J spectral range. 

There are no prominent features in this range in Pence's distributions, 

almost certainly due to lack of resolution in the 0A0 -2 observations; 

any features present would have to be determined by reference to 

spectra of high -redshift objects obtained using large telescopes. 

At extremely high radial velocities (z-- 0.1.0), the sharp 

rise in intensity in the ultraviolet of the spectra of spiral 

galaxies would appear in the IIIa -J passband, but these objects 

would probably be too faint to appear on low dispersion objective 

prism photographs. If they did appear it would be as very blue 

objects. 

Horton et al (1977) noted the problems of identification 

of satisfactory features in the spectra of very high redshift 

galaxies. They suggested the use of features, observed in stellar 

spectra using the Copernicus satellite. 

More recently with the. advent of thelUE satellite, it 

is likely that medium resolution ultraviolet spectra of galaxies 

will become available, such as those given by Johnson (1979) for 

th nuclei of 31 and fî32. These cover a wavelength range of 

1100 to 3400- at resolutions better than 10 Ñ. Further work 

along these lines is needed to ascertain the ultraviolet spectra 

for galaxies of different types. 
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The increase in redshift with distance is a fact now 

taken almost completely for granted; yet it came as something 

totally new to astronomers making early measurements of radial 

velocities. Interest in such measurements was principally in the 

determination of the solar motion in our galaxy, then considered 

to be an enormous system comparable in mass to the Coma -Virgo cloud 

of galaxies (Shapley, 1929). Slipher obtained the first radial 

velocities of galaxies, the first one being x'131 ( Slipher, 1914), and 

these were examined by Strömberg (1925) in an investigation to 

determine the solar motion; he attempted to correlate radial 

velocity with distance (obtained by assuming the same brightness 

for all galaxies) and also direction, and from the limited data 

available concluded that the only correlation that could be 

accepted for the galaxies was between velocity and galactic latitude. 

It was left to Hubble (1929) to use distances estimated by more 

accurate means to find the correlation between velocity and distance, 

out to a velocity of +1090 kms -1 and a distance estimated at that 

time to be 2 Iipc. The Hubble constant, Ho, was estimated to be 

about 500 kms -1 f 1pc -1, the exact value depending on the grouping 

of the data. Radial velocity work from these beginnings up to 

about 1971 is discussed by Sandage (1976a) who also discusses the 

cosmological ideas and implications of redshifts. 

Here it would be useful to discuss the terms 'radial 

velocity' and 'redshift'. What is actually measured is the 

displacement in wavelength, 6\ , of spectral lines, or the 

energy distribution; for a given object A Xf \p c Z.. is constant 

for all wavelengths, where %o is the rest wavelength of the 

,measured line, and a is the redshift. In stellar work in our own 

galaxy, the radial velocity is, fairly accurately, ca (c being the 

velocity of light) as the velocities involved are very small; 

Hubble and Humason (1931) applied this to galaxies, and calculated 

the'apparent velocity' c ,a This expression has continued in use 

as the convention for velocities, although it is not, strictly 

speaking, a velocity. The terms 'redshift' and 'radial velocity' 
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are, however, used rather loosely in the literature and this 

carries over into this thesis. The reshift z. is generally 

quoted for the higher velocity objects, rather than the radial 

velocity, c . 

From 1929 to the present date much work has been done in 

obtaining velocities of fainter and more distant objects. Hubble 

and Humason (1931) extended the redshift- distance relation to 

nearly 20,000 kms -1 at over 30 Mpc, with H 
o 

= 560 kms -1 Mpc -1; the 

uncertainty in this value, including possible systematic errors in 

the magnitudes, was said to be'definitely less than 20 per cent'. 

However Humason, Mayall and Sandage (1956)(HMS), in their huge work 

on 'Redshifts and magnitudes of extragalatic nebulae', reduced 

Ho to 180 kms 
-1 

Mpc 
-1 

,'probably uncertain by 20 per cent'. Their 

total sample was of over 800 galaxies, as compared to Hubble and 

Humason's (1931) sample of about 90 galaxies, half of these being 

from Hubble's (1929) original sample; the change in H 
0 

was caused 

partly by a change in the distance scale, and partly by the 

discovery that some of the objects in galaxies identified by 

Hubble as stars are in fact HII regions. 

Further revision of the distance scale led Sandage (1958) 

to suggest that H 
o 

could range between 50 and 100 kms -1 Mpc -1 

with a very large uncertainty, and in fact the values found to the 

present have been over this range, for example H 
o 
= 56.9 4- 3.4 kms -1 

Mpc 
-1 

(Sandage and Tammann 1975b) and Ho = 75'4- 5 kms -1 Mac-1 

(de Vaucouleurs 1976); it is notable that recent workers in this 

field are even more optimistic than their predecessors when 

quoting errors in Ho: 

The highest redshift in HMS is that of a galaxy in the 

Hydra cluster, with a velocity of 61,241 kms 1 (e. = 0.204); 

subsequently Baum (1958), using a different technique, measured the 

velocities of two clusters near the plate limit of the National 

Geographic sky survey, the clusters having a = 0.29 and 0.35. Objects 

measured at higher redshift have been radio sources, identified 

from positions in radio source catalogues, beginning withlinkowski's 

determination of the redshift of 30295 in 1960 (rlinkowski,1960) at 

a= 0.461, from the identification of only one emission line on two 
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plates of 4.5 and 9 hours exposure at a dispersion of 700 R mm -1. 

This remained the highest published redahift until the advent of 

new image intensification techniques; in 1975 Spinrad et al (1975) 

published the redshift of 3C411, A.= 0.469, obtained using the 

Robinson- Wampler image dissector scanner (IDS). Further redshifts 

of radio sources out to that of 3C318, E. = 0.752, have been 

obtained using the same technique (Spinrad and Smith, 1976), using 

two emission lines seen after a total of 11.6 hours integration. 

Kron, Spinrad and King (1977) have observed a galaxy in a.very 

faint and rather blue cluster of galaxies seen on a deep plate 

taken with the 4m telescope at Kitt Peak, and claim a possible 

redshift of = 0.947; this is however based on very weak 

features in a very noisy spectrum, and they themselves considered 

other possible redshifts for this object. 

A recent review of radio source identifications and 

redshifts is given by Spinrad (1975), who cites earlier reviews 

of similar work. Redshifts are still obtained, of course, for 

galaxies that are not necessarily radio sources, especially for 

cluster galaxies (e.g. Faber and Dressler, 1977). A 'Catalogue of 

galaxies having radial velocities' was given byFredrick and 

Gutsch (1974); unfortunately not complete to 1971, as Sandage (1975) 

claims: many objects from HMS are not included, probably because 

objects from HMS with velocities greater than 15,000 kms -1 would 

not have appeared in the 'Reference catalogue 'of bright galaxies' 

(de Vaucouleurs and de Vaucouleurs, 1964 (BGC)), which was one of 

the sources used byFredrick and Gutsch. The revised BGC (RBGC) 

(de Vaucouleurs et al, 1976) also does not contain all objects with 

measured velocities greater than 15,000 kms -1. There have been 

several further compilations of radial velocities (e.g. Sandage, 

1978; Kelton, 1980; Eastmond and Abell, 1978; Rubin et al, 1976; 

Kirshner et al, 1978) which however are all of bright galaxies, 

with the exception of the data provided by Kirshner et al which 

extend to mB ti 15.5. 

In addition to the work of Spinrad et al, present groups 

actively producing radial velocities of faint galaxies include 

Sandage et al (e.g. Sandage,Kristian and Westphal, 1976) and 

Gunn and 0ke (1975); however even with image tube systems work of 
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this nature can only proceed slowly; only a very small 

percentage of even moderately faint galaxies have their redshifts 

determined. 

The low surface brightness of galaxies has always made the 

determination of radial velocities difficult, as compared to stars. 

With each improvement in technique, long exposures or integration 

times have been considered worthwhile to obtain velocities of objects 

as distant as possible (e.g. Slipher, 1914; ílinkowshi, 1960; Spinrad 

and Smith, 1976). Such problems with slit spectra, where 

redshifts are obtained from absorption and emission lines, or, 

quite often for the faintest objects, emission lines only, have 

caused astronomers to look for different techniques. Essentially 

two other techniques have been used to determine redshifts; firstly, 

by the measurement of galaxy colours; secondly, by fitting a 

standard energy distribution to that of the observed galaxy. 

The first technique was applied by Baum (1957, 1962) 

although he used it in a way that more closely resembles the 

second technique: Baum obtained multicolour photometry of 

galaxies in clusters, over a very wide wavelength range (using 

filters centered on wavelengths from 3730 R to 9875 Q). He 

then plotted these colours as a very low resolution energy dis- 

tribution, and fitted to the observed curves the mean energy dis- 

tribution of six elliptical galaxies in the Virgo cluster, by 

shifting the standard curve to the red, thus obtaining the 

redshift; Baum's errors in e were about + 0.03. 

0ke and Sandage (1968), investigating K- corrections for 

giant elliptical galaxies, gave a plot of observed B-V colours 

against redshift, which is well correlated over the range 

0 4 RE < 0.2; this effect was later discussed in more detail by 

Sandage (1973b), who looked at plots of (B -V), (V -R) and (B -R) 

against redshift. He concluded that redshifts of giant elliptical 

galaxies to an accuracy of about + 0.01 in zx could be obtained 

from the measurement of colours alone; and to cover the range 

0 < a ,< 0.9 only 4 filters would be needed. His error is 

estimated from the dispersion of the colour -redshift plot; of 

course this only applies to giant elliptical galaxies, 
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or galaxies with exactly the same intrinsic colours as giant 

ellipticals. There is a correlation between the absolute 

magnitudes and colours of galaxies; this was noted by de Vaucouleurs 

(1961). The higher redshifts could be affected by colour 

evolution of galaxies; Sandage suggested that this could be looked 

for by comparing the observed colour- velocity relation with that 

predicted for a standard giant elliptical energy distribution. 

The second method of determining radial velocities, by 

fitting spectral energy distributions, was first used by Oke 

(1971). Scanner observations of galaxies, again giant ellipticals 

in clusters, were correlated with the energy distribution, 

suitably redshifted, obtained by Schild and Oke (1971), shifting 

the standard distribution until the best fit was obtained. 

Oke also quotes the error as + 0.01 in p and again, the procedure 

can only be used for galaxies with the same energy distribution 

as the standard galaxy. This method does require long integration 

times; with Oke's original equipment, 3C295 (observed byMinkowski 

(1960)) required a total of 8 hours observing time. 

Another investigation related to this second method was 

that of Vanderkerkhove, who compared the gradient of the galaxy 

continuum observed at a fixed wavelength, from microdensitometer 

tracings of galaxy spectra on objective prism photographs, with 

published redshifts of galaxies ( Vanderkerkhove, 1963). He later 

noted, however ( Vanderkerkhove, 1965) that for galaxies in the Virgo 

cluster, the dispersion of velocity at a given gradient was very 

large, and that the effect of velocity on gradient was very small, 

the main cause of the dispersion being due to variation in 

composition of the galaxies observed. Vanderkerkhove obtained 

only a poor correlation between gradient and colour index, 

parameters which should be reasonably well correlated; a possible 

explanation is that he neglected the smoothing effect of the galaxy 

luminosity profile on the spectrum, an effect which would vary_ 

considerably from an E galaxy to an Sc galaxy. 

These methods have some relevance to the determination 

of radial velocities of galaxies from an objective prism plate. 

Vanderkerkhove calibrated his photographs to construct the energy 
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distribution, and this could be done for the UKST photographs. 

With some form of wavelength calibration either relative colours 

could then be obtained, which seems a little wasteful of the 

information content on the plate, or the whole energy distribu- 

tion could be fitted to a standard. Again, however, this standard 

would have to possess the same intrinsic energy distribution 

as the galaxy being observed, which puts severe limitations on the 

technique. Easily identifiable features in the galaxy spectra 

would ease these problems considerably. Such a feature is that at 

4000 Ñ mentioned in section 2.2. If this feature could be identified 

unambiguously, it would be ideal to enable redshifts to be provided 

directly, instead of indirectly (by causing a colour change as 

it passes through a filter bandpass), since it is a very large 

feature and is prominent even in low dispersion objective prism 

spectra. The only difficulty is that there are other changes in 

slope and breaks in galaxy energy distributions (Wells 1973, Pence 

1976) and care would need to be taken in order that other features 

distorted by the emulsion's response were not mistaken for the 

4000 2 feature. Ideally all the features present in these energy 

distributions would be used to obtain redshifts from low dispersion 

spectra. 

The vast majority of radial velocities of galaxies obtained 

to the present have been of galaxies with velocities less than 

about 15000kms -1 (g= 0.05). Even though incomplete and out of 

date, the catalogue of Fredrick and Gutsch (1974) shows the 

general trend; fig 2.3.1 is a.histogram of the numbers of redshifts 

in that catalogue, binned into 1000 kms -1 intervals. This shows the 

general picture at the commencement of the present work; between 

that date and the present the diagram has been filled in somewhat, 

mainly below about 15,000 kms -1. The subsidiary peak around 

6000 kms 
1 

is caused by velocities in the Coma cluster of galaxies. 

This histogram gives a general picture of the relative numbers of 

redshifts obtained at different velocities, and contains a total 

of about 2600 galaxies. A complete histogram to 1971 would go 

out to a = 0.461 for 30295 and contain other high redshifts, 

but in tens rather than hundreds. 
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A more recent sample is that in the RBGC, which contains 

2502 radial velocities less than about 16,000 kms -1. The 

authors state that this catalogue is not complete. Gisler and 

Friel (1979) give an index to spectra of 2004 northern hemisphere 

galaxies; these, toosmostly have velocities less than 15,000 kms -1. 

Their list is claimed to be complete from the major sources of 

velocities in the literature to August 1978. High redshifts 

from slit spectra will nót be obtained in large numbers though, 

because of the large investment in telescope time needed., A 

fairly large compilation is that for radio galaxies given by 

Kristian and Minkowski (1975), and later additions by Spinrad 

(1976); these, and a few velocities of galaxies in faint clusters, 

for example clusters discovered on deep survey plates, comprise 

most of the known higher velocities of galaxies. Sandage (1978) 

gives velocities for 719 bright galaxies; Tarenghi et al (1979) give 

velocities of about 150 objects in the Hercules supercluster 

field, to about m 
B 

ti 16 with velocities mostly less than 

15,000 kms 1; and Kirshner et al (1978) gave velocities for 

164 objects to about m B " 15.5, also with velocities mostly 

less than 15,000 kms -1. 

The velocity of 15,000 kms -1very roughly corresponds to 

the more luminous galaxies at about 15th or 16th magnitude; for 

galaxies fainter than this the time to obtain a useful spectrum 

using conventional modern techniques becomes'rather long. As 

time on large telescopes is rather valuable, it is not surprising 

that redshifts of only the more 'interesting' objects, for example 

radio sources, have been obtained. This of course makes the sample 

of redshifts very biased for the study of galaxies in general. 

Some of the uses of galaxy redshifts have been mentioned in 

the first part of this section; the problems to which redshifts 

have been applied will now be considered in more detail. 

From the very early days of galaxy redshifts the redshift- 

distance or redshift- magnitude relation (the Hubble diagram) 

has been used in cosmological investigations. Details of the 

progress of the Hubble diagram have been given in the first part 

of this section, and we turn now to the use of the Hubble diagram 
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and redshifts as indicators of the laroe -scale structure of the 

universe. 

Sandage has written extensively on this subject, both in 

reviews (e.g. Sandage, 1961; Sandage, 1975a) and in a series of 

papers on the redshift- distance relation (Sandage 1972 a -c; 

1973 a -d; 1975 b) and the Hubble constant (Sandage and Tammann 

1974 a -d; 1975 a,b; 1976). In an early review (Sandage 1961) he 

showed how the Hubble diagram is expected to change for different 

values of the deceleration parameter, go; current estimates of 

the value of q 
0 

cover the range -1 to 1 (Gunn and Oke, 1975; Sandage 

and Tammann, 1975 b; Hawkins and Martin, 1977) but there is little di- 

fference in the Hubble diagram for g 
o 
= -1 and g 

o 
= +1 out to 

m B IV 19, the range of g 
o 

at this magnitude corresponding to a 

factor of 1.2 in velocity. To obtain a better estimate of q 
0 

from the Hubble diagram, it must be extended to fainter magnitudes; 

this is the intention of Sandage, Kristian and Westphal (1975, also 

Kristian, Sandage and Westphal 1978). The deceleration parameter 

can be obtained directly from the shape of the Hubble diagram, but 

the determination of Ho itself depends on the absolute magnitude 

(and hence distance) scale. This is a great problem itself, though 

not a part of the present study, and is the principal concern of 

the papers by Sandage and those of Sandage and Tammann. This field 

of study is not without some controversy; de Vaucouleurs (1977) has 

criticised the distances used by Sandage and Tammann for Cepheids 

and HII regions (paper I) and their calibration of galaxy luminosity 

classes (paper IV). Another consideration in this type of work 

is the fact that possible evolutionary corrections may be needed to 

the parameters used to determine the Hubble diagram. 

The Hubble diagram can also be used to test the isotropy 

of the universe, by looking at the redshift -distance relation in 

different directions; de Vaucouleurs (1976) considered this problem 

locally (insofar as the local supercluster, the cloud of galaxies 

centered on the Virgo cluster, can be considered 'local') and 

concluded that there is anisotropy between the local supercluster 

centre and anticentre. This he attributed to a rotation -expansion 

model of the local supercluster. On a larger scale Bandage, 
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Tammann and Hardy (1972) attempted to put limits on perturbations 

from a linear redshift- magnitude relation from first -ranked 

cluster galaxies, and on large -scala inhomogeneity; from both 

their cluster data, and from galaxy counts, they concluded that 

there is no significant departure from large scale homogeneity. 

This discussion continues. Recently, de Vaucouleurs and 

Bollinger (1979) presented results showing variations in the 

Hubble constant from 4,075 to 1v110 kms -1 Mpc -1 . Tammann et al 

(1979, 1980) and Sandage et al (1979) see no evidence for a 

deviation from an isotropic velocity field. Rubin et al (1976b) 

also considered that an isotropic velocity field is more likely 

than the anisotropic case. There is clearly still a lack of 

concensus on this matter. 

High dispersion spectra of resolved galaxies can be used to 

obtain radial velocities at locations within the galaxies, 

and hence deduce the internal motions of the galaxies. A large 

number of papers, mainly dealing with individual galaxies and 

performing similar analyses for each, have been published by 

Burbidge et al; an example, that on the velocity field in NGC 

6181 is by Burbidge, Burbidge and Prendergast (1965). The main 

use of the galaxy rotation curves produced from such observations 

is in the determination of galaxy masses; the theory behind this 

is described by Burbidge and Burbidge (1975). This type of work 

is not of relevance to objective prism techniques, and is 

mentioned here only as an example of another use of galaxy 

radial velocities. 

In addition to using the redshifts of particular (for 

example, first ranked) cluster galaxies in the Hubble diagram, 

redshifts of cluster galaxies are also used in the determination 

of cluster velocity dispersions. (A recent compilation is given 

by Yahil and Vidal (1977), who include clusters having redshifts 

of at least ten member galaxies; unlike the compilation of 

Solinger and Tucker (1972) which has the dispersion of the 

Centaurus cluster calculated from the velocities of three galaxies;) 

Cluster velocity dispersions can be used to obtain the virial 

mass (Schwarzchild, 1754), a dynamical mass which combined 
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with cluster luminosities has been used to estimate the mass 

to light ratio of clusters. There is also some evidence that 

velocity dispersion is correlated with X -ray source luminosity, for 

those X -ray sources located within clusters (e.g.Dawe et al,1977 ). 

A problem allied to cluster dispersions is that of cluster 

membership; any galaxy appearing in a cluster field but 

having a widely discrepant velocity from the other cluster 

members is generally excluded as a foreground or background 

object. The ability to discriminate between cluster and field 

galaxies is useful when attempting to determine the total extent 

of a cluster. 

One interesting application of large numbers of redshifts 

in a small region of sky has been described by Tifft and 

Gregory (1976), who compiled a list of all the redshifts obtained 

in the vicinity of the Coma cluster of galaxies. The sample 

was complete to a limiting m = 15.7 to a 3o radius from the 

cluster, and to m = 14.9 out to a 6o radius. For the foreground 

galaxies they found that the entire sample fell into three groups, 

with the exception of one galaxy; the areas between the groups 

being totally devoid of galaxies. Tifft and Gregory give 

charts of the galaxy locations on the sky for various redshift 

ranges, corresponding to slices' through the region; the distribu- 

tion of the groups involved can be clearly seen. They point out 

that much additional work is needed to refine the picture of 

the Coma cluster (their sample consisted of over 300 galaxies) 

by obtaining more galaxy velocities. Similarly, Tarenghi 

et al (1979) have, more recently, performed a similar study on 

galaxies in the Hercules supercluster, showing the distribution 

of galaxies in depth with a 'cone' diagram of declination 

and redshift. This work is summarised neatly by Chincarini 

and Rood (1900). 

This application could be extended to much larger volumes 

of space if large samples of redshifts could be obtained for 

fainter galaxies; it is not really necessary to have an accuracy 

so great as to be able to measure directly cluster velocity 
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dispersions; the ability to resolve one cluster from another 

is all that is required. This approach over sufficiently large 

volumes of space could also give more information on the 

superclustering of galaxies, i.e. clouds of galaxies from about 

6 to 30 Mpc in diameter (Shane, 1975) consisting of several 

galaxy clusters. The exact distribution of galaxies in depth 

is certainly not well known; both Tifft and Gregory, and Tarenghi et 

al, remarked on the 'voids' between clusters in which there appear 

to be.no galaxies. With the reported 'shell' of galaxies at 

'V 10,000 kms 1 (Kirshner et al, 1979), and the 'pancake' modelt 

of Doroshke.vich and Shandarin (1978) for the formation of clusters 

of galaxies, it is clearly still of great interest to resolve the 

the structure of the universe on the scale of superclusters. 

Details of this application are discussed in section 4.2. 
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3. Establishing the technique. 

3.1 Photographic material 

The objective prism spectra used in this work are all 

on photographs. In this section the source plate material itself 

is summarised, and the appearance of objective prism spectra on 

the photographic emulsion described, in conjunction with a 

discussion of the intensity calibration problems, all of which ought 

to be understood before setting out to interpret the images. 

The prism dispersion curve is also presented, as this relates 

directly to the spectra observed on the photographs. Finally, 

essential details of the UK Schmidt telescope are given. 

(a) Source material 

In late 1975, when this work was started, no objective 

prism photographs had been taken with the UK Schmidt telescope. 

Several trial photographs of fields containing galaxies had been 

taken using a prism on the Edinburgh Schmidt telescope, but 

nothing useful showed on these plates because the only galaxies 

bright enough to be photographed against the bright sky background 

are so large that spectral information is smeared out by the galaxy 

luminosity profiles. The earliest material available containing 

good spectra of galaxies came from the Curtis Schmidt telescope at 

the Cerro Tololo Interamerican Observatory (CTIO), consisting of 

photographs taken by Smith (1975) for the morphological classification 

of spectra of galaxies. This was essentially an emission -line 

object survey. These plates are taken on nitrogen -baked Kodak 

IIIa J emulsion; no intensity calibration is given. The plates are 

about 8 inches square, with a plate scale of 97arcsec mm -1. The 

plates initially available are listed in table 3.1.1; most of the 

initial work was undertaken in an area two degrees square on plate 

17732. The results of this preliminary work on redshift determination 

are given in Cooke et al (1977) and described in section 3.3. 

The first prism run on the UK Schmidt telescope occured in 

July 1976, and one of the areas selected by the UK Schmidt 

telescope unit (UKSTU) for the first few objective prism photographs, 

UKSTU survey area 345, was chosen for the preliminary measurements. 
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Table 3.1,1 

Plate material 

Plate no. 

from the 

g 

CTIO survey loaned by Dr. 

exposure emulsion filter 

M.G. Smith 

type 
min 

18482 11 00 -4° 80 IIIa -J Prism 

19138 11 00 -4° 45 IIa -0 GG385 Direct 

17725 12 00 -8 °.5 80 IIIa -3 P 

19139 12 00 -8 °.5 45 IIa -0 GG385 D 

18483 12 20 -13° 80 IIIa -J P 

19140 12 20 -13° 45 IIa-0 GG385 D 

17732 12 40 -4° 80 IIIa-J P 

19141 12 40 -4° 45 IIa-0 GG385 D 

18097 13 20 -4° 80 IIIa-J P 

19151 13 20 -4° 45 IIa-0 GG385 D 

19152 13 20 -4° 3 IIa-0 - D 

18105 14 00 -8°.5 80 IIIa-J P 

19143 14 00 -8°.5 45 IIa-0 GG385 D 

IIIa -3 plates are nitrogen baked. 
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Several prism runs have occurred since that time,and a list of plates 

used directly in this work is given in table 3.1.2. This list also 

inclues direct (taken without the prism) plates of the prism plate 

areas. The plates were all hypersensitised (Sim, 1977; Sim et 

al, 1976). In the table are also given the exposure time, UKSTU 

estimated seeing size, and plate batch number, as these factors are 

useful when determining the quality of the plates. The UKSTU plates 

are about 14 inches square, with a plate scale of 67 arcsec mm -1; the 

unvignetted area of the plates is the central circle about 4 

degrees across. 

Initially the area of sky chosen for this work, area 345, was 

selected because of the availability of a fairly good plate 

(UJ2461P) from the first prism run, covering an area at high 

galactic latitude(to avoid problems of crowding due to stellar 

spectra). Once a fair amount of work had been carried out on this 

area it was considered better to have more plates of that area, 

for repeat work, rather than to start on a completely new area. 

This has proved not to be a particularly good choice; area 345 is 

lacking in rich clusters of galaxies suitably placed, and in a suitable 

magnitude range, to provide plentiful sources of galaxies for which 

the velocities can be obtained (section 4.1). The repeat plates 

of survey area 345 are, however, of great use for tests of 

repeatability (section 3.5) and for a comparison of photographs taken 

under different conditions. 

(b) Appearance of the spectra 

The spectra on these objective prism plates are very small. On 

the UKSTU plates, with a plate scale of 67 arcsec mm -1 and a dispersion 

of 2400 Ñ mm -1 at 4300 R, the spectra are a little under a milli- 

metre long on IIIa -J emulsion, and may be as narrow as 25-30 microns 

for an untrailed stellar image on a plate taken in very good seeing. 

(The CTIO spectra are about twice as long, with a dispersion of 

about 1200 9 mm -1 at H .) At this scale, one arcsecond (the typ- 

ical seeing disc) corresponds to about 14.5 microns on the plate, or 

about 30 Ñ at 4300 To the eye, spectral features can be 

confused with plate effects for unwidened spectra; features are 

much better seen in widened spectra (plate 3.1.1). (The terms 
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Table 3.1.2 

Plate material from the UKSTU. The plates were initially taken 
for various workers; full details can be found in the UKSTU 
plate catalogue. 

Plate area oc. 8 exposure emulsion Grade seeing comments 
min batch arcsec 

UJ2616P SGP 00 53.0 -28 03 60 1I5 AF 3 

UJ3682P SGP . .. 70 2C7 A 1 

UJ4543P 475 01 06.0 -25 00 60 188 B 2 

UJ4117P 789 12 30.0 -05 00 20 2I6 A 2 

UJ2451P 141 19 00.0 -60 00 2 2H5 A 2 widened 

UJ2620P HTM 22 14.0 -35 40 75 3C6 BI 2 

J1665 345 22 32.0 -40 00 38 3C5 C 2 

UJ2461P 345 .. .. 60 1I5 A 2 , 

J2599 345 .. .. 60 1I5 BP2 2 

UJ3092P 345 .. .. 60 216 BIF 1 peculiar fog 

UJ4530P 345 .. .. 40 1B8 A 2 widened IOOrm 

UJ4539P 345 .. .. 40 188 A 1 

UJ4563P 345 .. .. 40 188 0 2 prism 0° 

UJ4551P DE 23 52.0 -10 41 40 188 A 2 

codes: UJ unfiltered IIIa -J 

J IIIa -J, 'J' filter 
P objective prism; all prism 180° except 4563 

HTM MacGillivray, 
DE A2570 field 

field N1 

grades: A,B,C overall grade 
I large images 
P processing fault 

F fogging 

Det=ils of grading procedures are to be found in 

Cannon,R.D., Hawarden,T.G., Sim,M.E., Tritton,E.B., 1978 

Occasional Reports of the ROE no. 4. 



Plate F star K star Elliptical Spiral 

galaxy galaxy 

UJ2461P 
2" seeing 
60m exposure 

UJ4539P 
1" seeing 
40m exposure 

UJ4530P 
2" seeing 
40m exposure 

Plate 3.1.1 

Appearance of spectra on UKSTU plates 
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broadened, widened and trailed are used synonymously here.) 

Unfortunately widened plates do not penetrate deep enough for 

extragalactic work, but they have little advantage there in any 

case as the resolution is limited by a convolution of the seeing 

disc with the galaxy luminosity profile, rather than the seeing 

disc alone. Plate 3.1.1 gives a comparison of spectra from 

different objective prism photographs, for early and late type stars 

and elliptical and spiral galaxies. The sharp 'head' end of the 

spectrum corresponds to the sharp emulsion cutoff at the long, 

wavelength end for the IIIa -J emulsion; the tailing off into plate 

background is a combination of low intrinsic UV emission in the 

objects and the earth's atmospheric absorption. 

Several features are apparent from these photographs of spectra. 

Firstly, the effect of seeing is very noticeable, particularly on 

the stellar spectra. The improved visibility of features in the 

widened stellar spectra is also clear. Secondly, the spiral and 

elliptical galaxy types are quite distinct; the elliptical galaxy 

has a smoothly diffuse light distribution, whereas the distribution 

for the spiral can be seen to be more sharply peaked in the centre. 

In fact both of these galaxies are rather large for redshift 

determination; they were chosen to show this difference clearly. 

The distinction between spirals and ellipticals is rather less 

pronounced for smaller, fainter galaxies, owing to the seeing 

contribution becoming more important. The effect of widening on 

galaxy spectra is also clearly seen; it provides no benefit for 

our purposes. 

(c) The prism dispersion curve 

The appearance of the spectra is quite strongly affected by 

the prism dispersion curve; for a prism the dispersion decreases 

markedly to longer wavelengths. This has the effect of 'piling up' 

light towards the red end (actually green, for IIIa -J;) of the 

spectrum, in addition to any concentration of light in the red 

intrinsic to the source (e.g. for late -type stars). This causes 

the quite distinctive dense 'head' to the objective prism spectra. 

To calculate wavelengths of features within the spectrum, 

a wavelength reference point is needed, along with the dispersion 
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curve of the prism, to relate position along the spectrum to 

wavelength. The wavelength reference is dealt with in section 3.3; 

the dispersion curve is discussed here. This work has been published 

(Nandy et al, 1977); the dispersion curve was obtained by the 

author. 

The procedure was to obtain a set of wavelength reference 

points from spectra of stars. A short exposure widened plate (UJ2451P) 

was used, to enable a number of early -type stars to be measured. 

Nearby 9 stars were in fact overexposed, but the hydrogen lines were 

found to be resolved in A stars, and a number of features noted in 

the spectra of F,G, and K stars. These features were identified by 

reference to lists of lines detected in the low resolution scanner 

spectra of Faÿ, Stein and Warren (1974), and in many cases consist 

of blends, for which the mean wavelength was used. The scans of Faÿ, 

Stein and Warren were particularly convenient for these identifications, 

as the resolution (about 30 Ñ) matches that of a UKSTU prism 

photograph with a resolution of 1 arcsecond, for a star at 4000 R. 

Examples of the spectra traced from the plate using a Joyce -Loebl 

microdensitometer are given in fig. 3.1.1 with spectral features identi- 

fied; these examples show the features used to establish the 

dispersion curve. 

Measurements of 35 individual lines from a total of nine stars 

were used to obtain the dispersion curve. The sets of lines from 

each star were superimposed by eye to give the best fit to a smooth 

curve on a plot of wavelength against distance. All the points were 

then used to fit the Hartmann dispersion formula 
I.2 

x _ X - a/(\ - Xo> 
(I /t.2) 

or ñ \c, { (a /(x, -x)} 
which oave, for the 35 lines used, 

Xa = 1035.95 

Xv = 1313.41 

a = 15591900 

for X in microns, . in úngstroms. For the data used, the rms 

scatter was 14 Ì- in \ , 6 pm in X. A list of lines used, with 

mean wavelengths and positions, is given in table 3.1.3; this table 

and the coefficients above are normalised to x= 0 at 4340 Ñ. Over 
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SAO 245713 

a. H3 
b. Hy 

c. H5 

d. HE 

SAO 245302 

a. H3 
k. J 

c. H., 

d. 3970 H, 

H b'.End 

h 

SAO 245346 

a. G bend 
b. ..934K 
c. 3520 Y.g?, Fei blend 
d. 3730 Fei blend 
e. 3550 Fel blend 

a 

SAO 254375 f 
a. 4227 Tt!ended e 

b. 3820 M91, 

Fe! blend 
c. 3730 Fei 

blend 

SAO 254395 

a. 5000 TiO band 
b. 4800 TiO band 

3500 4000 5030 4 3503 4000 50,034 

Fig. 3.1.1 

Examples of stellar spectra traced from plate UJ2451P. Spectral 

types are given from the SAO catalogue. The ordinate is density, 

but the scale is not constant from star to star. 
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Table 3.1.3 

Data from nine stars on plate UJ2451P used to obtain 
the prism dispersion curve (fig. 3.1.2). X - wavelength 
in x - distance in mm from Hy ; 

measurements, from different stars. 
n - number of 

Feature x n 

mm 

Ti0 5000 +0.228 1 

Hß 4861 +0.180 4 

Ti0 4800 +0.168 1 

Hs6 4340 0.0 5 

G band 4300 -0.016 3 

H5 4101 -0.106 5 

H,H6 3970 -0.184 2 

K 3934 -0.196 5 

MgI,FeI blend 3820 -0.254 4 

FeI,Hli_ili. blend 3730 -0.322 3 

FeI blend 3580 -0.42.2 2 
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the range of measurements the fitted curve agrees very well with 
the manufacturer's predicted curve, the deviation throughout 

being less than the 14 'R rms scatter. The dispersion curve is given 

in fig. 3.1.2, with the measured lines indicated. Also marked on the 

dispersion curve is the position of the cutoff of the IIIa -0 emulsion, 

defined as the half -maximum density point; this position was ob- 

tained from the mean of cutoff positions indicated by fitting all 

the sets of lines to a smooth curve. The value obtained for the 

cutoff is 5380 + 30 r, for a set of objects with maximum density of 

the brightest objects in the set being 1.2 above sky level. 

The dispersion curve is given by the manufacturer calculated 

for different positions across the plate. The predicted variations 

of the dispersion curve across the plate are small, and all well 

within the 14 Ñ rms scatter obtained from the measurements above. 

(d) Intensity conversion 

In an objective prism spectrum, each point in the spectrum 

consists of blackened plate emulsion; the blackening being caused by 

a combination of light at a single wavelength from the object whose 

spectrum we are considering, light wavelengths from the 

sky background. The combination of these sources and the resultant 

effect on plate blackening is a complicated problem; some comments on 

this were set out by Emerson (1979) and used by Clowes et al (1980). 

The problem is also discussed by Clowes (1980). These effects are 

highly relevant to the use of the objective prism photographs for 

spectrophotometry, but need not be considered, apart from noting the 

fact that they are present, for the purpose of obtaining radial 

velocities. 

Some form of intensity conversion is, however, useful. The 

photographic plate's H -D curve (Farnell, 1966) distorts the light 

intensity record when measured, for example, with a microdensitometer. 

Plate density is not, generally, linearly related to light exposure. 

Machines producing output in both density form (the Boyce -Loebl 

microdensitometer) and transmission Form (00500S) have been used 

within this project. It has proved necessary from time to time to 

compare data from one machine with that from 
another; the ideal 

way to do this is to convert both sets of data to intensity terms, 
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which can then be directly compared. This procedure would appear 
to be simple, as 'step wedges' (areas of density steps) are 

photographically recorded on the edges of almost all UKSTU plates. 
Pickup (1979) used the step wedges to provide an intensity conver- 
sion for surface photometry, assuming that the step wedges provide 
an adequate calibration. There are certainly problems, though, 
which should be considered by anyone requiring an accurate 

intensity conversion; fortunately for redshift purposes the problems 

of a poor conversion are not at all serious, and again need only be 

mentioned in passing. 

The first problem is in the step wedges themselves; these were 

designed to be in uniform density steps. However the steps are 

neither completely uniform nor flat, and the two wedges have 

different characteristics (fig. 3.1.3). Additionally, the steps 

are in general too far apart; this is illustrated in fig. 3.1.4, where 

the steps recorded in the COSMOS transmission range are shown, for 

typical mapping mode measurements (section 3.4); only 3 steps are 

of much use here, leading to a poorly determined intensity conversion. 

The intensity ratios of the steps are quoted in lists issued by 

UKSTU, and the values used for this work given in table 3.1.4; they 

are considered accurate to a few percent by UKSTU. Illumination of 

the steps is by simple filament lamps, with unknown spectral emiss- 

ivity, This, combined with the placing of the calibrations at the 

plate edge, means that the step wedges are far from suitable for 

spectrophotometry. Better calibration is to be provided in future, 

including a larger number of steps. Clearly an additional bonus 

for transmission measuring machines (e.g. COSMOS) would be a step 

wedge linear in transmission steps. 

Taking these problems together it can be seen that accurate 

intensity conversion is not easy to achieve. However in the case 

of working with radial velocities of galaxies, we have a limited 

magnitude range, and because of the brighter galaxies having larger 

angular sizes, an even smaller density range in the galaxy images. 

This means that even large errors in the intensity conversion have 

little effect. It might be argued that in this case the intensity 

conversion serves little useful purpose. The use is limited, but 
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North 

sky 

East 

X 

sky 

X 

Fio. 3.1.3 

Tracings of the UKSTU step wedges in use to 1980, made using 

a Joyce-Loebl microdensitometer. The ordinate is density. 

Sky bar_kgrouno level is shown. 



J ._ 

0 

T 

127 

TRACING OF STEP WEDGE 1 PLATE 2599 

COSMOS JOB 276 

Fig. 3.1.4 

The UKSTU east step wedge, from COSMOS machine data, displayed 

as a tracing. The ordinate is linear in COSMOS T. Step numbers 

are indicated. 
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Table 3.1.4 

Relative intensities adopted for the UKSTU east step wedge. 
The north wedge is not used due to its poor step profiles. 
Values for the 8 filter are given as these were issued first 
by the UKSTU; the values for no filter 

right -hand column for comparison. 

Step Relative intensity 

are 

log I 

given in the 

Unfiltered 
I 

1' 1000 3.00 1000 

2 763 2.88 763 

3 546 2.74 536 

4 345 2.54 341 

5 195 2.29 190 

6 95.1 1.9E 91.8 

7 42.8 1.63 41.5 



it does help comparison of spectra measured on different machines 

by adjusting the 'shape' of the spectrum (as seen in an intensity 

tracing) to intensity terms. It can also be used to provide some 

form of approximate magnitude calibration. All the software for 

spectrum handling has been set up with the intention of handling 

either normalised or un- normalised intensity converted spectra, 

rather than spectra still in raw data form (density or COSMOS T). 

(e) The UK Schmidt telescope /objective prism combination. 

The UK Schmidt telescope optics give very good image quality 

over the whole field, and this quality is well exploited with the 

low dispersion prism used for the present work. 

The prism has a diameter of 1.26m, with an apex angle of 44'; 

it is made of Schott BK7 glass and has a high ultraviolet transmission. 

When initially tested it was in conjunction with the first corrector 

plate of the UK Schmidt telescope, which gave good images for 

X > 4000 but not in the ultraviolet. Subsequently (plate 3149 

onwards) an achromatic corrector plate has been used, giving better 

ultraviolet spectra. 
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3.2 Machines for data analysis. 

The raw data in this project consist of the photographic 

plate material described in section 3.1. A large part of the 

project is concerned with the extraction of information from these 

photographs, and interpreting this information to produce 

astronomically significant results. During this process several 

machines have been used; both measuring machines, and large computers 

to process data from some of the measuring machines. In this 

section these machines and their associated problems are described. 

3.2.1 Measuring machines. 

(a) The Edinburgh Joyce -Loebl microdensitometers. 

Several separate Joyce -Loebl microdensitometers exist in 

Edinburgh, one belonging to the University Department of Astronomy, 

and the others belonging to the Royal Observatory, Edinburgh. The 

most general use of these machines has been to provide tracings 

of objective prism spectra directly, using the ratio arm, density wedge, 

and recording pen on paper; calibration checks on parameters affected 

by the ratio arm and density wedge are described in section 3.5. 

Two of the machines were provided with a digitisation system 

consisting of a lead -screw table drive, rather than ratio arm drive, 

with recording of wedge position (hence density reading) on 

paper tape. This setup was rather out -of -date and slow, using a 

slow tape punch, and also often in need of maintenance. During the 

period of this work a new digitisation system was developed, using a 

PET minicomputer to control acquisition of data (Kelly 
et al, 1980a); 

this system has been used to transfer digitised spectra on to the 

large mainframe computers. 

The chief advantages of the Edinburgh microdensitometers are 

their availability, and their use for measuring the spectra 
of 

individual objects fairly quickly almost anywhere on a plate. The 

disadvantage of these machines is that they are relatively slow if 

large numbers of objects need to be measured; typically 15 - 20 

spectra can be measured in an hour, taking care over focusing and 

slit adjustment. The repeatability 
and accuracy of these machines 

is fairly good; checks were carried 
out to be sure of consistency, 

and these are described in section 3.5. 
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Modifications have had to be made to the plate support 
systems to handle the 14 inch square UKST plates. The initial 
modified plate holder consisted of a large aluminium sheet with 

a hole fixed over the microdensitometer specimen table. This 

system was not well balanced and suffered mechanical feedback 

problems: vibration of the plate support caused plate movement 

in the focal plane, causing pen movement at the density wedge, which, 

fed back through the microdensitometer structure, reinforced the 

plate support movement; the system oscillated quite freely; This 

problem persisted even with extensive damping of the plate support. 

A solution was found in a much simpler support system, consisting 

of two felt- covered rails attached to the specimen table. 

Mechanical feedback is greatly reduced, and in fact a slightly larger 

area of the plate can be measured. 

Another effect that can happen with the Joyce -Loebl micro - 

densitometers occurs when measuring dense spectra with a small 

sampling slit. In this situation few photons are available to 

be detected in the feedback system, and the servo loop output 

becomes noisy, causing the recording pen to vibrate. This is a 

rare occurence and has not caused any real problems. 

(b) The St, Andrews Joyce -Loebl microdensitometer. 

This machine merits mention although it was only used for one 

set of measurements relevant to this work. The system is described 

by Davenhall et al (1979). 

The reason for its use was the existence of a problem on the 

Edinburgh machines. The original plate supports described above 

prevented measurements of quite a wide O,2cm) central 
strip on 

the plates, as the Edinburgh machines are only capable 
of making 

tracings along one axis. However the St. Andrews machine, based 

on a Joyce -Loebl 'isodensitracer' model of 
the microdensitometer 

can be scanned in x and y directions, thus only a small square in 

the centre of the plate is inaccessible. 
This remaining square is 

inaccessible because the overhang of the optical path through the 

specimen table is a few millimetres less 
than half the width of a 

UKST plates Additionally, the plate supports on the St. Andrews 

machine allowed the plate to be traced closer to the centre line, 
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Thus when measurements of a cluster (Abell 2670 - section 4.1) 
were needed in the strip inaccessible to the Edinburgh machines, 
time on the St. Andrews machine was sought. 

The machine is computer controlled and is driven in both 

x and y directions by leadscrews. Otherwise it is essentially 

similar to the Edinburgh machines. Data produced on this machine 

was recorded on magnetic tape and returned to Edinburgh for analysis. 

The machine is no faster than the Edinburgh machines for 

measuring individual objects; each object needs to be set up by 

hand and the method of obtaining density via a moving wedge is 

unchanged, 

(c) The COSMOS machine 

The COSf10S automatic plate -measuring machine has been described 

elsewhere in some detail (Pratt et al. 1975, Pratt 1977, Stobie et 

al 1979) but it is precisely because of these separate descriptions 

that some comment is needed here. The work done has involved the 

use of data measured by the COSMOS machine over a period in which 

the machine specification has changed somewhat; indeed, several 

references to early forms COSMOS data are now completely out -of- 

date, because of recent changes involving software image analysis 

(Stobie et al, 1979; also COSf1OS newsletter). 

Only essential details need to be described here. The photo- 

graphic plate is mounted in a holder which can be driven slowly in 

x and y. These motions define an area of the plate which is scanned 

by a flying spot on the face of a precision cathode ray tube 

(CRT). The spot is imaged on to the plate, and the amount of 

light transmitted measured with a photomultiplier. For the 

measurement mode most commonly used in this work,mapping mode (Pif1), 

the plate is positioned in X then driven slowly in Y, with a line 

sweep on the CRT to give a raster scan up a strip of the plate. The 

X position is then changed and the adjacent strip 
scanned. The 

scan is considered as a grid 128 pixels wide, each line containing a 

row of pixels. The scan size, hence pixel size, can be adjusted for a 

pixel size of 8pm, 16pm or 32pm; the value of transmission for each 

pixel is digitised on a scale 0 to 127, which can be scaled with a 

gain control to match a range of grey levels on the plate. 
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With the present system (mid 1980) the data produced con then 
be analysed off -line to produce image parameters, or used directly 
to provide 'picture' information about the images; this is the form 
used for analysis of spectra. However a system used on COSMOS in the 
past, and mentioned later in this thesis, is the coarse measurement 
(CM) mode, This was a system which produced image parameters on -line 
as the measurement was in progress, the image parameters being X and 
Y centroids, X and Y extents, area in pixels, and minimum transmission 
(T min). The present system with off -line analysis produces these and 
other parameters, including ellipicity parameters, intensity weighted 
parameters and background intensity. For a complete discussion see 

Stobie et al (1979). 

Details of the form and use of the data are presented in section 

3.4; suffice it to say here that considerable areas on objective prism 

plates have been measured on the COSMOS machine, especially in the early 

stages of great optimism about the use of the data. Subsequent doubts 

about the performance of the system mean that few of the results from 

these data are presented in the present work. From the experience gained, 

however, it should be possible in the future to extract more useful 

results from not only new COSMOS data, but also from the body of data 

already measured. 

3.2.2 Off -line computers, 

A series of 'mainframe' computers has been used through this work, 

out of necessity rather than choice. The bulk of data processing has 

been restricted to two large machines run by the Science Research 

Council's (SRC) central computing facility, but other work has been 

done on in -house machines at the Royal Observatory, Edinburgh, and 

also on a small Commodore PET minicomputer. 

(a) Central computing 

Large machines run by the SRC had to be used because initially 

COSMOS data could not be processed quickly in- house; all COSMOS 
data 

tapes were transported down to the then Atlas computer laboratories 

for initial reduction and then user interpretation 
on the ?CL 1906A com- 

puter. All the initial software was written 
for this machine, in FOR - 

TRAN, making use of as few as possible of the machine -dependent features 

of the 1906A. Programs for reducing mapping mode 
data to spectra, and 

the automatic redshift program (section 3.4) were initially written 

and tested on this machine. This situation unfortunately did not 

last; the SRC decided to close down 1906A operations 
and transfer 
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users to the Rutherford Laboratories' (RL) I811 360/155 machine in 
spring 1978. 

This move caused many problems, firstly in transporting 

software from one machine to another and making it operational (for 

example, the word length on the two machines is different). 

Secondly problems occured in the use of the RL system: turnround 

for the type of job using COSMOS data on magnetic tape is poor, 

and the 'online' system for file creation, editing and job 

submission, called 'ELECTRIC', was from the start slow and clumsy 

from the users' point of view, although some improvements have 

been made since 1978. The research programme as a whole would have 

moved somewhat faster if this transfer to the RL 360/195 had not 

been necessary. 

(b) 'In- house' computing 

The University of Edinburgh has its own central computing 

service, but the Department of Astronomy tends to make more use of 

the in -house facilities at the ROE for projects that are essentially 

collaborative between the Department and the ROE. For the present 

work, the in -house machine initially available, an Elliott 4130, 

was used almost exclusively for backup work to the project (e.g. 

dispersion curve fitting, finding chart co- ordinates) except in one 

instance where its interactive programming capacity proved essential. 

This was to perform a series of tests on the automatic redshift 

program, and showed one valuable aspect of interactive programming. 

Recently this rather old computer has been replaced by a much more 

powerful machine, a GEC 4082. It is hoped to transfer eventually 

all analysis programs to this machine, which has online facilities 

greatly superior to those provided on the RL mainframe, and 

gives a better service to users. It will still be possible to use tfe 

mainframe facilities, such as the FR80 plotting machine, by submission 

of jobs to the RL 360/195 via SRC's computer network, 
to which the 

GEC 4082 is attached, Some future work on interactive graphics is 

also likely to be done on the Edinburgh node of the SRC's new 'Starlink' 

network for astronomical image processing. 

Some minor programming has been done on a Commodore PET 

minicomputer bought specifically for 
controlling the acquisition of 
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data from a Joyce -Loebl microdensitometer (section 3.2.1 (a)). 

This system is described elsewhere (Kelly et al, 1980a). 

(c) Languages. 

A range of computer languages has been used through this 

project. Though often scorned, FORTRAN has been used for most 

high -level programming because it is both commonly used by 

astronomers and also is relatively easy to transport from one 

machine to another, ALGOL was used once in a situation completely 

unsuited to FORTRAN. The interpretive language BASIC is used on 

the PET minicomputer. Assembler language programs have been needed 

(and written) in IOO 360 assembler and 4130 assembler, in 

situations mainly concerned with magnetic tape format translation. 

Machine code for the 6502 microprocessor has been written for the 

PET, to improve on the speed of BASIC for data transfer. 
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3.3 Radial velocities - manual measurement 

Our prime requirements for radial velocity measurement, 

given a set of galaxy spectra, are a wavelength standard in the 

observer's rest frame,and a wavelength standard in the galaxy 

rest frame. fluch of this section is concerned with a discussion 

of these two standards. 

3.3.1 Velocities from CTIO plates 

As noted in section 3.1 the first plates available for the study 

of objective prism spectra of galaxies were taken at the CTIO. An 

area on plate 17732 (table 3.1.1) was searched by eye to identify 

galaxies, the spectra of which were then traced using a Ooyce -Loebl 

microdensitometer. A rest wavelength standard was defined by the 

cutoff of the IIIa -J emulsion, measured by fitting stars with 

well- defined spectral features to the published dispersion curve 

(Blanco 1974). For standard features in the galaxy spectra both 

the 4000 Á feature (section 2.2) and a small dip at rest wavelength 

approximately 4200 R were used; it was concluded that the 4200 

feature was a better indicator for faint galaxies as the 4000 R 

feature became low in density and more difficult to define. This 

work has been published, and is described in detail by Cooke et al 

(1977). 

What is important from this preliminary work is that wavelength 

standards had been found that appeared to give satisfactory 

results; the exact redshifts obtained are not important here. The 

next step was to adapt this technique to the spectra on UK Schmidt 

photographs. 

3.3.2 The approach for UKSTU plates 

The wavelength standards outlined 
above are attractive because 

of their simplicity, which makes them 
easy to use by hand, and also 

readily adaptable to automated processing. 
The difference between 

the CTIO work and the work on UKSTU plates is that only the 4000 ú 

feature has been used as a standard in galaxy spectra; 
the spectral 

resolution of the UKSTU plates is less than that of the CTIO plates 

and an actual dip at 4200 (rest wavelength) is rarely seen. 
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However a break in slope of the continuum does occur at about 
this wavelength, which has value in helping to correctly identify 
the 4000 R feature. 

Other methods of obtaining a rest wavelength standard which 
need to be investigated in future work are that ofStock and Osborn 
(1973) discussed in section 2.1, and a somewhat similar method 
providing a wavelength standard by co- ordinate transformation from 
a direct plate to the prism plate, Both these methods increase 

processing complexity, and are more suited to automated systems 

than to simple manual measurements. 

The basic procedure for redshift determination is very simple: 

positions of the emulsion cutoff and the 4000 feature are 

determined and their separation measured; by reference to the prism 

dispersion curve (section 3.1 (c)) this gives the wavelength of the 

4000 Ñ feature in the galaxy spectrum, and hence the galaxy redshift. 

This can be simply applied to any suitable prism -emulsion 

combination, and it is hoped to test the method with the new 

higher -dispersion UKSTU prism and an emulsion with a response into 

the red, which would enable the 4000 feature to be followed to 

3.3.3 Position definition. 

It is clearly necessary to have some positive definition of the 

positions of the wavelength standards, as both, consist of a fairly 

steep variation in intensity spanning a small wavelength range. The 

indicator first used on manual measurements was mid -point in 

density (fig. 3.3.1). 

For the cutoff, this point is the mid -point between sky 

background and spectrum maximum; for the 4000 R feature, it is the 

mid -point between top and bottom of the steep slope. Strictly, mid- 

point in intensity, not density, should be used; this makes the 

position independent or magnitude effects 
and effects due to the 

size of the object producing the spectrum. 
A large object uill have 

features which are not sharp, but whose mid -points in intensity 

are unchanged in position (fig. 3,3.2) providing that the size of the 

object does not become comparable to 
the length of the spectrum. 

In practice the difference between 
mid -points in density and 
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Fig. 3.3.1 

Positions of the cutoff and 4000 feature defined by the 

mid -point in density. The spectrum is of a galaxy. 

a - a' : sky background 

b : mid -point in density of emulsion cutoff 

c : mid -point in density of the 4000 feature 

d : the cutoff to 4000 A feature separation 

Wavelength increases to the left. 
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(a) 

(b) 

(c) 

(d) 

Fig. 3.3.2 

Convolutions of various image profiles with a schematic 
'sharp' spectrum (a). (h) to (d) show the effect on the 
objective prism spectrum of progressively broader luminosity 
profiles of the object having a slit spectrum as (a). It 

will be noted that the mid- points of features do not change 
position until the luminosity profile is broad enough to 

make the features very diffuse. 
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intensity is very small for the objects and magnitude range 
under study. An estimate of this quantity can be made from a 

plot of intensity against density for a typical plate (fig. 3.3.3); 
the correction in terms of peak density of the object above sky 
can be seen in the inset to the figure. Knowing this correction 
and the slope of the feature to be corrected (in density units per 
(Rngstrom) the corrections, for stars and most galaxies, are: zero, 

for densities less than 1.2 above sky; increasing to 40 at a 

density of 1.8 above sky. 

This has the implication that manual Ep ectrum tracings made 

using a microdensitometer are quite adequate for redshift 

measurement from direct measurement of the tracings. It also 

means that checks that need to be performed over large areas using 

relatively few objects (section 3.5) can also be made using manual 

measurements on the microdensitometer. 

3.3.4 The emulsion sensitivity cutoff 

For the Eastman Kodak IIIa -J emulsion, the sensitivity cutoff 

(in the green) is fairly sharp (Eastman Kodak Company, 1973); a 

drop in sensitivity of a factor 10 occurs over about 270 R, that is 

about 60ym on the plate at the cutoff wavelength. The fact that this 

sharp cutoff is not greatly affected by hypersensitised measurements 

is shown by measurements by Emerson (1979 b) of the emulsion response 

and also by simple inspection of tracings of the objective prism spectra; 

For the use of the emulsion cutoff as a wavelength standard, the fact 

that its position is constant both across any given plate, and, 

ideally, from one plate to another needs to be established. The 

checks made to establish this standard are described in section 3.5. 

The cutoff wavelength adopted is that obtained from the dispersion 

curve measurements (section 3.1 (c)): 5380 + 30 R. 

3.3,5 The 4000 R continuum break 

This spectral feature has been noted in the literature survey 

(section 2.2); it is best shown in a paper by Pence (1976). It 

is a strong feature and an important contributor 
to the elliptical 

oalaxy 8 and V K- corrections over the redshift range 0 to 0.5. The 

origin of the 4000 R feature is shown clearly in the spectral scans 
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of Faÿ, Stein and Warren (1974); the feature shows very little 

variation with spectral type from GO to early ï'î, its position 

corresponding to the long wavelength side of the CaI H line. For 

wavelengths shortward of this line blends of metallic lines act to 

lower the effective continuum level, giving rise to the characteristic 

'step' of the 4000 Ñ feature. Because of the presence of the 

feature in such a wide range of stellar spectral types, it is 

not surprising to find it consistently in galaxies having a range of 

stellar populations. 

The feature is present in elliptical galaxies and in the 

nuclear bulge of spiral galaxies to about Sbc; it is strong in 

ellipticals and becomes gradually weaker through the spirals. It 

is generally fairly easy to recognise in galaxy spectra, due to its 

size, and also due to the presence (especially in ellipticals) of 

an absorption feature or a change in slope in the continuum some 

200 - 300 to the red. This feature is however much less pronounced, 

and likely to be variable in wavelength, being caused by a mixture 

of metal -line blends at 4227 Ñ and the G band at 4300 9. Fig. 3.3.4 

shows a range of galaxies at different velocities displaying the 4000 

feature. 

The wavelength adopted for the 4000 Ñ feature was obtained by 

measurement of the same feature in late -type stellar spectra in our 

own galaxy; this is described along with the emulsion cutoff checks 

in section 3.5. The adopted wavelength for the 4000 Á feature mid 

point is 3990 -h 20 Q. 

3.3,6 The IIIa -0 emulsion response 

The UKSTU has monitored emulsion sensitivities for the 

photographs they have taken by the production of calibration 

plates for each batch of emulsion, produced on a calibration 

spectrograph. Unfortunately the light source for this spectrograph 

is itself not calibrated in wavelength terms, so a response curve for 

the emulsion cannot be directly obtained, 

Early measurements by the author of some of these calibration 

plates showed that the emulsion Ó 
(the slope of the density vs 

exposure plot) varies significantly 
with wavelength, being 

o 

steepest in the mid -range of wavelengths 
(4000 - 5000 m) and 



z= 0. 05 

z=0.11 

z= 0-09 

z= 0.15 

Fig. 3.3.4 

Tracinos of the spectra of galaxies at varying redshift, 

showing the 4000 feature (indicated). The ordinate is 

density. 
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decreasing towards the short wavelength range. More detailed 

measurements by Cloues et al (1980) show that 
X rises near 

the cutoff wavelength. Clowes et al assumed a black body curve 

for the calibration spectrograph lamp to produce values for the 

emulsion grain response function; the resulting data (Clowes et al, 

Table 1) are plotted in fig, 3.3.5. This is of course for data from 

only one plate; but measurements of other calibration plates indicate 

that the 
X 

does not change drastically from plate to plate, and 

the emulsion response can be expected to behave similarly. 

3.3.7 Manual measurement - procedure 

The procedure to be followed for obtaining velocities by hand 

from microdensitometer tracings can be quickly summarised. 

(i) measure a few late -type stars covering a range of magnitude 

(with peak densities covering the peak density range of the 

galaxies) and position on the plate; about 5 will be sufficient 

to check that the 4000 feature wavelength obtained does not 

differ greatly from the value accepted, 3990 91. It is important 

to note that the stars must be late -type, of similar colours 

to the galaxies, as the apparent position of the IIIa -J 

emulsion cutoff is affected by the colour of the object. 

If a significant difference were to be found, many more stars 

would need to be checked in more detail, to obtain wavelengths 

for both the emulsion cutoff and the 4000 g feature. 

(ii) obtain tracings of the galaxies. 

(iii) identify 4000 features where present and hence measure 

cutoff - 4000 feature distances (fig, 3.3.1). 

(iv) calculate redshifts: for standard values of cutoff and 4000 

feature wavelengths the conversion of distance 
on the spectrum 

to redshift is given in table 3.3.1, and graphically in 

fig. 3.3.6. 
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Fig. 3.3.5 

The measured IIIa -J response and w 
variation from Clowes et al (1960). 

No error estimate is given by Clowes et al. 



Tabla 3.3.1 

Redshift (z) in terms of emulsion cutoff to 4000 tA feature distance on the spectrum (d), for a cutoff position of 5380 'A, 
and a 4000 feature wavelength of 3990 The corresponding 
distance (x) on a 50:1 scale tracing of the spectrum is also 
given. 

d 

µm 

x 

cm 

z d 

um 

x 

cm 

z 

0 0.0 0.348 250 1.25 0.126 
10 0.05 0.337 260 1.30 0.119 
20 0.10 0.326 27C 1.35 0.113 
30 0.15 0.315 280 1.40 0.106 
40 0.20 0.304 290 1.45 0.100 
50 0.25 0.293 300 1.50 0.094 
60 0.30 0.283 310 1.55 0.087 
70 0.35 0.273 320 1.60 0.081 
80 0.40 0.264 330 1.65 0.075 
90 0.45 0.254 340 1.70 0.070 

100 0.50 0.245 350 1.75 0.064 
110 0.55 0.236 360 1.80 0.058 
120 0.60 0.227 370 1.85 0.053 
130 0.65 0.218 380 1.90 0.047 
140 0.70 0.209 390 1.95 0.042 
150 0.75 0.201 400 0.037 
160 0.80 0.193 410 2.05 0.031 
170 0.85 0.185 420 2.10 0.026 
180 0.90 0.177 430 2.15 0.02.1 

190 0.95 0.169 440 2.20 0.016 
200 1.00 0.162 450 2.25 0.011 

210 1.05 0.154 460 2.3U 0.007 

220 1.10 0.147 470 2.35 0.002 

230 1.15 0.140 480 2.40 -0.003 

240 1.20 0.133 

The relation is given by 

71 

1 

z'= (( `o + ( x + d 
)(1.2)) - 3990)/3990 

o 

where x = 727.48, Ao = 1313.41, a = 15591900 
0 
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Table 3.3.1 given in graphical form. Z is redshift, d is 

the emulsion cutcff to 4000 feature distance for IIIa -3. 
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3.4 Radial velocities - machine measurement 

A simple technique for measuring the radial velocities of 

faint galaxies from tracings of their objective prism spectra has 

been described in section 3.3. There are large numbers of faint 

galaxies on objective prism photographs taken away from the galatic 

plane. Using data from Shane (1975), we could expect about 1000 

galaxies on the photograph to an apparent magnitude of m M 1 

(very roughly; there are large errors present in this estimate 

from uncertainties in the Zwicky and Lick counts; Shane (1975), 

table 3). This number increases by about a factor of three per 

magnitude. Fig. 3.4.1 shows estimated galaxy numbers from Brown (1074), 

as calculated by Emerson (private communication). 

Such large numbers of objects cannot easily bo,handled by 

hand measurement, if several photographs are involved, and thus 

the photographs have been measured at the Royal Observatory, Edinburgh 

(ROE) using the COSMOS measuring machine. This involves the produc- 

tion of data which are most easily handled by computer techniques. 

There are two main areas to the problem of analysing the 

data; firstly, the identification of galaxy, as opposed to stellar, 

spectra; secondly, the analysis of the spectra themselves. Two 

possible approaches immediately suggest themselves for galaxy 

identification: the galaxies could be identified from a direct 

plate of the region using the technique described by M acGillivray et 

al (1976a) then these identifications transferred to the prism plate; 

or, if only late -type spectra are considered, the stellar spectra could 

be separated from the galaxy spectra by redshift. MacGillivray's 

original technique involves the use of a plot of two COSMOS measure- 

ment parameters; a plot of 
Tmin (the minimum 

COSMOS transmission 

value in an image) against log A (the log of the COSMOS area 

parameter). This plot is calibrated for a subset of the data on 

which the procedure is to be used, galaxies and stars in the 

subset being separated by visual inspection of the plate material. 

The procedure is then applied to the whole data set. This problem 

is discussed in more detail in section 
4.2, In this section the 

principles of making redshift measurements 
automatically from COSMOS 

data are described, with a description of the algorithm used to 

obtain redshifts. 
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Estimated galaxy numbers, given as integral counts out to a 

given redshift (z), to a limiting photographic magnitude m. 

Data from Brown(1974). 
N is the number of oalaxies per scuare degree. 
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3.4.1 Description of the data 

The majority of the COSMOS data used is the type 'mapping 

mode' - MM. An early form of COSMOS data, 'coarse mode' - CM - 

has also been used; this is now superceded by a new form: 

'image analysis mode', IAM (alternatively called 'threshold 

mapping', T1). All three types are described here. 

Mapping mode data is the simplest form of data. It is simply 

a list of values of plate transmission arranged in the order 

provided by a raster scan. Each scan line consists of 128 pixels; 

the scan lines are separated by an amount which gives a square grid 

of pixels. The scan lines are grouped such that eight lines 

comprise one block of data on magnetic tape, i.e. one block 

contains transmission values for 1024 pixels, eight rows of 128 

pixels. The pixel size can be 8, 16 or 32 microns, which determines 

line width and separation. Transmission values are digitised in 

the range 0 to 127 (with a new option of 0 to 255). A measurement 

of a large area on a plate consists of a series of 'lanes' each 128 

pixels wide. This description is summarised in fig. 3.4.2. In 

addition to the blocks on magnetic tape containing image data, 

there are 'control blocks'¡ the first block on a tape is a 

'housekeeping' block, containing information such as plate number, 

COSMOS job number, date of measurement, pixel size, etc. At the 

end of each lane is an 'end of lane' block, and the tape ends with a 

terminator block. 

The transmission scale depends on the setting of 0051105 

machine parameters such as ENT voltage on the photomultiplier, and 

amplifier gain. This needs to be calibrated for most purposes, so 

in addition to the measurement of the required area, a measurement 

of a step wedge (section 3.1 (d)) on an UKSTJ plate is also made. 

Coarse mode data is a now obsolete form of describing 

images on a plate. It was produced from information 
provided by 

a hardware pattern analysis system, and consists of a series of 

parameters for each image in the area measured, an image being 

defined as a set of connected pixels having 
transmission values less 

than some threshold value. The parameters are given in table 3.4.1; 

again these data can be produced for pixel sizes of 6, 16 or 32 ym. 
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block 1 
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block n +1 

block 2n 
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block 25 n 
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single block 
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128 pixels 

as 

Fig. 3.4.2 

The COSMOS MM data format. The 'total area' is contained on a 

single magnetic tape. 
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Table 3.4.1 

COSMOS parameters in Coarse Mode given for each image. 

Word Contents Units 

1 X centroid 0.1 um 

2 Y centroid .. 

3 X minimum .. 

4 X maximum .. 

5 Y minimum .. 

6 Y maximum .. 

7 area pixels 

8 minimum transmission 0 -127 

9 quadrant 

10 code 

'quadrant' gave a rough orientation 

'code' related to image recombination 
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The data are blocked up to magnetic tape in the same size blocks 
as for MM data; with 10 parameters per image this means that there 
are 4 unused words in each block. 'Pseudo coarse mode' data has 
been produced by several users of COSMOS data, including the author, 
by processing MM data with a program which mimics the operation of 
the COSMOS pattern analyser, This processing is now done for IAI'i 

data. 

Image analysis mode data has not been used directly for 
this work, but as it replaces CM data it is directly relevant to 

future work, and so a list of image analysis parameters (at present 
- June 1980) is given in table 3.4.2. Once again these can be 
obtained for the three pixel sizes, and are blocked up into 

standard COSMOS data blocks. 

3.4.2 Data reduction software 

A great deal of software has been written to handle COSMOS 

data from UKSTU objective prism plates, along with additional 

software to aid this processing. The relevant programs (no 

apologies are made for the spelling of this word) are described in 

the following sections to the extent needed to understand their 

operation. The listing of only one program is given in appendix A; 

but this is the central program to this thesis. Practically all 

of the programs are written in FORTRAN, with documentation within the 

source of the programs. The software has been fairly flexible; this 

was required both because of changes to the COSMOS data and 

because of improvements in techniques. The system as presented here, 

however, represents a working system. 

The software falls into the following groups: 

(a) production of magnetic tapes containing spectra in either 1111 

or 'tracing' format (described in section 3.4.3.) 

(b) the redshift program (section 3.4.4.) 

(c) 'results analysis' programs (section 3.4.5.) 

(d) support programs (e.g. co- ordinate transformation, line- and 

curve -fitting). 

3.4.3 Production of tapes containing spectra 

Initial COSMOS measurements of the prism plates at present 



Table 3.4.2 

COSMOS parameters in Image Analysis Mode given for each image. 

Word Contents Units 

1 X centroid , 0.1 atm 

Jj unweighted 
2 Y centroid 

3 X minimum 

4 X maximum 

5 Y minimum 

6 Y maximum 

7 area 

8 minimum transmission 

9 -250 log ( (I - Isky)) 

10 Isk 
Y 

at centroid 

11 X centroid 
intensity weighted 

12 Y centroid 

13 semi -major axis 

14 semi -minor axis intensity weighted 

15 orientation 

16 semi -major axis 

17 semi -minor axis intensity weighted 

18 orientation 

19 blank 

20 error word 

pixels 

0 -127 

0.1 4m 

degrees 

0.1 um 

degrees 

79 
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consist of 0M data of large areas. The first problem in 

examining spectra (of both galaxies and stars) is to extract the 

spectra from the MM data. There are now two approaches that can 

be taken. The first consists of a series of programs that were 

developed to extract all possible spectra from the MM data. After 

analysis of this type of data had shown that in many of the 

fainter objects the signal -to -noise ratio was very poor indeed, a 

second simpler approach was developed to extract quickly most of 

the objects from MM data, excluding the fainter objects; this 

approach uses a single computer program. 

The original series of programs is best explained with the 

aid of a flowchart (Fig. 3.4.3). Both MM and CM data are ob- 

tained of an area on the plate. A co- ordinate transformation is 

established from the CM measurements to the MM measurements. Images 

are then selected (e.g. by a magnitude- related parameter) from the 

CM data and their co- ordinates in the MM frame found; this acts 

as a finding list for the MM data. A program then uses this list to 

find spectra in the MM data, and output them to magnetic tape. This 

tape contains spectra neatly aligned within COSMOS MM-type data 

blocks. 

The core of this series of programs is the individual 

program 'SPEC2'. This extracts the spectra from positions in the 

MM data given by the finding list, and puts these spectra out to 

tape in a format similar to MM. This format consists of an infor- 

mation block for each spectrum (containing identification and co- 

ordinates) plus two other blocks (for 16 micron pixel size) 

containing the spectrum and adjacent plate background. 
The usual 

COSMOS housekeeping and terminator blocks are retained. 

The program works by taking the finding list (in the co- ordinate 

frame of the MM data) and generating from this a list of the MM 

blocks containing segments of image; 
each image needing an area 

3 blocks wide by 2 blocks high (16 micron pixel data) to be sure of 

containing the image (fig. 3.4.4 (a)). This list is then sorted 

into the order that the data blocks appear on the tape. 

A single pass is then made through the tape; blocks containing 

imaoe are stored as required to direct access backing store. In lane 

3 some images become complete; as they are completed the relevant 
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0<- 

SPEC2 

MM data 

of area 

CO- ORDINATE 

TRANSFORMATION 

tape of 

spectra 

ANALYSIS 

PROGRAMS 

finding 

list 

> USER 

CM data 

of area 

Image 

Parameters 

Fig. 3.4.3 

Flowchart describing the production of tapes containing 

spectra from COSMOS MM data. 
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Fig. 

(a) 

(a) 

3.4.4 

(b) 

Each spectrum may be contained in an area 3 blocks wide 

by 2 blocks high. 

(b) From this 3 x 2 area, 2 blocks may be extracted with the 

spectrum centrally aligned. 

(not to scale) 
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blocks are retrieved from backing store and placed in an array in 
core. The exact location of the area containino the spectrum is 

known (from the finding list) and using this an area two blocks wide 
and one high is extracted from this array (fig. 3.4.4 (b)) and 

output to tape along with the information block. 

At the end of this and subsequent lanes, one of the backing 

store files is released; thus for 16 micron step data only 3 

lanes -worth of backing store are needed at any one time. Even this 

creates fairly large overheads; each of these stores, for a typical 

galatic cap plate area one degree square, needs about 800 

kilobytes. 

The data produced by SPEC2 is used directly by the redshift 

program; however it is also possible to run this data through 

another program, TRACE4, which, given smoothing parameters, 

intensity conversion, normalisation or not as required, can 

produce another tape containing spectra as linear arrays instead 

of 2 -D arrays. This is really intended as a 'user- facility' for the 

suite of programs and has not been used very much for the present 

work. 

A vital stage in this set of programs is clearly the produc- 

tion of the finding list. This is an area which unfortunately 

still involves a certain amount of manual work in the present 

system, but which can be drastically reduced in the future using 

new interactive programming facilities becoming. available (section 

3.2.2), The problem splits into three stages: 

1) obtain CM or pseudo -CM data of the area on both direct and 

prism plates 

2) match images and perform the co- ordinate transformation 

3) use the transformation to produce a finding list. 

For (1), pseudo -CM has mostly been used, due to the variable 

status of the COSMOS CM mode through this work. For direct plates, 

the MM data of a direct plate of the area were processed using 

M acoiliivray's programs (privately communicated), 
which were 

forerunners of the present IAM; those of the prism plate were 

processed using COARSE2, written by the author. This is simply 
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another program written to produce psuedo -C1 data from MM data, 

being in this case oriented to prism plate MM data. 

Image matching requires some manual intervention: programs 

are used which produce graphical output of the images in small areas 

of the data, and lineprinter output of parameters of these images 

(fig. 3.4.5). This is done for both prism and direct plate data. 

The graphical output is then used to match images by eye, and the 

X, Y co- ordinates of these matched images obtained. The program is 

generally used to produce data of 25 areas in a grid arrangement 

(5 by 5) within the data; an average of about 3 images for eaéh of 

these 25 areas is used to perform the co- ordinate transformation. 

The transformation program itself works by obtaining a least 

squares fit to polynomial transformations from (x,y) to (u,v) such 

that 

u = f(x) + g(y) 

v = d(x) + e(y) 

where d, e, f, and g are polynomials. 

This fit requires the solution of a large number of si- 

multaneous equations; this has been achieved by two methods: 

(1) solution by 'brute force', solving determinants to obtain a 

first approximation to the transformation, then using the 

method of variation of parameters (appendix B) to obtain the 

least squares fit. 

(2) Once the programs were transferred to the IBM 360/195's of the 

Rutherford Laboratories, a standard routine at RL for solving 

simultaneous equations was used, to save the time of updating 

the original program to work at the same accuracy. 

The program generally gives rms errors 
in the transformations 

of the order of 10 microns, using the number 
of images given above. 

This accuracy is just sufficient to centre the spectra within the 

output data blocks. 

Stage (3) is simple; the list of image co- ordinates obtained 

from the direct plate is processed using the transformation 

obtained in (2) to produce a list of the images in the co- ordinate 

frame of the prism plate data. In addition, offsets are applied 

in (u,v) to give the co- ordinates of the corner 
of the pair of 

blocks containing the spectrum, 
rather than using the co- ordinate of 

the 'head' end of the spectrum itself. 
This offset is chosen to 
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place the spectrum centrally along the length of the two blocks 
in u, and to centre it in v. 

Future possible improvements to this process and programs 
include: 

(1) better CM -type data (71 data) of both direct and prism plates. 
(2) replacement of the laborious manual star -pairing in stage (2) 

by an interactive system which allows manual pairing of a few 
images (e.g. by using a cursor on a graphical VDU), followed 
by automatic pairing of a selection of stars which can be 
checked visually, and if found satisfactory, the transformation 
allowed to proceed. This can be implemented on the new 
computer systems available. 

(3) detection of possible overlapping spectra in the early stages 
of generating the finding list : probable overlaps could be 
removed or marked. 

The second approach for extracting spectra from MM data is 

rather simpler. It consists of a single program which operates 

to extract the spectra in a similar way to 'SPEC2', but instead of 

using a finding list to identify image positions, the program 

'looks for' images as it passes through the data. This is done by 

examining the data for connected pixels above a threshold which is 

set as a variable in the program; the threshold level determines the 

faintest images that are picked out. 

This approach is clearly not as satisfactory as the first 

method described. One difficulty is in dealing with 'overlapping' 

spectra; each of two overlapping spectra could be centred up in 

output blocks from the first series of programs, whereas this 

alternative program will count the two as one image. This may, 

in fact, not be considered a problem; such overlapping spectra 

are often either difficult to interpret, or even useless. The 

approach is also not as satisfactory in that it is more difficult 

to apply selection criteria to the images picked out; in the 

first approach, an image finding list could consist 
entirely of 

galaxies, for instance. However there is one major advantage; the 

program is a 'single pass' system; given only one parameter (the 

threshold level) and MM data of a prism plate, it will produce a 

tape of spectra and a plot showing the location of those spectra 

within the area. As such it is the quickest 
way of obtaining such 

a tape. 
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3.4.4 The redshift grogram. 

Probably more time has been spent on developing this one 
piece of software than on any other program, and being central to 

this thesis it merits a special description, and an inclusion of the 

listing of the FORTRAN source code (appendix A). 

The program specification is relatively simple; input data 

consists of a tape of spectra in the 5PEC2' format. Additional 

parameters are used, giving information on prism dispersion, 

spectral features anticipated, parameters of the COSMOS data, etc. 

The spectra are then processed in turn to obtain a redshift, if 

possible, for each one. Finally a plot of the tracing through the 

spectrum is made (giving information on the features identified, 

to allow checking by eye) and information about the spectrum, 

including the redshift obtained, printed on a lineprinter. 

The spectra themselves are of fairly low resolution due to 

the low dispersion used (2400 mm -1 at 4300 and the smearing of 

the spectra due to the finite size of the galaxies. The method devel- 

oped for machine measurement of redshifts is a development of that 

of Griffin (1967) who measured stellar radial velocities by 

matching the position of a mask of expected lines to the lines present 

in a spectrum. This basic technique has been applied by Sandage, 

Kristian and Westphal (1976) and Faber and Dressler (1977) and 

subsequent authors, who have correlated an expected galaxy spectrum 

at different redshifts with the observed spectrum, to obtain the 

redshift. If no intensity calibration is available for a photograph 

this method cannot easily be used as the observed continuum in 

density terms on the photograph would depend on the magnitude of the 

object. However the correlation method can be refined by removing 

the continuum of the observed spectrum using a convolution technique 

described by Thompson (1970); the same convolution is applied to a 

set of expected features, and the resulting function correlated at 

different redshifts to obtain the best correlation 
and hence the 

redshift. With a digitised spectrum S( ,c4) 
and a convolution C(x ) 

the convolved spectrum is 

TOLL) _ (- -xi.) J( J) 

Thompson used 

C(x) l=1< X 

-1 X < 13,-1 < 2X 

7- O OkherW;Se 
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where 4X was approximately the width of the features he was 
attempting to emphasise. A similar function is used in the 
technique described here, 

This function acts to remove constant and first order terms 
from the function S(>L ), and smooths the resulting function by 
an amount depending on its width (in Thompson's case, 4X). The 
amount of smoothing is thus beneficial if the noise present in 

the spectrum is at higher spatial frequencies than the features 
present. Whether or not this is the case, if the convolution 'gate' 

function C( X ) is matched in size to the features in the spectrum, 

they will be enhanced with respect to the continuum. 

Once the function T(lt.z) is obtained, the correlation 

technique can be applied to obtain a redshift, by correlating 

T(Xc.) with a standard, stepping the standard in redshift. In 

wavelength ()) terms, with an expected spectrum p( X ), if the 

correlation function is 

F(ai) -E[T(a. - P(a,(I +z;.))] 
F( -Ac.) should go through a minimum at itz _ ED where Z o is 

the redshift of the spectrum being measured, provided that the 

features match accurately enough. 

The structure of the program is given in a flow diagram 

(Fig. 3.4.6). There is no complicated structure, and the program 

is ideal for batch processing of large amounts of data. The 

individual 'blocks' in the flow diagram can be described in detail; 

Read external parameters 

This section reads in data from a file. The data include 

parameters for COSMOS data format, smoothing of the spectrum, 

details of the features expected in the spectrum, and the redshift 

range over which the correlation is to be performed. Details of the 

intensity conversion are also needed. In addition, some parameters 

are used to reject spectra, for example those which are too bright. 

Generate intensity look -ue table 

Before processing, the spectrum, written in COBROS 'transmission' 
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Fig. 3.4.6 

Flow diagram of the redshift program (section 3.4.4, and 

appendix A). 
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terms, is converted to intensity terms. Each pixel needs to be 
converted, so the most efficient way to do this is to use a 
'look -up table' of values calculated for each of the 128 COSMOS 
transmission levels, rather than calculate the result for 
every pixel (of which there are over 1000 in each spectrum). 

Write heading data 

The parameters originally read in are written to the 

liñeprinter for ease of reference when checking how a particular 

set of results was obtained. 

Set up correlation arrays 

The observed spectrum is correlated with a series of standard 

spectra at different redshift. For efficiency, these are calcu- 

lated once here at the beginning of the program and stored in 

arrays, rather than re- calculating them for each new spectrum. 

Initialise graphics 

Any graphics system used needs some form of initialisation. 

Read a spectrum: end? 

Data is read from magnetic tape; the end of the spectra can 

be detected here, failing which, the next spectrum is read in for 

processing, then intensity converted. 

Get tracing., smooth, normalise 

A i tracing' (1 -D spectrum) through the 11M -type data is 

obtained, smoothed if required, and normalised with 0 at sky level 

and 1 at spectrum peak intensity. 

Get cutoff. hence X calibration 

The position of the green cutoff of the IIIa -D emulsion is 

found by obtaining the half -height in intensity. With this 

position in the spectrum defined, the wavelength of each pixel in 

the spectrum can be obtained by using 
the prism dispersion 

relation. 
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Convolve 

The spectrum is convolved with the 'gate' function to remove 
the continuum ( above ). This leaves a convolved spectrum 
with only sharp features. 

Correlate with standard 

The standard spectra, stepped in redshift, are retrieved 
one by one and correlated with the convolved observed spectrum. 
The value of the correlation for each redshift is stored. This 
value should pass through a minimum (representing maximum 

correlation) when the redshifts of standard spectrum and observed 

spectrum match. 

Obtain z from correlation 

The minimum in the correlation curve is found, and a 

parabola fitted through the few points around the minimum, to give 

the best approximation to the redshift. 

Plot spectrum 

A plot of the spectrum, with features identified, is made 

to facilitate checking of the working of the program. Examples 

are given in fig. 3,4.7. 

O/P to lineprinter 

Details of the spectrum identification, calculated redshift, 

and other parameters are output to the lineprinter. At present 

two important parameters are given, which give information on the 

strenoth of the correlation, and on the fit to the maximum 

correlation. Monochromatic magnitudes at several points in the 

spectrum are also given. 

Output is also written to a data file. 

The redshift- obtaining algorithm 
is described in words 

under the sections 'Convolve' to 'obtain z from correlation' 

above. It is useful to give more details in diagrammatic form. 

The process of convolution and correlation of the convolved spectrum 



I 
C

O
I 1
 

u/
1,

40
1,

 
10

7 

5
 

to
, 

0.
70

40
71

 

le
t 

11
77

41
0,

 
10

1 

2
 

6
 

r 
3
 

4
 

7
 

1
1
 

8
 

1
2
 

F
i
g
.
 
3
.
4
.
7
 

A
n
 
e
x
a
m
p
l
e
 
o
f
 
'
p
l
o
t
'
 
o
u
t
p
u
t
 
f
r
o
m
 
t
h
e
 
r
e
d
s
h
i
f
t
 
p
r
o
g
r
a
m
.
 

T
h
i
s
 
i
n
c
l
u
d
e
s
 
s
e
v
e
r
a
l
 
l
a
t
e
 -
t
y
p
e
 

s
t
a
r
s
 
(
2
,
7
,
8
,
1
2
)
,
 
a
 
s
a
t
u
r
a
t
e
d
 
i
m
a
g
e
 
(
1
1
)
 
a
n
d
 
s
e
v
e
r
a
l
 
i
m
a
g
e
s
 
t
o
o
 
n
o
i
s
y
 
t
o
 
m
e
a
s
u
r
e
 
(
5
,
6
,
9
,
1
0
)
.
 



93 

is shown in fie. 3.4.8. The effect of the convolution is clearly 

seen from (a) to (b). The reason for the use of the convolution is 

given, above; it is to remove the effects of objects being at 

different brightness and different colours. The correlation should 

be dependent only on the sharp features in the spectra. 

The convolution process also simplifies generation of the 

standards. These can be specified simply as spectral lines (with 

depth and width) at particular wavelengths, and continuum breaks (with 

size given) at particular wavelengths. The combination used to date 

consists of just two features, the principal one being the 4000 R 

continuum break, and the secondary feature being a shallow line at 

the G band wavelength; this simulates well the spectra observed. 

Tests on the machine redshift program are described in section 3.5. 

A flow diagram of the principal components of the redshift - 

obtaining algorithm is given in fig. 3.4.9: this is self -explanatory. 

3.4,5 'Results analysis' programs 

At a fairly early stage in this work, when the redshift 

program was first used on COSMOS data, a suite of programs was 

written to aid interpretation of the results. This suite of 

programs is unfinished, as it was realised that more fundamental 

work needed to be done before the results could be analysed in 

this way. However several programs are written, and will be of use 

for future analysis of results. 

The redshift program results are written to a data file. This 

contains information on the identification, position, redshift and 

monochromatic magnitudes for each image. Programs have been written 

to plot positions of images as a function of redshift; to plot 

colour -colour diagrams as a function of redshift; and to plot 'con? 

diagrams' (e.g. Tifft and Gregory 1976). 



a' 

a 

(c) 

(d) 

a 

Fig. 3.4..8 

The convolution -correlation 
process. 

(a) observed spectrum 

(b) (a) after convolution 

(c) the 'standard' features 

(d) (c) after convolution 

(e),(f),(g): (b) correlated 
with the convolution of the 

'standard' at a lower redshift, 
the same redshift as (b), and a 

higher redshift. The convolved 
spectral features match when the 
redshifts match. 
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Fig. 3.4.9 

Flow diagram of the central components of the redshift- obtaining 

algorithm. The data at 'IN' consist of pixels in a wavelength 

calibrated spectrum. 
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3.5 Checks and Calibration 

3.5.1 Plate emulsion properties 

A major element in redshift determination using UKSTU objective 

prism plates is the wavelength standard. As mentioned in section 

3.3, several methods are available to produce a wavelength 

calibration; the method used in the present work is to use the 

very sharp long wavelength cutoff of the Eastman Kodak IIIa -3 

emulsion. 

It is essential to check the consistency of this emulsion 

feature if it is to be used to any extent. The possible variations 

that are likely to affect radial velocities are those due to (a) 

position on the photographic plate; (b) any effect due to the emul- 

sion characteristic curve, which could produce an apparent change 

in cutoff position with magnitude of the object, and (c) emulsion 

changes from plate to plate. It is useful to investigate these 

effects even though (b) should be removed by conversion of the 

image to intensity. The effects will be present in density tracings 

used for manual measurement of velocities. 

The position of the emulsion cutoff is also affected by the 

colour of the object under study; work by Emerson (private comm- 

unication) indicates that the effective cutoff position can change 

by up to A. 100 Á from BO to BO stars, although more than half of 

this change occurs over the range I:0 to MO. I"t is thus necessary to 

use stars of a fairly limited colour range to perform the checks 

on the emulsion properties. 

The checks performed to test for these effects are described 

below; they were made on plate material covering a common area, most 

of the photographs being centred on UKSTU survey area 345; details 

of the photographs ara given in section 3.1. 

al and (b) consistency with position and magnitude 

Plate U02461P has been used most extensively for early work 

on redshift determination, and so this plate was chosen for the 

positional emulsion consistency checks. 

For these checks, a set of 16 areas across the plate was 
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selected in a 4 by 4 grid, and in each of these areas a number of 

late -type stellar spectra were traced using a Joyce -Loebl 

microdensitometer. The stars were selected purely on the basis 

of brightness, to cover a suitable magnitude range. Very few 

had to be rejected due to being an unsuitable spectral type, as 

most of the faint stars on the deep photographs in the galatic 

cap appear to be in spectral classes G and K. In each area 6 to 

8 stars were traced, with the exception of the area chosen for 

comparison from plate to plate; in this area 10 stars were traced. 

The analysis of these data was as follows: the stars were 

first grouped into 4 magnitude ranges, to produce 4 sets of objects 

each of small magnitude range; any effects due to position were then 

looked for in each group. The method used to look for emulsion 

variations was to examine the separation between the cutoff 

position and the 4000_ continuum break. Here we are of course 

assuming that the 4000 Á feature is itself unaffected by what 

we are trying to measure. The height of the break is in fact 

small relative to the height of the emulsion cutoff on any given 

tracing, so, with its sharpness comparable to that of the cutoff, its 

midpoint as determined on the tracing cannot vary much due to the 

emulsion characteristics. We do not expect any intrinsic variation 

in the 4000 R feature (section 3.3.5). 

The results of the analysis for positional variation are 

given in table 3.5.1. It is clear from this that there is no 

systematic variation within measurement error, for any magnitude 

range. This allows us to proceed with the tests for magnitude 

effects, by combining together the results for all areas. Fig. 

3.5.1 is a plot of the cutoff position against object brightness 

(determined by peak density above sky). A correlation between 

brightness and cutoff position can be seen, and this is to be 

expected for measurements of cutoff position defined by the mid -point 

in density. In section 3.3 we noted that strictly the mid -point 

in intensity should be used. Applying a conversion from density to 

intensity (fig. 3.5.2 (a)) we can draw up a (calculated) correction 

for position of the cutoff, depending on object brightness (fig. 3.5.2 

(b)). This correction has been applied to the raw data, grouped in 

small brightness ranges, and the results of the corrected measurements 
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Table 3.5.1 

Results of analysis for position variation of the IIIa -J 
emulsion cutoff. Stars were divided into 4 brightness groups, 
with peak densities above sky as follows: a, 0 -0.67; 
b, 0.67 -1.34; c, 1.34 -2.02; d, 2.02 upwards. Cutoff to 

4000 IA feature distances are given for each of the 16 areas, 
arranged as on the plate. All four groups are combined in 
e, with the magnitude correction of fig. 3.5.2 applied as 

follows (in cm): a, 0; b, 0; c, -0.03; d, -0.05. The 

total number of stars used in each area is given in f. 

a) -- 2.45 2.40 2.30 b) 2.40 2.45 2.37 2.35 

2.35 2.35 2.40 2.35 2.40 2.35 2.43 2.45 

-- 2.35 2.30 2.33 2.40 2.40 2.40 2.40 

2.40 2.35 2.40 -- 2.40 2.38 2.38 2.38 

2.35 2.40 2.35 2.35 d) 2.40 2.40 2.50 2.35 

2.40 2.43 2.40 2.40 2.40 -- 2.40 2.45 

-- 2.40 2.40 2.35 2.45 2.40 2.50 -- 

2.40 -- 2.35 2.40 2.50 2.40 2.35 2.38 

e) f) Number of stars 

2.36 2.41 2.38 2.32 5 4 6 4 

2.38 2.38 2.39 2.39 6 5 6 5 

2.40 2.37 2.38 2.35 4 4 5 4 

2.41 2.37 2.36 2.35 6 4 5 6 

' - -' indicates no stars in that density group in that area. 
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Fig. 3.5.2 

The intensity - density relation (as fig. 3.3.3). 

(b) gives the calculated correction to the cutoff position 

measured on a 50:1 scale tracing, in cm, in terms of the 

object peak density. 
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of cutoff position against brightness are plotted in fig. 3.5.3, 

from which it is clear that the correlation shown in fia. 3.5.1 has 

been successfully removed. 

It should be noted that the correction required for this effect 

is very small, and only shows clearly here because of the use of 

a large range of brightness of objects to make these checks. The 

range of surface brightness of galaxies is much smaller, and in 

general is sufficiently small that the correction does not need to 

be applied; it is of course important to use stars of similar peak 

density to the galaxies when checking the wavelength calibration 

(section 3.3.7 (i)), to minimise the need for this correction. 

This correction will become important when measurements are 

made of spectra obtained using the new higher dispersion prisms, 

because of the increased wavelength resolution. 

(c): consistency from plate to plate 

Formal measurements to check emulsion consistency from plate 

to plate were made on 5 plates, comprised of mainly 40 minute 

unwidened exposures, but including one widened exposure, and a plate 

of somewhat unusual characteristics (033092P: table 3.1.2). This 

plate has a dense, irregular background fog, and an area, several 

centimetres across, of black spots in one corner. It also has a 

dip in the emulsion response at about 4800 , visible in all measured 

spectra; no other plates in the same emulsion batch have these 

features, Similar checks have been made on all plates used to obtain 

velocities. 

Tracings of the 10 stars in the selected area of the positional 

test were made for each of the five plates, and the objects having 

good features on all plates were selected. These are shown in table 

3.5.2, and again no systematic variation from plate to plate is 

immediately apparent. Data obtained from other plates for which 

velocities have been obtained are given in table 3.5.3; these have to 

be considered as more informal checks, as relatively few stars were 

used, but they illustrate the consistency. 

Six stars in the common area were used to test for emulsion 

cutoff consistency; the other four were rejected due to their having 

either small (in density) or broad 4000 Ñ features. The effect 
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Table 3.5.2 

Analysis for position variation of the IIIe -3 emulsion cutoff 
over five plates: 
in cm. 

cutoff to 4000 feature distances as measured, 

Object: 1 4 6 7 8 9 

Peak density 

above sky: 
2.15 1.13 1.18 1.55 2.27 2.22 

Plate 

U32461P 2.40 2.35 2.35 2.40 2.40 2.30 

UJ3092P 2.25 2.30 2.25 2.35 2.35 2.35 

UJ4539P 2.40 2.40 2.40 2.40 2.40 2.40 

UJ4563P 2.40 2.35 2.35 2.40 2.35 2.30 

U34530P 2.40 2.40 2.30 2.30 2.35 2.30 
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Table 3.5.3 

IIIa -J emulsion cutoff to 4000 feature separations (d), measured 
on plates not included in the formal analysis. The values given 
are means from n tracings of stellar spectra. 

Plate mean d n 

cm 

UJ2451P 2.38 5 

UJ2620P 2.37 3 

UJ3682P 2.36 5 

UJ4117P 2.35 2 

UJ4543P 2.34 5 

UJ4551P 2.43 .3 
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observed with density ((b) above) was corrected for in the 

measurements, and the results are given in table 3.5.4. It can be 

seen that the agreement is good, and no significant difference be- 

tween the plates is apparent, apart from the fact that the result 

for plate 3092 is low. This is not unexpected, being the 'rogue' 

plate mentioned above. A mean value (for the cutoff to 4000 R 

feature separation on the tracings) obtained from the remaining plates, 

2.34 + 0.04 cm, is perfectly consistent with that obtained for 

many areas on a single plate, 2.37 + 0.02 cm. The mean obtained 

from the single plate is adopted as standard (as it was determined 

from a larger sample); with a cutoff wavelength (obtained from 

density tracings of faint objects) of 5380 R determined from the 

dispersion curve, this gives a wavelength for the 4000 R feature 

as 3990 + 20 R. 

3.5.2 The intensity calibration procedure 

Intensity calibration is only used as a matter of course for 

digitised data. Chiefly this procedure has been used for data from 

the COSMOS machine, but a similar procedure has been used to convert 

to intensity data obtained digitally from a Joyce -Loebl microdensi- 

tometer (Kelly et al, 1980a). This procedure relies totally on 

the calibration of the step wedges provided by the UK Schmidt 

telescope unit. 

The intensity calibration procedure is best explained with a 

specific example. Here data is taken from measurement of an area 

on plate UJ2461P, which is processed by a computer program and plotted 

as in fig. 3.5.4. Measurements are made using the COSMOS machine 

of the east step wedge (this having the best profile - fig. 3.1.3). 

The same machine gain is used for the step wedge measurement as for 

the measurement of the area of interest. Also given are measurements 

of COSMOS transmission for clear plate (Tc ) and for 'black' plate 

(with a cap over the COSMOS detector), Te . These parameters are 

then used in the expression 

Io3 I°3 T -T -- 1 + C 
ß 

Where and C are constants to be determined. The constant Ó 

is related to the 'photographic' , the slope of the H -D curve. 
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Table 3.5.4 

Results of the analysis for position variation of the IIIa -J 
emulsion cutoff over five plates. d is the mean cutoff to 4000 R 
feature separation (with the corrections of fig. 3.5.2 applied 
using an appropriate offset for the different sky background 
densities of each plate); Cr the standard deviation in this mean. 

Plate d 0- 

cm cm 

UJ2461P 2.33 0.04 

UJ3092P 2.27 0.05 

UJ4539P 2.37 0.02 

UJ4563P 2.33 0.05 

UJ4530P 2.33 0.05 
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Fig. 3.5.4 

Plots of COSMOS data from the step wedge used to obtain the 

intensity calibration. 
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A plot of log I against log (( 
"re --70/0 - Tß) Z ) is 

drawn and the constants , C determined from the straight line 
obtained. This is illustrated in fig. 3.5.5. The expression 
given above can then be evaluated to give I for all values of T. 

The usual procedure is to evaluate the expression for all the 

integer values of T and to store the results in a look -up table; 

this saves a great deal of computer time when processing large 

quantities of data. 

This calibration has to be made for each new set of COSMOS 

measurements. Generally, a straight line results, as in fig. 3.5.5. 

Occasionally the points deviate systematically from a straight line; 

in such cases a straight line is fitted through the most important 

part of the calibration (from sky level to around T = 20). This 

problem seems only to have appeared in earlier COSMOS data though 

and could be attributed to scattered light around the side of the 

step wedge. The scattered light problem should now have been 

mostly alleviated(section 3.5.7). 

3.5.3 The Joyce -Loebl microdensitometer density linearity 

Use of the Joyce -Loebl microdensitometer has generally 

been restricted to situations where only the linearity in 

position was important (section 3.5.5). Any slight non -linearities 

in the density scale would.cause no real problems; and it would need 

serious non -linearities to make tracings obtained from different 

parts of the wedge difficult to compare. Nevertheless, the density 

scale has been used for magnitude estimates (section 3.5.9 and Cooke 

et al, 1977) and for this reason its linearity has been checked. 

Checks have been made for one wedge, 0760, as this is the 

wedoe most widely used for density tracings. The checks were made 

by comparing the separation between steps of the UKSTU step wedge 

when measured at different points on the microdensitometer wedge; 

this was done by using the density offset wedge on the microdensi- 

tometer. Wedge D760 was initially chosen for measurements because, 

of course, of its suitable density range (0.060 cm 
- 

.) but also 

because the manufacturer's calibration curve for this wedge is flat, 

indicating that no density corrections are needed. This is borne out 

by the checks made; repeat measurements indicate that the wedge constant 
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Fig. 3.5.5 

The intensity calibration for the step wedge of fig. 3.5.4. 

For these measurements, TO = 4, T = 433; from this straight 

line values of 6 
and C of 0.42 and 2.26 respectively are 

obtained. 
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is tiV: less near the 'dense' end of the wedge than it is at the 

'clear' end. This is certainly adequately linear. 

3,5.4 Microdensitometer density limit 

A problem to be considered with all density or transmission 

measuring machines is the problem of saturation; this is discussed 

for COSMOS in section 3.5.6. 

It was observed when measuring the relatively dense 

spectra of bright stars on the Joyce -Loebl microdensitometer 

that the spectra were apparently fully saturated at densities 

much lower than the maximum density of over 4 expected for the 

IIIa -J emulsion. It was discovered that this was not a saturation 

effect, but was due to light scattered around the sides of the 

spectrum being measured, in the optics of the measuring machine. 

The Joyce -Loebl microdensitometer has a provision for removing such 

scattered light by using an iris to cut down illumination of the 

sample to an area only slightly larger than the sampling slit; this 

removed the apparent saturation effect and has since been used for 

all measurements of brighter objects. 

The use of the iris also allowed a check to be made of the density 

saturation level of the Joyce -Loebl microdensitometer by attempting 

to trace the spectrum of a bright star. The result of this, along 

with a tracing of the same object with the whole field illuminated, 

is shown in fig. 3.5.6. It can be seen that the microdensitometer 

saturation does not occur until about density 5. 

3.5.5 Microdensitometer ratio .arm linearity 

Since redshift measurements are made from the tracings 

produced via the microdensitometer ratio arm, it is important to 

check that this ratio is constant along the length of the tracing. 

In an early series of measurements making use 
of a 300:1 ratio arm, 

non -linearities obvious to the eye were noted. The only other 

ratio arm available at the time gave a 50:1 ratio; this was 

tested and used. 

The ratio was tested by making a density tracing of part of 

a Moiré grating having approximately 
20 lines per mm. The line 

separation over ten line periods was measured across the tracing. 

As an additional check, to be sure of the intrinsic uniformity of 
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Fig. 3.5.6 

Illustrating the density saturation of the Joyce -Loebl 

microdensitometer. Saturation with the iris open (scattered light 

present) and closed (limiting scattered light) are shown. The 

ordinate is density; the tracings are of a very bright star, 

probably saturated itself on the emulsion. 
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the !'loiré grating, another part of the same orating was measured 
in the opposite direction; this also cave a linear result. The 

results of this test are given in fig. 3.5.7a. 

A 100 :1 ratio arm became available at a later date; this 

was also checked for linearity. The results showed a slight non - 

linearity, making the redshift results obtainable with this arm 

no better than those made with the 50 :1 arm, without the use of a 

correction table. It was thus considered that this inconvenience 

outweighed any advantages to be gained by using the 100:1 arm. 

The results of the linearity tests on the 100 :1 arm are shown in 

fig. 3.5,7b. 

3.5.6 005110S saturation 

Saturation of one measuring machine, the Joyce -Loebl micro - 

densitometer, has been discussed in section 3.5.4. We now consider 

the same problem for the COSMOS machine. 

As has been described above (section 3.2) the COSMOS machine 

measurements are in terms of plate transmission; this is obtained 

directly by measuring the light transmitted at a spot on the photograph. 

This transmission value is obtained by digitising an analogue signal 

from a photomultiplier and amplifier. There are two possibilities 

for a 'saturation' effect. Firstly, too much light falling on the 

photomultiplier; this does not occur, as measurements are regularly 

made of "clear plate ", i.e, emulsion chemical fog. This absorbs 

only a very small percentage of the total light. The other 

possibility is that of too little light falling on the photomultiplier; 

in this case so few photons are received, that the signal produced 

is comparable to the photomultiplier dark current. This situation 

effectively sets a limit on the density to which the COSMOS machine 

can measure. 

The exact density limit depends on the gain setting of the 

COSMOS machine, the photomultiplier EHT voltage, and the brightness 

of the scanning spot. The situation is also slightly complicated 

by the fact that COSMOS is linear in transmission, and gives out 

integer T values; as T approaches T 
black 

, a single step in T is 

equivalent to a large density step; thus in addition to the machine 

not being able to measure densities greater than a certain value, 
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the density resolution becomes very poor as T approaches this 
value. This condition is illustrated in table 3.5.5, taking 

data from the step wedge in fig. 3.5,4. The value of T given 
black 

by COSM`1OS is 4; the most dense step of the step wedge lies at 

T = 11, with diffuse density 2.33. The density resolution here 
is of the order of 4. This must represent a practical limit to 

density measurement; at this point the density /transmission curve 

is rising steeply and it is extremely difficult to estimate the 

extrapolated density even at, say, T = 6. The density resolution 

is approximately 25 at T = 32; for this step wedge the corresponding 

intensity resolution of 25 occurs at T = 26. 

Consideration of machine 'saturation' effects such as the above, 

has, as was found for the Joyce -Loebl microdensitometer, to take 

account not only of the machine detector but also of the 

illumination. For the microdensitometer an apparent saturation 

was found due to scattered light; this effect also occurs in COSMOS, 

and is discussed in the next section. 

3.5.7 The C05110S spot profile 

Some discussion of the profile of the COSMOS machine 

scanning spot and its associated problems was given by Pickup 

(1979); it is useful to mention these problems here as they relate 

to the density limit discussed in the preceding section. 

The COSMOS scanning spot consists of a finely focussed spot 

produced on the face of a cathode ray tube. Three focus settings 

are used to give spots of nominally 8, 16 and 32 m diameter. Ideally 

a spot of gaussian profile might be expected; in practice the 

situation is more complicated. The central bright spot can oe 

approximated by a gaussian profile, but surrounding this is a very 

large 'halo' of light; the production of this halo is intrinsic 

to the cathode ray tube. The halo has two components: the main 

component is 6 cm across on the tube (corresponding to 1cm projected 

on to the plate) which contains 1c;" of the total tube light; a 

secondary component 6 mm across on the tube contains 0.55 of the 

total tube light. Most of this is now removed, however, using a 

mask on the cathode ray tube face; as the spot is scanned in only 

one direction a mask with a narrow slot corresponding to the scan 
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Table 3.5.5 

Computed values of density (D) and intensity (I) from the step 

wedge data of fig. 3.5.4, for values of COSMOS T. Values for 

I > 1000 are extrapolated from an assumed linear D vs logI 

relation for IIIa -J at these densities and thus should be used 

with caution; the table does however, show the loss of resolution 

in density for low values of T. Values of logl are computed from 

the relation in section 3.5.2. 

T loo I I D 

5 3.37 2318 3.50 

6 3.24 1731 3.07 

7 3.16 1459 2.82 

8 3.11 1291 2.65 

9 3.07 1175 2.53 

10 3.04 1067 2.43 

11 3.01 1018 2.33 

12 2.98 961 2.23 

13 2.96 914 2.16 

14 2.94 874 2.10 

15 2.92 839 2.03 

16 2.91 808 2.00 

17 2.69 780 1.94 

18 2.88 755 1.90 

19 2.87 733 1.87 

20 2.85 713 1.81 
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can be used to remove all of the halo with the exception of the 

part remaining in the slot. 

The effect of the halo is similar to an effect due to 

light scattered around the spot being measured; the measured value of 

transmission appears to be greater than the true value. Unfortunately 

this cannot be taken out by the intensity conversion; the intensity 

calibration is obtained from a step wedge consisting of areas of 

approximately uniform density; the halo effect here is greatly 

reduced when compared to a measurement of a small, dense, 

spectrum surrounded by photographic plate at sky fog level. 

The net effect on the appearance of an intensity- converted tracing 

of a spectrum is to reduce the intensity at the intensity peak. 

Thus, when normalised, such spectra have features further above 

sky fog level than should be. This effect is noticeable in fig. 1 

of Kelly et al (19 8Oa). 

Once again, this is not an effect which has any bearing on 

the obtaining of radial velocities of faint galaxies. 
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3.5.8 Overlapping Spectra, 

A problem with all photographs of fields of objects is that 
the images of some objects overlap due to the proximity of these 
objects in the photograph. This effect is worsened in objective 
prism work, as the image of each object is elongated by the 
dispersion, thus increasing the likelihood of overlapping images. 

The basic problem of overlapping images is simply that 

some objects, because their spectra are overlapped, are excluded from 

detailed study; it becomes impossible to obtain a clear spectrum. 

With two partially overlapped images, where there was some uncontam- 

inated element of each image for every spectral resolution element, 

it might be possible, by careful processing of machine measurements 

of the area, to deconvolve the two images, This process would 

have to be very carefully applied to avoid introducing artefacts 

into the spectra, and in most cases is probably not worth applying, 

It may be considered worthwhile in a situation where one of the 

objects posesses an unusual spectrum. 

A more subtle side to the problem of overlapping images is 

the case where the objects having overlapped spectra lie exactly 

in the direction of dispersion. An 'unusual' spectrum, with 

features possibly resembling emission lines, can result. Some 

of these cases can be excluded directly from the prism photograph, 

by reason of their impossibly long length, having spectra apparently 

extending well beyond the ultraviolet end of the emulsion and 

atmospheric cutoff. To be sure of a correct interpretation of 

other spectra, though, it is necessary to examine a direct 

photograph as well as the objective prism photograph. This is the 

procedure adopted when performing searches of the photographs. 

Counts have been made to determine the numbers of 

overlapping spectra in fields of interest on UKSTU objective 

prism photographs. In field 345, at galactic latitude of 

approximately 60°, a total of about 55 of images are overlapped 

(83 out of 1616 images, counting to the plate limit in a total 

area of one square degree). 

3.5.9 Estimates of magnitudes. 

A question frequently asked 
of the technique is: to what 
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magnitude can velocities be obtained? There are at present 
no galaxies having velocities obtained by the technique and 
independently determined magnitudes from either photographic or 
photoelectric photometry. Thus to answer this question at all 
we are reduced to making estimates by some means. 

The most accurate estimates are probably those of Corwin 
(private communication) who, by using a photographic step -scale of 
'standard' galaxies for sky limited IIIa J direct photographs, 

estimated that the fainter of the galaxies for which redshifts could 

be obtained are at about 18th to 19th magnitude in the blue. 

Corwin's step -scale magnitudes were calibrated initially from 

photoelectric aperture photometry of the galaxies. 

Some additional support for these estimates comes from a 

photoelectric stellar sequence. In August 1979 B, V photometry 

was obtained of 39 stars in UKSTU area 345 (see section 3.5.12) 

covering a magnitude range from B = 14.4 to 17.9, using a 

'people's' photometer On the 1m telescope at the South African 

Astronomical Observatory. This allowed a rough calibration to 

be made of the appearance of stellar spectra on the objective 

prism photograph UJ2461P; the scale was extrapolated a little to 

give a calibration from B = 14 to B = 19. 

It was considered that the dispersed spectra of faint 

galaxies and faint stars are easily compared by eye to obtain 

brightness estimates; this comparison is much easier than a 

comparison of the images on direct photographs, as there is less 

saturation on the prism photographs. The comparison is clearly 

of the nuclear regions of the galaxies rather than of the whole of 

the galaxies with the stars; it is likely that the total galaxy 

magnitudes are up to a magnitude brighter than the values obtained 

from this comparison. 

Using this comparison method, estimates were made of the 

(nuclear) magnitudes of galaxies in a cluster in area 345, ranging 

from about 3 = 14 to B = 19. 

Iiicrodensitometer tracings were made 
of these galaxies, 

and an attempt made to correlate the measured peak density of 

the spectra above sky with the estimated magnitudes. This 

correlation is shown in fig 3.5.8. There is clearly a reasonable 
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correlation over the fainter magnitude range, with a dispersion 
of about 0,5 magnitude. A linear regression line through the 
points below 16th magnitude is shown; non -linear saturation effects 
are apparent for the brighter galaxies. 

Measurement of galaxy velocities from tracings shows that . 

satisfactory results can be produced for objects having peak 
densities above sky of 0.45 (this photograph, UJ2461P, has a 

sky density of about 0.7). From the correlation obtained, this 

- corresponds to objects with estimated nuclear magnitudes of 

D N, 19, which lends some support to Corwin's estimates. 

3.5.10 Velocity checks 

Throughout this work it has been realised that systematic 

errors are likely to be present in the velocities obtained for 

galaxies. One obvious possible source of error is that the 

4000 R feature is defined from a set of late -type stellar spectra, 

of similar intrinsic colour to a zero redshift elliptical galaxy. 

The galaxy will not necessarily have a 4000 feature of exactly 

the same form as that in the stars; and this problem will become 

worse with later -type galaxies (early spirals, e.g. Sa, Sb). 

It is necessary to check that the radial velocities obtained 

from objective prism spectra agree with velocities obtained using 

higher dispersion slit spectra and conventional techniques of line 

identification and position measurement. Velocities of individual 

galaxies can be obtained from prism photographs without too much 

difficulty by using the Joyce -Loebl microdensitometer to provide 

tracings of the spectra; obtaining the corresponding slit spectra 

is not so simple. The basic problem is that there is no large body 

of data providing velocities of objects in the magnitude range 

usable on the prism photographs, in an area contained by one 

plate. Ideally we need a sample of velocities for galaxies 

covering the magnitude range 8 = 15.5 to 18.5, having z = 0.05 to 

z = 0.1, on one southern high galactic latitude UKSTU survey field. 

In addition the galaxies should cover a range of galaxy types. Data 

available is mainly restricted to single galaxies 
at random locations 

(e.g. catalogues noted in section 2,3) 
or, in some fortunate cases, 

to clusters of galaxies (e.g. Oemler 1973). Thus telescope time has 

been sought throughout this project 
to obtain velocities of faint galaxies 
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in the areas of available objeciive prism photographs, In this 
section these velocities, and the published velocities for 
Abell 2670 (Oemier 1973) are compared with the objective prism 
velocities. 

We have used three allocations of UK telescope time for 

velocity work on telescopes as listed in table 3.5.6. 

The spectra obtained at SAAO in August 1976 were taken 

using the EMI tube in the 0.4 image tube spectrograph at the 

Cassegrain (f /18) focus of the 1.9m telescope. The spectra were 

unwidened, and exposures of f,1 hour were used for the faihter 

objects, The spectrograph slit was of width i. 1.2 arcsec and 

length r1,, 4.3 arcsec, and was orientated in right ascension. 

Calibration was.by a copper -argon lamp. The spectra were recorded 

on unbaked Eastman Kodak IIaa plates. The dispersion used was 

210 mm-1. 

Only grey time was offered for this observing run; it 

was accepted in the absence of any information on the performance 

of the spectrograph for galaxy work under various conditions. The 

spectra obtained were seriously affected by the presence of the 

moon, especially with the addition of thin cloud. In reduction, 

in addition to measuring the lines of the objects observed, night 

sky lines, and odcasionally the moon H and K lines were measured 

as a check on zero error.. The lines measured include: 3727 (OII), 

3934 CaII K, 3969 CaII H, 4959 (OIII), 5007 (OIII), 5184 ligI, 5270 FeI 

(blend), 6563 Hoc, 5584 (NII). Night sky lines present include 

5577 (OI), 5890 -56 NaI, 6300 (OI). The measurements were made using 

a travelling microscope, with repeat measurements to give an 

estimate of the measurement error. 

The velocities obtained, and comparisons with Martin's (1976) 

velocities for the standards, are given in table 3.5.7. A corr- 

ection of -101 kms -1 has been applied to the measured velocities, 

this being the mean correction derived from measurements of moon 

absorption and night sky emission lines. The mean internal 

standard error in the velocities is 01... 180 kms 1, and the estimated 

total error is about + 200 kms 
-1 

. 

In addition to the 5 programme galaxies and 
3 standard 

galaxies shown in the table, spectra 
of 10 other programme galaxies 
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Table 3.5.6 

Use of telescope time allocated for velocity work. 

Date 

D 

Nights Telescope Observers Total Useful spectra 
G B clear P S others 

August 1976 - 3 3 SAAO 1.9m CEH 44 6 3 2 

March 1977 3 2- INT CE 14 3 2 2 

October 1979 7 - - SAAO 1.9m CEK 4 10 4 4 

D, G, B: dark, grey, bright time 

Observers: C, the author; E, D.Emerson; H, M.R.S.Hawkins; 
K, B.D.Kelly 

P: programme objects; S: standards 



Table 3.5.7 

Velocities of galaxies obtained from slit spectra (v ), for 
comparison with objective prism velocities (y ). Velocities 
of standards (v ) are also given. 'Anonymous9 galaxies are 
identifj.ed by IáU format co- ordinates. All velocities are 
in kms . 

Object Observers v 
S 

v 
O 

v -v s o 
v ] 

4,800 
17,400 

v -v S_a 

22313-3842 
22383-4006 

CkEH 

.. 

9,446 
19,044 

+4,646 
+1,644 

22403-4021 .. 17,315 17,400 '-85 

22410-4019 .. 38,023 42,000 -3,977 
22410-4029 .. 9,881 12,600 -2,719 
NGC 6770 .. 4,032 3,910 +122 
NGC 6771 .. 4,406 4,290 +116 
N GC 7496 .. T,609 1,540 +69 

12397-0550 CnE 6,533 2,400 +4,133 

22240-3825 CkEK 26,450 24,300 +2,150 

22211-3814 .. 41,463 39,900 +1,563 

22219-3793 .. 49,969 48,600 +1,369 

22208-3831 .. 32,040 35,700 -3,660 

00462-2951 31,376 28,200 +3,176 

00491-2867 . 34,390 28,200 +6,190 

NGC 1537 1,378 1,378 (0) 

NGC 1726 .. 3,777 4,072 -295 

NGC 1546 1,227 1,190 +37 

NGC 1587 3,429 3,890 -461 

A2670 no.1 0 23,200 22,800 +400 

4 .. 21,260 24,600 -3,340 
6 .. 21,430 22,800 -1,370 
7 .. 22,900 22,800 +100 

8 .. 23,400 21,000 +2,400 

9 .. 22,350 24,600 -2,250 

10 .. 22,700 22,800 -100 

Observers: Ck, the author; Cn, H.G.Corwin,Jr.; E, D.Emerson; 

H, M.R.S.Hawkins; K, 8.DKelly; 0, Oemler (1973). 

Velocities are given only for those programme objects having 

objective prism velocities. 

G'v -v 
s p 

71 -i V ( ) 

Y.11(1/ -V ) 

2 

-1 s ° - 2,975 kms 

n - 1 

- +541 kms 
-1 

123 
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were obtained. However these were too contaminated by moonlight 

for spectral features to be reliably identified. This indicated 

the necessity for dark time for observations of this type, even 

for the brighter (8 ti 15) objects. 

The second allocation of time was on the Isaac Newton 

Telescope in March 1977. Dark time was allocated, but most of 

the time available in the 6 nights was lost due to bad weather. 

The instrumentation used was almost identical to that used at 

SAAO (except that baked Eastman Kodak IIIa J plates were available) 

but poor sky conditions, low altitude of the field and the 

Pevensey Bay street lights rendered the few spectra taken unusable. 

The most recent allocation of time for galaxy velocity 

work was again on the 1.9m telescope at SAAO, in October 1979. 

The spectrograph was essentially the same as for the first run 

(though modifications now allow remote operation), but the 

detector used was the Boksenberg Image Photon Counting System (IPCS) 

(e.g. Boksenberg 1972). This system allows simultaneous 

observations of programme object and sky; the sky spectrum can then 

be subtracted from the spectrum of (object -F sky). Dark time was 

again available for this observing run. 

The spectrograph slit used was of width ti 2.4 arcsec, and had a 

length of ti 36 arcsec recorded in 8 data 'increments'. The data area' 

used on the image tube was 2000 'lines' by 8 'increments', with a 

resolution of 2.6 per line. The dispersion used was again 

210 Ñ mm -1. Calibration was by a copper -argon lamp, with a liquid 

copper sulphate filter to reduce the intensity of four strong lines 

in the red, to protect the image tube. Integration times up to 

2 hours total were used, and even then counts of only 50 photons 

per 'line' were recorded in the continuum for the programme 

galaxies. These integrations were split up into runs of 1000 

seconds, interspersed with calibration arc spectra, to check for 

any mechanical or electrical drift in the positioning of the 

'data area'. All the data were recorded on computer magnetic 

tape. 

Final reduction of the data was performed by Dr. B.D. Kelly, 

who wrote the software needed for the reduction process. The 

procedure was as follows. First, sky subtraction was performed 
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for each 1000 second run. With no drift of the data area 

apparent from the arc spectra, all the runs for a given object 

were then added. A calibration was obtained from the relevant 

arcs, and the programme object counts rebinned into an array 

linear in wavelength. This reduced spectrum could then be 

plotted for inspection, and stored for later processing. This 

procedure was applied to all the programme and standard galaxies. 

Velocities were then obtained by a correlation technique 

similar to that used by the author for objective prism spectra 

measured by machine. In Kelly's system, the continuum is removed, 

and the spectrum again rebinned into an array where distance 

along the array, x, is given by x = k logX + c where k and c are 

constants. This relation means that redshifted spectral features 

will all be shifted by the same amount in x, i.e. by the same distance 

along the array, which simplifies correlation of two spectra at 

different redshifts. The velocities given in table 3.5.7 were 

obtained by correlating the spectrum of NGC 1537 (the standard 

having the best signal -to -noise ratio) with each of the others. 

Velocities are given for all objects observed. Velocities of 

standard galaxies are taken from Sandage (1978) and Gisler and Friel 

(1979). No corrections have been applied to these velocities; in 

the present form they are intended purely for comparison with the 

objective prism velocities. As yet no estimate of the internal 

error of the correlation process has been made, However comparison 

with the standards indicates that the total error, after corrections 

have been applied, might be of the order of + 300 kms 1. 

The observing runs have shown clearly the difficulties of 

observing faint galaxies. The galaxies to be observed generally 

have no emission lines in their spectra, hence a good signal to 

noise ratio in the continuum is needed to detect absorption lines . 

This requires large amounts of observing time to secure good 

spectra. The spectra obtained with the IPCS are still far from 

satisfactory; integration times of approximately 5 - 10 hours would 

be needed to obtain good signal to noise ratio spectra (with 

counts of about 300 in the continuum) for most of the objective 

prism photograph galaxies having prism velocities. The 

magnitude range of interest is such that ideally the 3.3m Anglo- 
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Australian telescope should be used, but to the present no time 

has been allocated on that telescope. 

In addition to the observations above, the velocities given 

by Oemler (1973) for Abell 2570 have been used; an UKSTU objective 

prism photograh was taken centred on the cluster. The velocities 

for Abell 2670 are described in section 4.1.2, and are given in 

table 4.1.1. The velocities obtained from the prism photograph 

compared with those given by Oemler give a value for 0' of 

2000 kms ̂ 1 
One further velocity for the comparison was obtained by 

Emerson and Corwin (private communication) at SAO using the image 

tube spectrograph. This is also given in table 3.5.7. 

From all these sources, we have velocity comparisons between 

prism and slit spectra for 19 objects, which are plotted in fig. 

3.5.9. There appear to be no gross systematic trends, though with 

so few objects it is difficult to be certain. The value of or for 

the agreement is calculated to be 2975 kms 1, on average. In fact 

we expect the higher velocities to be less accurate,because of the 

dispersion curve and the measurement method. Calculating errors for 

each galaxy separately in terms of the effective distance on the 

photographic plate, we find that the measurements have a or of 

about 18 microns on the plate. This is approximately what would 

be expected from the measurement method used; with a measurement 

accuracy of 0.5mm on the tracing (corresponding to 10 microns on 

the plate), and uncertainties in the absolute wavelengths of the 

emulsion cutoff and the 4000 feature (corresponding to 6 microns and 

11 microns respectively) we would expect a combined error of this 

size. 

3.5.11 Tests of the redshift program. 

The problems of obtaining large numbers of velocities 

using the redshift program described in section 3.4 are discussed in 

section 4.2. Because of these problems additional means of 

testing the working of the program were required. When the program 

was first being developed, it was tested on synthetic spectra 

generated to resemble objective prism spectra; however it was felt 

that a better test was needed using real data. 
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To this end measurements were made of 5 galaxies in 

cluster Abell 133 from plate UJ4543P; the galaxies were selected 

from those previously traced using a microdensitometer (section 

4.1.3) and possessing 4000 R features. The measurements were 

made with the digitisation system on the Joyce -Loebel microdensi- 

tometer described by Kelly et al (1900a); the data were recorded 

on cassette tape then transferred later to the ROE's 4082 computer. 

In addition to the 5 galaxies, measurements were also made of two 

late -type stars. The redshift program was transferred from RL's 

360195 machines also to the ROE 4002, and implemented in a form 

suitable for these data. The program was then successfully run 

with the data. 

The program correctly identified the 4000 R feature in all 

the spectra; a copy of the program output is given in fig. 3.5.10. 

The redshifts obtained for each object were then compared with those 

obtained by measurement of microdensitometer tracings of the 

spectra; this comparison is given in table 3.5.8. It can be 

seen that there is a systematic difference between the two results. 

The difference is in the same direction for all the galaxies, but 

direction for stars. not yet clear 

what causes this difference; it seems to be a property of the 

computer program, that it obtains positions for possibly both the 

cutoff of the emulsion and the 4000 feature that are different 

from tho obtained by direct measurement of the tracing. Both 

computer positions and direct measurement positions look satisfactory 

to the eye (fig. 3.5.11) so the difference will have to be cal- 

ibrated out of the computer -derived redshifts. It is thus essential 

still to obtain a good sample of velocities of galaxies in a small 

area from slit spectra, covering a wide velocity range. 

3.5.12 Spectral classification. 

Although not a direct part of the work on velocities of 

galaxies, the classification of spectra on objective prism plates 

forms an important part of the project as a whole, and is of 

relevance here especially with regard to the classification of 

galaxy spectra. The starting point for classification on 

objective prism photographs, however, is the classification of 
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Table 3.5.8 

Comparison of redshifts obtained from measurement of micro - 
densitometer tracings (zt) and from the computer correlation 
technique on COSMOS data (z). The corresponding emulsion 
cutoff to 4000 Á feature distances (x and x) are also given, 

xt as measured, x as calculated from the computer redshift. 
Galaxy (G) and star (S) identifications are as in plate 4.1.2. 

Object z zt x xt zt - z 

G4 0.048 0.053 1.89 1.65 0.005 

G8 0.050 0.058 1.88 1.80 0.008 

G11 0.039 0.053 1.98 1.85 0.014 

G13 0.043 0.053 1.94 1.85 0.010 

G14 0.045 0.047 1.92 1.90 0.002 

Si 0.018 0.007 2.18 2.30 -0.011 

S2 0.016 0.002 2.20 2.35 -0.014 



11 

13 

Fio. 3.5.11 

A comparison of the direct measurement (left) and computer 

derived (right) positions of the cutoff and 4000 feature 

for the galaxies in table 3.5.8. The tracings are (left) 

in density and (right) in intensity and normalised. 

Note that the horizontal scales are similar but not identical. 
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stellar spectra, briefly considered in an early paper (Handy et al 

1977). This was taken a little further by Krug et al (1980), who 

again considered classification of unwidened stellar spectra. 

A slightly different approach has been taken in more recent 

work (Kelly et al 1980b) on the classification of spectra on 

widened objective prism photographs. The standards for this 

classification were determined from B,V photoelectric photometry 

obtained by Kelly and the author in August 1979 using a 'people's 

photometer' on the 1m telescope at the South African Astronomical 

Observatory. Values of B -V were obtained for 39 stars in the 

magnitude range V = 13.5 to V = 17.1, in UKSTU survey area 345. 

Clain sequence spectral types were then given for these colours, 

assuming the stars in this magnitude range at -60° galatic 

latitude to be main sequence. The spectral types range from 32 

to 110. In addition to correlating the appearance of widened 

spectra on the photographs to the corresponding spectral types, 

normalised intensity converted tracings were taken of the spectra. 

It is sometimes difficult to separate adjacent spectral classes 

by visual inspection of the spectra, but differences are apparent 

from the tracings of the spectra. This certainly implies that it 

is possible to perform such a classification by computer sorting 

of the data. The spectra are widened to 100 microns, on a 40 

minute exposure photograph. Classification by eye is certain to 

half a letter class; from inspection of the spectral tracings 

classification to an individual spectral class is possible. It 

is possible that some luminosity effects are visible to the eye in 

the spectra on the plate. (Kelly, private communication). 

Application of classification techniques to galaxy spectra 

is not simple. It is not generally applicable on a widened 

photograph, as this spreads out the already small amount of 

light from galaxies to such an extent that few galaxies have easily 

examined widened spectra. On unwidened photographs, it is 

generally possible to classify galaxy spectra into two classes: 

spectra with and without the (rest -wavelength) 4000 9 continuum 

drop. From tracings of the spectra, however, more information 

can be obtained; it might eventually be possible to classify the 

spectra by the strength of the 4000 9 feature. 
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There are, of course, still further complications to 

this picture; some galaxies possess emission lines in their 

nuclear spectra, and in scanning plates for other purposes, 

galaxies with, apparently, a Balmer jump in their spectra have been 

noted. Clearly there is much scope for further work in this 

area, with both the present prism, and also when the increased 

resolution provided by the new higher dispersion prism becomes 

available. 
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4. Aelications and conclusions 

4.1 Clusters of galaxies. 

Initial attempts to obtain radial velocities from 

objective prism photographs were restricted to fields for which 

plates became available near the start of this project. Early 

work was generally on spectra of galaxies in the field, rather than 

specifically cluster galaxies; the plate selected for much of the 

early work (U32461P, UKSTU survey area 345) has no rich clusters 

of galaxies in the magnitude range suitable for redshift measurement.. 

This area was one of several selected by the UKSîU for test plates 

taken with QS0 searches in mind; subsequent work has shown (Clowes, 

thesis in preparation, 1980) that this area does have a rather 

patchy QS0 distribution. There are unfortunately no galaxy counts 

for this area; neither the Shane and Wirtanen (1967) nor the 

Zwicky et al (1961 - 1968) catalogues cover this area. Some early 

work showed the value of the redshift technique in the study of 

clusters; this and subsequent work on clusters of galaxies is 

described in this section, 4.1. 

The application of the techniques for obtaining galaxy 

velocities in clusters is the easiest application. It is a fairly 

simple matter to obtain microdensitometer tracings of galaxies in a 

cluster. There are also other attractions. To begin with, a 

cluster of galaxies is an attractive test of the accuracy of the 

redshift determination. The internal velocity dispersions of most 

clusters lie in the range O, 100 to A, 2000 kms 1(Yahil and Vidal, 

1977); this is smaller than the error expected for a single prism 

spectrum, so a cluster of galaxies represents a group that might 

be considered to lie at the same velocity, as far as the redshift 

technique is concerned. A preponderence of elliptical galaxies is 

also generally noted in clusters, which is an additional advantage; 

as noted in section 3.3, elliptical galaxies are the objects 

possessing most clearly the features needed for redshift 

determination. 

4,1.1 Cluster associations. 

Measurements of cluster galaxies were first made as a test 
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of the application of the redshift technique in collaboration 

with :lacGillivray of ROE, who had examined three clusters (numbers 

1, 2 and 3 of MacGillivray et al (1976b)) located within a few 

degrees of each other. A prism plate (UJ2620P) was taken of this 

area, centred on the clusters. 

Four areas were initially selected near the centre of the 

plate, three on each of the clusters, and one close to the others 

but not containing any obvious cluster (fig. 4.1.1). In each 

area the brighter galaxies were traced and redshifts obtained for 

those with suitable features. The results of these measurements 

appear as the first four histograms on fig 4,1.2, showing the dis- 

tribution in velocity for each area. The peaks due to the clusters 

show up well, and slightly better to the eye in the 'smoothed' 

histograms (smoothed to take out artefacts due to measurement 

accuracy). The distribution in the area not containing a cluster 

is almost as peaked; thus the distributions for rather more 

general areas on the plate were obtained (5 and 6 in fig. 4.1.1) by 

applying identical measurement procedures. The results are plotted 

as the last two histograms in fig. 4.1.2. 

From the histograms for the three clusters, field galaxies 

with z > 0.02 from the cluster means were excluded from the sample. 

Mean velocities were obtained for the remaining galaxies in each 

cluster. 

The conclusion of this work is that the three clusters, 

although close together in the sky, are separated by quite large 

distances in depth. The velocities obtained for the means of the 

three clusters are 39,300, 44,400 and 33,900 kms -1, giving distances 

of 786, 888, and 678 Mpc assuming a value for H of 50 kms 
-1 

Mpc 1(e.g. 
0 

Sandage and Tammann (1975b) give Ho = 57 kms 
1 Mpc 1). At these 

distances, the separations on the sky ( ti 1 degree) correspond to 

distances of ^, 15 Mpc. The three clusters are thus well 

separated in depth. 

4.1,2 Velocity accuracy. 

The second set of measurements of velocities from a 

cluster was made as a check on accuracy. The cluster concerned 

is Abell 2670, which has ten velocities determined by Oemler (1973) 
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Selected areas on plate UJ2620P. 
1,2,3 containing clusters of galaxies 

4 the initial control area 

5,6 additional distant control areas 
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Velocity histograms for the ó areas shown in fia. 4.1.1. 

Z is the redshift. The histograms on the right are from the 

data on the left, smoothed over two redshift bins 
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and as such represented the largest collection of velocities 

greater than 10,000 kms 1 available on a single southern hemis- 

phere survey area when the plate (UJ4551P) was taken. The cluster 

has an Abell richness class 3 and a distance class 4. 

The results of these measurements, made on the automated 

Joyce -Loebl microdensitometer in the University of St. Andrews, 

are shown in the table 4.1.1. These results were obtained 

from measurements of plots produced by Wilma IlcKellican, a 

vacation student at the Royal Observatory, Edinburgh, to the scale of 

the Joyce -Loebl microdensitometer recording pen plots. The 

velocities agree well with those of Oemler, to an accuracy similar 

to that expected from measurement accuracy; at the redshift of 

Abell 2670, a distance of half a millimetre on the tracings of 

the spectra at the 4000 R feature corresponds to a velocity of 

about 1800 kms 1 . 

The mean velocity obtained for the seven galaxies, 

23100 T 1200 kms 1 is close to the mean obtained by Oemler for 

nine galaxies: 26600 + 300 kms -1 (Dernier excluded galaxy 5 as a 

possible field galaxy). Galaxies 2 and 3 were excluded as 2 

overlapped another galaxy on the prism plate, and 3 is in the 

area of the plate inaccessible to the St. Andrews machine. 

There is a systematic difference between the prism 

velocities and Oem ler's velocities of 590 kms 1, but this is not 

significant. It is noted that in table 4.1.1 the values of 

Vp -Vo appear to be correlated with Vo; this is assumed to be an 

effect of small number statistics. 

4.1.3 Velocity dispersions. 

The results for two other clusters of galaxies are pre- 

sented here. Both lie on the same photograph, UJ3453P. 

IlecGillivray first suggested the measurement of velocities 

in cluster Abell 140 on this photograph as the cluster appears 

to have two main centres of concentration on the direct photograph 

(plate 4.1,1(a)). It was anticipated that possibly velocities would 

resolve the cluster into two components, This work has been 

submitted for publication along with the work described in 4.1.2 

(Cooke et al, 1980). Abell 140 has an Abell richness class 3 and 
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Table 4.1.1 

Radial velocities in Abell 2670. 

Galaxy Velocities (kms-1) 
(Oemler no.) prism Oemler 

v v v - v 
p 

1 22,800 

4 24,600 

6 22,800 

7 22,800 

8 21,000 

9 24,600 

10 22,800 

v = 23,057 kms-1 
P 

Z(vp-vo)2 
dr 

v -v n - 1 

P o 

7_1(v 

n 

o p o 

23,200 -400 

21,260 +3,340 

21,430 +1,370 

22,900 -100 

23,400 -2,400 

22,350 +2,250 

22,700 +100 

s 

-1 

- 2,000 kms 

- 590 + 760 kms-1 

(n is the number of galaxies) 
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distance class 6. 

The results of measurements in this cluster are shown in 

table 4.1.2, and the cluster itself shown in plate 4.1.1. 

Galaxies with velocities less than the mean of the distribution 

are marked with circles, and those with velocities greater than the 

mean marked with squares. There is no apparent spatial 

correlation of velocity with position. This is not particularly 

remarkable, although it was surprising. What is more remarkable 

is the dispersion in velocity observed. We have already seen from 

Abell 2670 that the measurement accuracy introduces a' dispersion, 

for Abell 140 corresponding to 2200 kms 1. The measured dispersion 

is 3800 kms 1; even deconvolving 2200 kms 1 from this leaves a 

dispersion of 3100 kms 1, which is very large for a single 

cluster of galaxies (e.g. Yahil and Vidal 1977). This large 

dispersion is not due to one or two galaxies with large differences 

from the mean; fig. 4.1.3 (a) is a histogram of the measured 

positions of the 4000 feature, at 0.5 mm intervals (the measurements 

are made to 0.5 mm); it can be seen that the distribution is 

flat, as compared to that for A 2670 (fig 4.1.3 (b)) or A 133 (fig. 

4.1.3 (c)Idescribed below.) If all the galaxies measured in 

Abell 140 are in a single cluster, then its velocity dispersion 

is the highest known (e.g. Yahil and Vidal, 1977). Speculation 

as to the consequences of_ clusters with such distributions are 

left to the submitted paper. 

The second cluster, Abell 133, lying on the same photograph, 

is much closer (Abell distance class 4, richness class 0) but in 

spite of its low richness it provides many velocities partly 

because of the brightness of the galaxies in it. Partly also, 

because there seems to be a large concentration of elliptical 

galaxies, particularly in one part of the cluster. 

In all, 50 of the brightest galaxies in the area of the cluster were 

measured; 26 of these give good velocities. In addition, 6 others 

provide velocities from somewhat uncertain 4000 features. The 

velocity distribution of this cluster is much more like a 'normal' 

cluster than A 140: the 4000 feature position histogram (fig 4.1.3 

(c)) shows a markedly peaked distribution, with most galaxies 

falling into 3 bins, as for A 2670. If Yahil and Vidal's (1977) 
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Radial velocities in Abell 140. 

Galaxy Velocity (kms 
1 

) 

v 
P 

v - v 
P p 

1 44,000 -550 

2 46,400 +1,850 

3 38,000 -6,850 

4 48,500 +3,950 

5 44,000 -550 

6 44,000 -550 

7 48,500 +3,950 

8 40,100 -4,450 

9 46,400 +1,850 

10 40,100 -4,450 

11 44,000 -550 

12 50,600 +6,050 

v = 44,550 kms-1 
P _ 2 

-v 
o 

(vp 
) -1 - 3,800 kms 

v n - 1 

P 
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Fig. 4.1.3 

Velocity histograms for Abell clusters measured (section 4.1.3). 

The abscissa is given in terms of the cutoff to 4000 feature 

separation, in cm,'d', to avoid problems of rebinninq into 

redshift. 



144 

technique (using a limit of 2.5 d rather than the 3c- Yahil and 'Vidal 

used) for removing field galaxies is applied, the distribution changes 

to that in fig 4.1.3 (d); for A 140, no galaxies are removed if this 

technique (also using 2.5rr) is used. A smaller limit is required 

because of the intrinsic error in the velocities obtained using the 

prism, which greatly increases the apparent cluster dispersion. 

The mean velocity for Abell 133 obtained from all 26 'good' 

velocities is 18,035 + 3,355 kms -1. For the 22 galaxies left 

after Yahil and Vidal's technique for removing field galaxies has 

been applied, the mean velocity is 16,895 + 2,063 kms 1. The 

galaxies are shown in plate 4.1.2 and a list of the velocities given 

in table 4.1.3. 

4.1,4 Summary 

Three main areas emerge for applications of the redshift method 

to the study of clusters of galaxies: 

(a) cluster mean velocity from a set of measurements of galaxies 

within the cluster. 

(b) tests of cluster membership for individual galaxies. 

(c) study of cluster velocity dispersions, especially with regard 

to large 'anomalous' dispersions. 

Using (a) and (b), both cluster richness and distance estimates 

can be improved over values obtained by inspection or counting on 

a direct photograph, Application (c) is only'suitable for 

clusters with abnormally large dispersions (for a 'normal' cluster 

the dispersion is of the same order as the measurement technique 

accuracy) or for extremely rich clusters, where limits could be 

set on the velocity dispersion by deconvolving the known 

measurement error. 
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Radial velocities of galaxies in the field of Abell 133. 

Galaxies removed by the application of a technique similar to 

that of Yahil and Vidal (1977) are marked ' *'. Identifications 
are given in plate 4.1.2. 

Galaxy v 

kms-1 

1 19,200 

2 21,000 

3 15,900 

4 15,900 

5 15,900 

6 14,100 

7 17,400 

B 17,400 

9 17,400 

10 14,100 

11 15,900 

12 15,900 

13 15,900 

14 14,100 

15 14,100 

16 24,300 * 

17 17,400 

18 17,400 

19 21,000 
20 19,200 

21 19,200 

22 15,900 

23 22,500 * 

24 26,100 * 
25 17,400 

26 24,300 * 
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4,2 The general field 

The application of the method for obtaining radial 

velocities of faint galaxies to a general field on an objective 

prism photograph is a rather different undertaking to the 

cluster application. In the case of the general field, the need is 

to determine velocities of all possible. objects in a given area 

of the photograph. This poses more problems than in the cluster 

case;it is true that we could choose to measure all objects in 

an area containing a cluster, but generally, for clusters, we 

would select a'limited number of objects for measurement. 

In this section we first briefly look at the contents of 

the 'general field': the galaxy distribution and types. Secondly 

we look at the methods of measuring velocities in such a general 

field, and discuss the problems involved. 

4,2.1 Galaxies in the general field 

A sky limited UKSTU direct plate contains information on 

galaxies covering a magnitude range of, say, from 8 1, 10 to 

© ti 23 on a typical plate. At the bright end of this scale, 

the galaxies are large (several millimetres across on the plate) 

and their morphology can readily be observed. At the opposite end 

of the scale, galaxy images are very small (1, 20 microns across) 

and barely distinguishable from stellar images;. indeed, some are 

indistinguishable. 

When working with objective prism photographs the magnitude 

range is reduced. At the bright end, galaxies become so large at 

a magnitude of 8 4, 15 or 16 that spectral information is 

seriously smeared out. At the faint end, the signal to noise ratio 

becomes very poor for galaxies fainter than about 8 ', 18. 

The exact distribution of galaxy types 
in a general field is 

hard to ascertain, as a morphological classification of faint 

galaxies is fairly difficult. There is information on the distri- 

bution of galaxy types in clusters (e.g. Dawe, Dickens and 

Peterson 1977) and in a large sample of low redshift objects (R GC, 

de Vaucouleurs et al 1976). The preliminary study of an area on 

a CTIO plate (Cooke et al 1977) gave the most relevant information 



148 

on galaxy types, in terms of the spectral features present. In 

that area, 1.4 degrees square, 120 non -stellar objects were 

identified by eye. Of these, 60 were considered too faint to 

show clearly any spectral features. Of the remaining 60 galaxies, 

velocities were obtained for 29 having 4000 Á features. It was 

therefore expected that approximately 50 per cent of galaxies in 

a field chosen at random could be expected to have 4000 features 

strong enough to allow velocities to be obtained. 

The distribution in type affects the percentage of galaxies 

able to have velocities obtained by the method described in 

this work. For these galaxies, it is possible to investigate 

the spatial distribution. On the photograph the 2 -D distribution 

is obtained; the distribution in the radial direction is obtained 

from the velocity by assuming a uniform Hubble flow. The redshift 

technique has not yet been applied on this large scale; but its 

development means that studies of the spatial distribution of 

galaxies in the general field can be performed over much larger 

volumes of space than was hitherto possible using individually 

obtained slit spectra (e.g. Chincarini and Rood 1980). 

4.2.2 Velocities in the general field 

Ideally an area of a photograph could be examined, the 

galaxies located, then the velocity of each galaxy obtained -from 

its objective prism spectrum. Practically the situation is rather 

more complex than this. 

Firstly there are praètical measurement limits. The bright 

and faint magnitude limits have been mentioned above. There is 

also a redshift limit; at a redshift of about 0.35 the 4000 Ñ 

feature is coincident with the emulsion cutoff of IIIa J. In 

practice the limit occurs before this happens; objects with the 

highest redshift yet measured using this technique (two galaxies in 

cluster Abell 141) have redshifts of ti 0.25, with some uncertainty 

in the identification of the 4000 R feature. These limits all 

restrict the range of galaxies for which velocities can be obtained. 

Additionally, at present only galaxies uith the 4000 R 

feature can have their velocities determined. Eventually it may 

be possible, from galaxy spectral classification, to look for 
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features other than the 4000 feature, but this has not yet been 

investigated. At present it would seem to be extremely difficult 

to assign velocities to the class of spiral galaxies having an 

objective prism spectrum resembling an exponential curve. 

The number of galaxies in a general field for which we 

can obtain velocities is, therefore, limited. If machine 

measurements of all the spectra in a given field are made, and 

we can identify the galaxies in this sample, it should be possible to 

apply selection criteria to the sample of galaxies to "reject objects 

with unsuitable spectra for obtaining redshifts. A magnitude 

criterion is easy to apply; but at present it is found necessary 

to apply the redshift program to all remaining objects, and then 

reject unsuitable objects. on the basis of parameters produced by 

the program. This is illustrated in the following example. 

4.2,3 Trial results for the general field. 

An illustration of the correct working of the redshift 

program has been given in section 3.5.11. Here the same program has 

been applied to a small sample of COSMOS data covering an area of 

one square degree. 

For a completely automatic program, as originally envisaged, 

the computer program would have to decide when the 4000 R feature 

had been correctly identified. To this end,, tests were run on 

this area of "general field" in which galaxies, stars, and potentially 

overlapping images had previously been identified by eye. Data 

for this field was available from COSMOS measurements of three 

different plates, for comparison purposes. The plates used were 

U.-12401P, U :3092P and UO2520P, with the field examined in the overlap 

of the three plates. There are no rich clusters of galaxies in 

this field. A plot of the objects in the field is given in 

fig. 4.2.1; these objects were identified by eye using both direct 

and prism photographs of the area. 

The spectra of objects in this area (stars and galaxies) were 

run through the redshift program to test Its performance on such a 

general field. The resulting plotted output from the program for 

about the first 200 objects was examined for correctness of fitting 

to possible 4000 features. Incorrect and correct identifications 
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Fig. 4.2.1 

Objects identified by eye in the test field. 

Open circles: galaxies 

Dots: stars 

Crosses: objects with overlapped spectra 

The area was not searched to the plate limit. 

(0,0) is at X= 29Bmm, Y= 235mm on UJ2461P. 

Large open circles indicate bright objects 
not recorded in 

the COSMOS data. 
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were then plotted for the corresponding vales of 'MS' and 'ï"PEs;<' 

obtained by the program; these parameters describe the strength 

of the correlation (see section 3.4) and the brightness of the object. 

These plots are given in fig 4.2.2. It can be seen that 

it is relatively easy to assign upper and lower limits to these 

parameters, to select the objects having correct 4000 5 feature 

identifications and hence valid redshifts. The unfortunate result 

for this particular set of data is that if these selection criteria 

are applied, the galaxies are removed from the sample;, the 4000 

features are simply not strong enough for the redshift program 

to satisfactorily identify them,due to poor signal to noise. It 

is noted that none of the plates available for this test are 

of the highest quality obtainable from the UK Schmidt telescope. 

The poor signal to noise ratio is illustrated in fig 4,2,3, 

which shows four galaxies with 4000 features (indicated) in their 

spectra from the area. Measurements of these objects using the 

Joyce -Loebl microdensitometer are shown for comparison with the 

COSMOS measurements for the three plates. The results for one 

plate, UJ3092P, are expected to be poor this is the 'rogue' 

plate previously noted. The comparison is interesting however; 

it shows that the COSMOS tracings are only a little more noisy 

than the Joyce -Loebl tracings. Thus for galaxies similar to those 

from Abell 133 used for the test of theredshift program (section 

3.5.11) it should be possible to obtain velocities in the 

general field. 
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4.3 Conclusions. 

On commencing this work the intention was to find a 

way of obtaining radial velocities of faint galaxies from 

objective prism spectra, This primary objective has certainly 

been achieved. Obtaining velocities for a small number of objects 

from microdensitometer tracings involves a simple procedure with 

a few simple checks; it is a method that can quickly be applied 

by any worker with access to suitable plate material and a 

suitable microdensitometer. Obtaining large numbers'of spectra 

from an objective prism photograph is not too difficult; the 

software exists to extract these spectra from COSMOS machine data. 

The problems lie in producing large numbers of reliable velocities 

from a general field of objects; the software to obtain velocities 

has been developed and tested, but only proved reliable on data of 

good signal to noise; the remaining problem is to secure such data. 

The techniques now established can be applied further to 

astronomical problems. A most promising area is that of obtain- 

ing radial velocities for clusters of galaxies. Using these 

velocities as distance indicators we can look at the three -dimensional 

distribution of clusters, and such a project could readily be 

performed over quite large areas of,sky for, say, Abell clusters, 

as a precursor to work over the same area covering all galaxies 

with spectra suitable for obtaining velocities, It will be'very 

interesting also if any more clusters with large velocity dispersions 

are discovered. 

Simultaneous with the immediate application of the 

techniques, it will be useful to look at possible improvements 

to the present techniques, and also at alternative approaches. With 

the Joyce -Loebl microdensitometer now able to produce digitised 

data, it is possible to transfer spectra in this digitised form into 

the computer, Rather than by making measurements on paper, the 

emulsion wavelength cutoff and 4000 feature could be defined 

interactively at a computer graphics terminal, removing part of 

the inaccuracy of the technique. Such a system will be easily 

adaptable to COSMOS measurements, thus allowing interactive control 

of the measurement of larger numbers of velocities. This will allow 



155 

much more experience to be gained in the measurement of galaxy 

spectra, and may possibly suggest further improvements to the 

automatic redshift program. 

One interesting test yet to be performed is a trial of 

the Stock and Osborne technique (section 2.1) applied to galaxy 

spectra on the UKSTU photographs. Two photographs have been taken 

for such a trial, but special measurements using the COSMOS 

machine will be needed to test the method fully. It is a method 

that could provide increased accuracy for velocities where required, 

but is unlikely to replace the method described in this thesis as 

it is a much more complicated technique to apply. 

An important development on the UK Schmidt telescope will 

be the availability of the new higher dispersion prism. Two 

main applications are relevant to the techniques developed, Firstly, 

using the IIIa -J emulsion -, higher spectral resolution is available 

over the present wavelength range, which will enable more accurate 

velocities to be obtained, although only for the brighter objects. 

Secondly, using a suitable red -sensitive emulsion, spectra can be 

examined in the red where the dispersion will be similar to that 

now obtained in the blue; we might expect to be able to obtain 

velocities for higher redshift objects by following the 

4000 ?, feature into the red. The new prism will also give 

additional information for spectral classification. 

The application of the techniques described in this 

thesis to study the large -scale structure of the universe is a 

fairly long -term project. The technique has the capability of 

examining much larger volumes of space than has hitherto been 

possible; certainly out to Hubble velocities of 50,000 kms -1. 

Correspondingly, large areas of sky need to be covered; it will 

be essential to combine data from several adjacent UKSTU survey 

fields. It will also be. important to study different directions in 

space, to look for any possible anisotropy. Seth these requirements 

mean that a moderate number of UKSTU objective prism plates 

will have to be taken; with the fairly short prism runs as at 

present, this could take several years to complete. 
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List or abbreviations 

BGC Bright galaxy catalogue: de Vaucouleurs et al (1954) 

CM Coarse mode (COSMOS) 

COSMOS Co- Ordinates, Sizes, Magnitudes, Orientations and Shapes 

CRT Cathode ray tube 

CTIO Cerro Tololo Interamerican Observatory 

HMS Humason, Mayall and Bandage (1956) 

IAM Image analysis mode (COSMOS); also 1T1 

IPCS Image photon counting system 

f'If'l flapping mode (COSMOS) 

ROGC Revised bright galaxy catalogue: de Vaucouleurs et al (1975) 

ROE Royal Observatory, Edinburgh 

RL Rutherford Laboratories 

SAAO South African Astronomical Observatory 

SRC Science Research Council 

T Transmission: COSMOS parameter 

T1 Threshold mapping (COSMOS); also IAf1 

UKST United Kingdom Schmidt Telescope 

UKSTU United Kingdom Schmidt Telescope Unit 

VDU Visual display unit 
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Appendix A 

The redshift program (version JCZE06). 

A listing of the FORTRAN source code for the redshift program. 

This version runs on the RL 360/195 computer, using the SMOG 

graphics system and RL routines UZERO and U [IOVE for fast array 

clearing and moving. The program is described in section 3.4. 
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(_ JCZED6 

C SPECTRA ARE READ FROM THE MTDAMT OUTPUT TAPE, 

C NORMALISED AND CALIBRATED FROM THE CUTOFF POSITION. 

C THE FILTERED SPECTRUM IS THEN CORRELATED WITH THE STANDARD 

L' FOR A BEST -FIT REDSHIFT. 

C 

C 

C JOHN COOKE NOVEMBER 1978 

C 

INTEGER B( 1024 ),A(1024),SF'EC(512,8),ITOT(8), 

- VAV. HAU, BCKCON, GTSIZ ,STSZ,OFS,ROFS,Ti1IN,IDIH(3), 

- INTCON(125) 

REAL WAU( 20), DEP( 20), IAID(20),SPECT(512),SPECN(512), 

- VERFIT(21),POSFIT(21), FITCOE (21),PSPEC(512),CONSPC(512), 

- WSPEC(512),STORE( 100 ,2),C(21),SWAV(20),CORR(512), 

- XPLOT(15),YP LOT( 15), ZSTO(80),MISSTO(80),MASSTO(80), 

- SUBCOR(100,80),CMUL(512) 

COMMON /IDEN /ID2,JLEN2 

COMMON /HART /HX0,HUO,HA 

COMMON /MAGN /SPECT,POSN2,BACK 

COMMON /P LOT / SPECK ,XZED,XRMS,POSN,ID,XPLOT,YPLOT, 

- WAV,NFEAT,BSTP,BVAL,JLEN 

DATA CORR /512 +0. /,IDOFS! -1/ 

DATA CMUL /57:i0.,0.01 ,0.02,0.05,0.08,v.13,0.19,0.25, 

- 0.32,0.42,0.52, 0.63,0..75,0.87,0.94,0.97.0.99, 

- 43911./ 

JLEN =256 

JLEN2 : =JLEN 

C READ BUMPH BLOCK 

READ(8)B 

C READ ALL THE CARD DATA 

L' SPECTRUM OFFSET, LENGTH (IN STEPS: 512 STEPS = 4MM) 

READ(5,11)IOFS 
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READ(50,)LEN 

OFS =I0FS -8 

ROFS= I0FS +LEN 

C STEP SIZE 

C 

READ(5,*)STSZ 

AVEF:AGING WINDOWS 
C 

READ(5,*)VAV 

I:EAB(5,0HAV 

IF(VAV.NE.1 .ANB.VAV.NE.2.AND.VAV.i'1E.3.AND.VAV.NE.8)GOT0900 

C EXPECTED BACKGROUND SCATTER 
is 

READ (5, *) BCI(CON 

BKPEAK= FLOAiaCKCON) 

C NOISE RANGE FACTOR 

RE AD (5, *) TRANG 

C TMIN ALLOWED 

C 

READ(5, *)THIN 

( GATE SIZE FOR CONTINUUM REMOVAL 

READ(5,*)GTSIZ 

TST =FLOAT (GTSIZ) ¡Z.- FLOAT(GTSIZI2) 

IF(TST.E0.O.)GOT0901 

(! IEDSHIFT LIMITS 

RE AD(S,*)ZLO,ZUP 

IF(ZLO.GT.ZUP)G0T0902 

C NUMBER OF EXPECTED FEATURES 

C 

READ(S,*I NFEAT 

C DETAILS OF FEATURES 

C WAVELENGTH,DEPTH,WIDTH 

C (WID IS ZERO FOR STEPS) 

D020I=1,NFEi1T 

20 READ(5,*)WAV(I),DEP(I),WID(I) 
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(; GET MIN AND MAX WAVELENGTHS 

WMIN=10000. 

WMAX=0. 

D017I=1,NFEAT 

IF(WAV(I).GT.WMIN)GOT01S 

WMIN=WAV(I) 

UID+`i11.!=WID( I ) 

G0T01? 

18 IF(WAV(I).LT.WMAX)GOTO1? 

WMAX=WAV(I) 

WIDMAX=WID(I) 

17 CONTINUE 
Wt4IN=WMIN-WIDM IN*5. 

WMAX=WMAX+(dIDMAX*5. 

C DETAILS OF HARTMANN FIT FOR DISPERSION 

READ(5, *)HXO,HW0,HA 

C INTENSITY CONVERSION PARAMETERS 

READ (5,*)TZERO,TBASE,GAMNA,CALCON 

C SET UP INTENSITY CONVERSION LOOKUP TABLE 

ILOW=TBASE+1. 

ISTART=ILOW+1 

D0610I=ISTA1"T,128. 

SI=I-1 

BDENS=ALOG10((T:?ERO/(SI-TBASE))-1.) 

610 INTCO'id( I )=10.**(GAMMA*BDENS+CALCON) 

D0620I=1,ILOW 

620 INTCON(I)=INTCON(ISTART) 

WRITE(6,630)INTCON 

630 FORMAT(1H //1X,'INTCON:'/(1X,SI10)) 

C WRITE OUT DATA 

WRITE(6.14)IOFS, LEN, STSZ, ViAV, HA V.BCKCON,TRANG,TMIN,GTSIZ,ZLO, 

- ZUP. HXO. HUO,HA,TZERO,TBASE,GAMMA,CALCON 

14 FORMAT(1H1 / /! % /1X,`'REDSHIFT PROGRAM'MX, 
'! /11X,'DATA :'%í1X, 

- 'SPECTRUM OFFSET : '.I5 /1X, 

- SPECTRUM LENGTH : 1.I5 /1X, 

- 'STEP SIZE : '.I5 /1X, 

- 'VER. AV. : '.I5. /1X, 



- 

- 

- 

- 

- 

- 

- 

- 'HARTMANN PARAMETERS :'/1X. 

- ' XD :',E16.611X," WO :',E16.6/1X,' A .',E16.6/1X, 

- 'INTENSITY CONVERSION :'11X. 

- TO :',F6.1/1X,' TB . .F6.1/1X,' GAMMA .'.F6.2 /1X. 

- CONST ,F6.2!/) 

WRITE(6,514) 

514 FORMAT(' FEATURES:'/ 6X,'UAV',3X,'I!EP ',7X,'WII!' /) 

D015I= 1,NFEAT 

15 WRITE (6,16)WAV(I),DEI'(I),UID(I) 

16 FORMAT(1H ,3F10.3) 

WRITE(6.515) 

515 FORMAT(1H / //' IDENTIFICATION' ,8X,'Z',8X,'RMS',9X,'PARAB',7X, 

- 'M4425 MPEAK M4900 M4200 M3600'/) 

'HOR. AV. : 

'BACKGROUNI! PEA(( 

'RANGE FACTOR : 

: 

',F5.1/1X, 

IMAX 
''CONY. 

ALLOUEI! : 

GATE SIZE : 

',I5 /1X, 

, I5 /i X, 

"LOU Z LIMIT : ',F6.3/1X, 

'HIGH Z LIMIT : ',F6.3/1X, 

A5 

C SET UP POSNS OF CORR DATA POINTS 

0043051=1 , JLEN 

4505 PSPEC(I)= (FLOAT(64- I))*0.008 

C SET UP THE CORRELATION ARRAYS IN SUBCOR 

C 

INZED=(ZUP-ZLO)/0.005+1. 

Z=ZLO 

D0-4502IZED=1 , INZEI! 

Z=Z+0.005 

ZSTO ( IZE:O ) =Z 

ZP1=Z+1. 

(î CORRECT THE WAVELENGTHS 

D0215I=1,NFEAT 

215 SWAV(I)=WAV(I)*ZP1 

C GET MIN AND MAX WAVELENGTHS 

C- 

SWMIN=WMIN*ZP1 

SWMAX=WMAX*2P1 

WAVELENGTH TO X (MM) 

SXM:(N=H XO-HA/ ( SWMIN-HWO ):s::+:1 .2 
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SXMAX=HX0-HA; (SWMAX-HWO)**1".2 

C X (MM) TO STEP - NOTE: PfINSTP IS :.. MAXSTP 

MINSTP=64-INT((SXMIN*1000.)/8.)+2 

[(AX,STP=64-INT( (SXfiAX*1000. )/0. )-2 

C ALLOW FOR CONV GATE 

MINSTP=MII'1STF'+GTSIZ* 2 

iiFXSTF'=(ii;XSTF-rTSIZ.;:^ 

C NOW WE HAVE CORRECTED LINE POSITIONS 

C NOW OBTAIN WAVELENGTHS OF ALL THE POINTS 

( IN THE SPECTRUM 

ZiD103I=>'íAXSTF' , MI NSTP 

103 WSPEC(I)=HW0+(HA/(HXO-PSPi=C(I)))**(1./ 1.2) 

C 

C 

FILL IN CORRELATING ARRAY, DECREASING IN WAVELENGTH 

D0217I=MAXSTF',MINSTP 

WSPECI=WSPEC(I) 

C 

C LOOP FOR ALL LINES 

D0218[(=1 , NFEAT 

W:[DKJ=WID(K) 

DEPKJ=DEI'=(K) 

SWAVKJ=5WAV(I:) 

IF(WIIii(J)1041 ,104, 1041 

1041 YY=ABS(WS1='ECI-SWAVKJ)/W.IDKJ 

IF(YY-5.)2181,2101,218 

2181 SS=IIEPKJ/EXP(YY) 

GOT0105 

104 :[F(WSPECI-SWAVKJ)1042,1042,1043 

1042 SS=DEF'KJ 

GOT0105 

1043 5Ç=0. 

105 CORR(I)=CORR(I)+5S 

218 CONTINUE 

217 CONTINUE 

MISSTO(IZED)=MINSTP 
MASSTO(IZED)=MAXSTP. 

ITCOR=(i'iINSTF'-MAXSTI')+1 

IF(ITCOR.GT.100)GOTO903 
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C CONVOLVE THE CORI;ELATIiVG FUNCTION 

CALL C0RCON( CORK ,GTSIZ,MAXSTP',iMIN!STP,JLEN) 

D04503ICORS= MAXSTP,MINSTP 

JCORS= (ICORS- MAXSTP)+1 

4503 SUBCOR (JCORS,IZED)= CORR(ICORS)*CMUL (ICORS) 

C ZERO CORRELATING FUNCTION 

C (ALLOW FOR GATE SIZE CONVOLUTION) 

MINCL=MAXSTF-GTSIZ*2 

IF(MINCL.LE.0)MINCL=1 

MAXCL=MINSTI'=+GTSIZ*2 

IF(MAXCL.GT.JLf_N)MAXCL=JLEN 

INUM=MAXCL-MINCL+1 

IF'LUS=MINCL+1 

CORR(MINCL) =0. 

CALL UMOVE(CORR(MINCL),CORR(IPLUS),Ii'1Uih) 

4502 CONTINUE 

(; :[NITIAI_ISE GRAPHICS SYSTEM 

CALL FRHCS 

CALL APER 

CALL LIMITV(0.,0.,600.,600.) 

CALL CHSIZE(10.) 

GOTO30 

C GOTO2732 

C ERRORS IN DATA 

900 WRITE(6,1000)VAV 

1000 FORHAT(1H /11 X,'IMPERMISSIBLE VERTICAL AVERAGE : ',I3 / / / /: /) 

STOP 

901 WRITE(6,1001)GTSIZ 

1001 FORMAT(1H / /1X,'GATE SIZE : ',I3,' MUST BE ODD`' / / / //) 

STOP 

902 WRITE(6,1002) 

1002 FORMAT(1H / /1X,'REBSHIFT LIMITS INCORRECT' / / 
/ //) 

STOP 

903 WRITE(6,1003) 

1003 FORMAT(1H /11X,'TOO MANY STEPS FOR SUBCOR' / / / //) 

STOP 

L' 

C 
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C 

iï ENTRY POINT FOR READING A NEW SPECTRUM 

30 READ(8)A 

IF(A(1024).E!?.- 9999)GOT090 

C :ID FROM NEW FORMAT 

C 

ID=A(1) 

IIi2=ID 

IXSPOS=A(2) 

IYSPOS=A(3) 

A(1)=A(129) 

A(2)=A(130) 

A(3)=A(131) 

GOT032 

31 IF(A(1024).NE.-5555)GOTO1190 

WRITE(6,60) 

60 FORMAT(1H /////1;,'END OF AREA'!/!/!) 

6E030 

C DATA BLOCKS NOW 

C 

32 IF(STSZ.EG.16)60T033 

IF(STSZ.E0.8)GOT034 

GOTO1192 

C 8 MICRON STEP 

34 D037I=1,4 

READ(8)A 

DO37J=1,8 

DO37 I(=1 ,128 

L=H-1 )*12844( 
M=U-1 )*128+K 
:IT'.3AL=A(M)'T1 

IF( ITUAL.I_T.1 .OR.ITVAL.GT.128)WRITE(6,651 ) ID, ITVAI_ 

651 FORMAT(1H 11X,I12,' - DATA ERROR - ',I12) 

37 SPEC(L,J)=INTCON(ITVAL) 
GOT076 

C 16 MICRON STEP 

MODIFIED TO WORT( ON LH BLOCK ONLY (FOR JI_EN =256) 

33 CONTINUE 

C READ(8)A 

D035J =1,8 



D035I( =1 ,128 

L=K:f 2 

M =(J- 1:'4.17 +i, 

ITVAL =i(M) +1 

Ii=( IT'.;' AL. LT. 1. OR. ITVAL .GT.128)WRITE(6,651)ID,ITVi1L 

INEW =INTCON(ITVAL) 

SPEC(L,J) =INEW 

IF(K.E8.1)GOT0631 

SPEC(L -1 .J)= (IOLD+INEW) /2 

IOLD =INEW 

G0T035 

631 TOLD =INEW 

SPEC(1,J) =INEW 

35 CONTINUE 

C READ(8)A 

L' TEST FOR COMPLETE AVERAGING 

IF(VAV.E0.8)GOTO65S 

C 

C FIND THE ROW CONTAINING THE MOST DENSE 

C PART OF THE SPECTRUM 

70 D0361=1,8 

36 ITOT(I) =0 

D038I =1,8 

D038J =1,JLEN 

38 ITOT(I) =ITOT(I) +SPEC(J,I) 

C GET ROW WITH MAXIMUM TOTAL 

NAX =O 

D039I =1,8 

IF(ITOT(I).LT.MAX)GOT039 

MIN =ITOT(I) 

J=I 

39 CONTINUE 

C IF J IS AT THE EDGE THE WRONG SPECTRUM HAS :PEEN 

(_ FOUND - GO TO THE CENTRE 

IF(J.i'dE.1.AND.J.NE.8)GOTO43 

IF(J.E0.8)J=5 
IF(J.EQ.1 )J:=4 

ID=IDOFS 

C 

A9 
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C ROW J CC!TAIidS THE MAXIMUM TOTAL 

43 IF(VA'J.E0.1 .OR.VAV.E0.3)G0T0:51 

iî 
C FOR EVEN VAV FIND THE NEXT MAX TOTAL 

C 

IUP=ITOT(J+1) 

ILO=ITOT(J-1) 

IF (IUF'.LT.ILO)GOT044 

f;-J+1 

GOTO45 

44 t:=J-1 

C 

C GET THE 2-WIDE SPECTRUM 

45 D046i=1,JLEN 

46 SF'ECT(I)=FLOAT(SPEC(I,J)+SPEC(I,i;))/2. 

GOT050 

ODD VAV 

41 IF(VAV.E0.3)G0T04; 

C GET THE 1-WIDE SPECTRUM 

D048I=1,JI_EN 

48 SPFCT(I)=SPEC(I,J) 

GOT050 

C GET THE 3-WIDE SPECTRUM 

47 D049I =1 ,JLEM 

49 SP'ECT(I) =FLOAT( SPEC( I, J- 1) +SF'EC(I,J) 
+SPEC(I,J +1))/3. 

GOTO50 

C 

C 8 -WIDE SPECTRUM 

6555 D0656I =1,JLEN 

JSUM =O 

DO657 
! 

=1 ,o 
8 

657 .1SUM =JSUM +SPEC(I,J) 

656 SPECT(I) =FLOAT(JSUM) /8. 

C GET MOVING AVERAGE 

C 

50 CALL iMOVAV(SPECT,HAV,JLEN) 

C SPECTRUM IS NOW IN INTENSITY AND SMOOTHED 
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C 

(! 

G REJECT SPECTRUM IF TOO BRIGHT 

TRMAX=0. 

D01023I=1,.JLEN 

:I F ( SF'ECT ( I ) . GT . TTiMAX ) TRMAX=SPECT ( I ) 

1023 CONTINUE 

IF(TRMAX.LT.FI-OAT(TMIN))GOT01021 

C REJECTED SPECTRUM - TOO BRIGHT 

iî 
WRITE(5,61)ID,TRMAX 

61 FORMAT(1H /1X,I12,` REJECTED - IMAX IS ',F8.1) 

GOT030 

C NOH GET THE FIRST APPROXIMATION TO THE BACKGROUND 

C GET MIN INTENSITY 

1021 RIMIN= 100000. 

D051 I =1 , JLEN 

I1=( SPECT (I).LT.RIíIN)RIiIIN= SPECT(I) 

51 CONTINUE 

C OFFSET BY BCKCON 

APPX= RIMINl +BKPEAK 

C CHECK TOTAL RANGE (INTENSITY) OUTSIDE SPECTRUM 

RLO=100000. 

RHI=0. 

D052I=1 , JI_EN 

IF(I.GT.OFS.AND.I.LT.ROFS)GOT052 

IF(SPECT(I).GT.RHI)RHI=SPECT(I) 
IF(SPECT(I).LT.RUJ)RLO=SPECT(I) 

52 CONTINUE 

RANG=I:HI-RLO 

TI_IM=TTiitiNG*2.*Bi(PEAK 

IF(RANG.GT.TI_IM)GOTO53 

C' NO BIGGER SPECTRA IN THE FIELD - GET BACKGROUND 

C BY AVERAGEING 

NSUM=O 
TOT=O. 



Al2 

H1PiIN=100000, 

D054I =1 , JLEiJ 

IF(I.GT.OFS.AND.i.LT.HOFS)GOT054 

NSUM=NSUr+1 

TOT= TOT+::T',=CT( I ) 

IF(SF'ECT(:).LT.RIi1IN)RIMIN=SF'ECT(I) 

54 CONTItdUE 

BACI;=TOT/FLOriT ('rdSUM ) 

C UPDATE THE BACKGROUND PEAK APPROXIMATION 

BKPEAK=(BKPEAK+BACI;-RIMIN)/2. 

GOT055 

C 

C OTHER SPECTRA IN THE FIELT - REPLACE BY A CONSTANT BACKGROUND 

53 D056I=1,JLEN 

IF(I.GT.OFS.ANI!.I.LT.ROFS)GOT056 

SPECT(I)=APF'X 

56 CONT:tNUE 

BAt.'i(=APF'X 

C 

C GET IMAX AROUNU THE SPECTRUM 

55 SPÌIIAX=(). 

p057I=0FS.ROFS 

IF(SF'ECT(I) .GT.SPMAX)SF'i`lAX=SPECT(I) 

57 CONTINUE 

C SPECTRUM 0K - NOW NORMALISE IT , 

SF'ECN HAS 0 AT PLATE, 1 AT MAX 

C 

HITE=SF'MAX-BACK 

ìI REJECT IF HITE -'JE 

IF(HItE.GT.0)GOTO755 

W.RITE(6,756)ID,HITE 

756 FORMAT(1H 11X,I12.'' REJECTED - HITE IS '.E10.3) 

GOTO30 

;'55 DO59I=1,JLEN 

59 SPECi'1(I)=(SF'EC'T(I)-BACI:)/F1IiE 

C N(IRMALISEU SPECTRUM NOW CONTAINEIi IN SPECN 
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C GO ALONG THE SPECTRUM, LOOKING FOR THE CUTOFF 

C 

D0251I=OFS.JLEN 

IF(SPECN(I).LE.0.5)GOTO251 

ICUT=I 

G0T0252 

251 CONTINUE 

G0T01194 

C GET THE 21 POINTS AROUND THE CUTOFF 

2S2 D0101I =1,21 

J- ICUT -11 +I 

POSFIT (I ): =J 

101 VERFIT(I) =SPECN(J) 

C FIT A 3- ORDER POLYNOMIAL WITH POSITION AS Y 

CALL NEWPOL( 1, 3, 21, VERFIT ,POSFIT,IORD,FITDEV,FITCOE) 

C .GET THE POSITION OF HALF -MAX INTENSITY 

3233 CALL POLVAL(3,FITCOE,0.5,POSN) 

IPOSN= INT(F0SN) 

IF( IF' OSN. GT.O.AND.IPOSN.LT.JLEN)G0T0350 

WRITE(6,3235)ID,POSN 

3235 FORMAT(1H- 11X,I12,' REJECTED - POSH IS ',E16.7) 

G0T030 

350 CONTINUE 

IF( IPOSN .GT.40.AND.IPOSN.LT.88)00T0351 

WRITE(6,3241)ID,IPOSN 

3241 FORMAT(1H 11X.I12,' REJECTED - IPOSN IS ',Id) 

G0T030 

351 CONTINUE 

C GET THE POSITIONS OF ALL THE DATA POINTS, RELATIVE TO THE CUTOF 

C IN MM 

iî 
LOWPOS =INT(POSH) 

SHIFT =POSH- FLOAT (LOUPOS ) 

D0102I 1,JLEN 

102 F' SPEC( I)=( FI.OAT(LOWF'OS- I) 
+SHIFT)*0.008 

C NOW REMOVE THE CONTINUUM 

CALL REMCON(SI'ECN,COidSPC,GTSIZ,JI_Ei'1) 
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fs 

C WE NOW ENTER THE REDSHIFT-üATCHING SEOUEiVCE 

C REDShIIFT LOOP 

DO216IZED=I,I(dZED 

Z=Z'.áTO ( IZED ) 

MINSTP=MISSTO ( IZED)+LOWPOS-64 

MAXSTF'=MASSTO ( IZED )+LOWF'OS-64 

IF(MINSTF'.GT.JLETd)i`fIi`1STF'=JLEN 

IF(MAXSTF'.LE.0)MAXSTP=1 

C RETRIEVE THE RELEVANT PORTION OF CORR 

C 

D04501 I=MAXSTF',MINSTP 

K=(I-MAXSTP)+1 

4501 CORR(I)=SUBCOR(I;,IZED) 

C AND CORRELATE IT WITH THE SPECTRUM COi'1VOLUTION 

SIGSOD=O. 

D0219I=MAXSTP, MINSTF' 

219 SIGSOD=SIGS(iD+(CORR(I)-CONSPC(I))**Z 

STORE(IZED,1)=Z 

STORE(IZED,2)=SOP.T(SIGSOB) 

ZERO CORRELATING FUNCTION 

i (ALLOW FOR GATE SIZE CONVOLUTION) 

MINCL =MAXSTP- GTSIZ*2 

IF(MINCL.LE.0)MINCL =1 

MAXCL =MINSTP +GTSIZ-* 2 

IF(MAXCL.GT.JLEN)MAXCL =.JLEN 

INUM =MAXCL- MINCL +1 

IF'LUS =MINCL +1 

CORR(MINCL) =O. 

CALL UMOVE( CORE :(MINCL),CORR(IPLJS),INUM) 

216 CONTINUE 

(î NOW WE HAVE THE CORRELATION /REDSHIFT 
PLOT (STORE). 

C WE LOOT( FOR THE MINIMUM IN THIS, FIT A PARABOLA 

C TO IT, LOCATING THE BEST -FIT REDSHIFT 

222 TEST =1.E +1O 
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D0223I=1.IMZED 

IF(;:,TORE(I,2).GE.TEST)GOT0223 

TEST=STORE(I,2) 

I F'OS=I 

223 CONTI!lLiE 

D02241=1,15 

JF'=IF'05+I-8 

IF(J='.LT.1 )JF'=1 

IF(JP.GT.INZED)JF'=INZED 

XF'LOT(I)=STORE(JF',1 ) 

224 YF'LOT(I)=STORE(JF',2) 

C FIT THE PARABOLA 

C 

CALL NEW POL( 1,2,15,XP'LOT,YFLOT,ORD,RLIV,C) 

(s GET THE MINIMUM 

XZED = -C(2) /(2.ß+:C(3) ) 

IF( XZED .LT.ZLO.OR.XZED.DT.ZUF')GOT0845 

GOT0846 

845 WRITE(6,84 :7)ID,XZED 

847 FORMAT(1H 11X,112,' REJECTED - Z OUT OF RANGE: ',F6.3) 

G0T030 

846 PARAS=C(3) 

(! IEDSHIFT NOW OBTAINED FOR THAT SPECTRUM 

XRMS=C( 1 )+C(2)*XZED+C(3)*XZE:D*XZED 

C GET I AT MAGNITUDE F'OSNS 

C (AT REST WAVELENGTHS) 

C 

F'OSiV2=F'OSM 

84425=RMAGM(4425.) 

84900=RMAGN(4900.) 

B4200=RïíAGN ( 4?00. ) 

83600=RMAGN(3600.) 

BFEAK=23.5-2.5*AL0G14(HITE) 

C PLOT ALL SPECTRA 

275 CALL ZEDPLT 

i AND WRITE TO LINEPRINTER 

NRITE(6,1O6)ID,XZED,XRMS.F ARAD, B442Z,BFEA((,:84900,B42O0.B36O0 
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06 FORMATOM ,112,7X.F6.3,3;;.F10.3,3X,E10.3,5(37' 
, 
F6.2)) 

C At1D TO 0/F' FILE 

UNITE(17,770)IP,IXSPOS,IYSF'OS,XZE:0,fi4425,ßF'EAK,ß1900,ß4200, 

- ß3600 XF,MS,F'AF;AI. 

770 FORMAT(I12,2I8,F6.3.5F6.2,FS.2.F8.0) 

C RETURi'? TO NEV SPECTRUM 

GOTO30 

(s END OF TAPE 

90 WRITE(6,13) 
13 FORMAT(1H 1////1X,'Et1D OF TAPE'/////) 

ITER=-9999 

Z=O. 

C 1.1RITE(17,771)ITER,ITER,Z,Z,Z.Z 

771 FORMAT(12X,2IS,F6.3,F6.1,2E10.3) 

CALL ENDSF'R 

STOP 

C 

tI ERRORS IN PROGRAM 

1190 WRITE(6,1191) 

1191 FORMAT(1H / /1X,'BLOCK ORDER ERROR'! /!/!) 
STOP 

1192 WRITE(6,1193) 

1193 FORMAT(1H !!1X,'INCORRECT STEP SIZE' /! / //) 
STOP 

1194 WRITE(6,1195) 

1195 FORMAT(1N //1X,'NORMALISATION FAULT' /! / //) 

STOF' 

END 

C R:MAGN; CALCULATES MAGNITUDE ABOVE PLATE AT WAY 

FUNCTION RMAI3N(WAV) 

REAL SPECT(512) 

COMMON /IDEM /ID.JLEN 

COMMON !HART /HXO,HWO,HA 

COMMON /MAGNlSPECT,POSN,BACK 
IR =JLEN -1 

XWAV =HXO -HA/ (WAV -HW0) **:1 .2 

STP= POSM- XWAV:1:125. 
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ISTF'=INT(S'TF') 

IF(ISTF'.LT.2.0R.ISTF'.GT.IP)GiT012 

S1=SF'ECT(ISTF'-1 ) 

S 2=SF'ECT ( ISTF' ) 

S3=SF'ECT ( I STF'+1 ) 

SINT=(J1+S2+53)13. 
IF ( SINT.LE. BACK );SINT =BiaCK+1 . 

RMAGN=23.5-2.5*ALOG10(SINT-BACK) 
RETURN 

12 Wi;:ITE(6,13)ID,POSN 

13 FOF:MAT(1H /1X,I12.' REJECTED - STEP ERROR IN RMiAGN - POSN IS 

- E1b.?) 

RETURN 

END 

C 

C NEIJF'OL: POLYFIT MK II, USING TCHEBYCHEFFS 
C MAXIMUM 100 POINTS 

SUBROUTINE NEWPOL(II,K,N.X,Y.L,RDEV,A) 
C II: 0: POLYFIT, 1: ENDFIT 

C K: MAX ORDER 

C N: NO. POINTS 

C X: ARRAY 

C Y: ARRAY 

C L: BEST ORDER 

C {'iIiEV: RMS DEY. 

C A: COEFF ARRAY (21) 

DIMEP;'SION X(N),Y(i@),A(21),P(21.22),F'V(21,600),'T(21),OA(21) 
KL=K+1 

KJ=K+2 

C ZERO COEFF ARRAY 

D0361=1,21 
36 A(I)=0. 

C ZERO F',F'Y 

D031I=1,KL 
ij032J=1.KJ 

32 F'(I,J):=0. 

I! Fi 31 J =1 , N 

31 F'V(I,J):=0. 

C SET s CALCULATE PO,F'1,F'VO,F'!!1,TO,T1 

S;'=0. , 

SY=O. 

D¡J33I=1,0 

SY=SY+'t' ( I ) 

33 SX=SW(I) 
T(1 ):=SY/N 

F'(1,2)=1. 

F'(2,2)=-(SX/N) 
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F'(2.3)=1. 

D03AI=1 ,M 

F'V(1,I)=1. 

34 1-V(2,I)=X(I)-(5X: N) 
YF'S=C 

XPS=U 

P`==0 

50351=1,N 

'i' F'S='YF'S+Y ( I l:s:PV ( 2, I) 

;,PS=XF'S+X(I)*F'V(2.I)*PV(2,I) 

.JJ F'S-i'oTrVf(?2, I )'}I`'V (2, I ) . 

AA=XPS/F'S 

BB=F'S/N - 

T ( 2 ) =YF'S/F'S 

A(1 )=T(1 )*F'(1 ,2)+T(2):=:P(2,2) 

A(2)=T(2):}:F'(2,3) 

C ENTER LOOP, SEEKING F'2 (CORRESP. F'(L=3)) 

C SET POLY ORDER 

L=1 

C LOOP 
,''_ l7 L = L+ 1 

C TEST FOR END 

IF(I_-IO21,21,51 

21 LIM=L+2 

C EQUATE COEFFS IN GEN FM 

D01 0J=2.1_IM 

'ID P(L+1,J)=F'(I_,J-1)-AA:+:F'(L,J)-BW(L-1,J) 

C GET POLY VALUE 

D011M=1.M 

11 F'V(L+1,M):=(X(M)-AA):{PV(I_,M)-FtB:t :PY(I--1,M) 

C GET F?UM,DE,t FOR AA,BB,T 

FMG-CJ 

XPS:=0 

F'S={) 

'z' 1=' S = 0 

D012I=1,N 

;;PS:=XF'S+X(I)a:PV(L+1,I)i:F'V(L+1,I) 

F'S=PS+F'V(L+1 .I )*PV(L+1 , I ) 

12 S= Y PS+Y ( I):+:F'V(L+1 , I) 

C GET AA,BB 

iÿA=XF'S/PS 

)3B:=PS/PMS 

C GET FOUIiIER COEFFS 

T(I_+1 )==YF'S/PS 

C ADD NEU TERMS TO COEFF ARRAY 

D041I=1,LIM 

C REMEMBER OLD ARRAY 

0A(I):=A(I) 
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11 . 1ÿ(I) =A(I) +T(I_ +1):PP(L +1,I +1 ) 

C GET SIGMASOD 

SUM =O. 

D042I ='I , N 

CALL POLVAL(L,A,X(I).YY) 

YIMYY= Y(I) -YY 

42 SU'NN =SUM+YIMYY:+YIMYY 

C GET RMS DEV 

RDEV=SQRT(SUM!(N) ) 

IF(II.E0.1)GOTO43 
IF(L- 2)43,43,44 

44 IF(RDEY- STR)43,43,50 

43 STR =RDEV 

G0TO20 

C WRITE OUTPUT 

50 CONTINUE 

C CALL OUT(STR,L- 1,0ÿ,1d,1) 

L =L -1 

RDEV =STR 

D052I =1,21 

52 A(I)= 01ÿ(I) 

RETURN 

51 CONTINUE 

G CALL OUT(RDEV,L- 1,Á,N,2) 

L=L-1 

RETURN 

END 

C OUT: NEWPOL'S OUTPUT ROUTINE 

SUBROUTINE OUT(RMS,L,A,N,IFL) 

DIMENSION A(21) 

LN =L +1 

WRITE(9,61)L,N,RMS 

61 FORMAT(1N .5X, POLYNOMIAL FIT TO DATA POINTS ///10X, 

- 'ORDER OF POLYNOMIAL : ',I2 / /10X,'NUMBER OF POINTS :', 

- I3 / /10X,'RMS DEVIATION :',E14.611) 

GOTO(62,63),IFL 

62 WRITE(9,64) 

64 FORMAT(1H .9X,'MINIMUM ERROR REACHED'/ /) 

GOT065 

63 WRITE(9,66) 

66 FORMAT ('I H .'9X, ̀ 'MAXIMUM SIZE REACHED'//) 

65 D067I =1,LN 

67 WRITE(9,68)I,A(I) 

68 FORMAT(1H ,15X, I2,2X, E13.á ) 

WRITE(9,69) 

69 FORMAT(1H /. / /! /) 
RETURN 

END 
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C POLVAI-: GIVEN X, OF NPOLY'TH ORDER 
POLYNOMIAL, GETS Y 

SUBROUTINE F'01_!'AL(tlPOI_`;',CCiEFF.;`. Y ) 

DIMENSION COEFF(21) 
N=NP01-Y+1 

Y=COE1=F(1 ) 

DO 1 I=2,N 

Y=Y+.r,OEFF ( I )*X** ( I-1 ) 

RETURN 

END 

C REMCON: REMOVES COi1TINUUM BY G.I. THOMPSON CONVOI_UTION 
C 

SUBROUTINE REMCON(S,C,IW,JI_EN) 
REAL S(512),C(512) 

C TEST FOR IW EVEN 

TEST =FLOAT(IW) /2.- FLOAT(IW /2) 

IF(TEST.E0.0.)GOTO69 
C SET L,R LIMITS 

IGM =IW /2 

IGS =IW +IGN 

ILI- =IW *2 

IRL =JLEN -ILL 

C ZERO OUTPUT ARRAY 

CALL UZERO(C,JLEN) 
C CONVOLVE 

I'O61I= ILL,IRL 

IIO63K=1 , IW 

C(I)= C(I)- 0.5*S(I- IGS +K -1) 

C(I) =C(I) +S(I- IGM +i( -1) 

63 C(I)= C(I)- 0.: +:5(I +IGM +K) 
61 CONTINUE 

RETURN 

69 WRITE(6,7O) 
D FORMAT(1H //1X,/WIDTH PARAMETER FOR REMCON MUST BE ODD//f) 

STOP 

END 

(; CORCON: CONVOLVES COIiRELATING FUNCTION 

SUBROUTINE CORCON(C,IU,ILO,IHI,JLEN) 

REAL C(512),D(512) 

DATA D/512: +:O./ 

(! TEST FOR IW EVEN 

TEST =FLOAT(IW) /2.- FLOAT(I4 /2) 

IF(TEST.E0.0.)G0TO69 
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C SET L,R LIMITS 

IGM=I(J /2 

IOS= IU +IGM 

:[I_X =IW:,.2 

I RX =JLEN!-ILX 

ILL =ILO -IGS 

IF (ILL.LT.II_X)IL I_ =ILX 

IRL =IHI +IGS 

:[F(IRL.GT.IRX)IRL =IRX 
C CONVOLVE.. 

Ií061 I =ILL, IRI_ 

D063K =1,IW 

D(I) =D(I)- 0.5*(C(I- IGS +I( -1 )) 
D(I) =D(I) +(C(I- IGM +K -1)) 

63 D(I) =D(I)- 0.5*(C(I +IGM +10) 

61 CONTINUE 

NMOV =IRL -ILL f1 

CALL UMOVE(D(ILL),C(ILL),NNOV) 
NCLE =NMOV -1 

ITO =ILL +1 

D(ILL)=0. 

CALL UMOVE(D(ILL),D(ITO),NCLE) 

RETURN 
69 WRRITE(6,70) 

70 FOIMAT(1H / /1X.'11IDTH PARAMETER FOR CORCON MUST BE ODD' //) 
STOP 

END 

(s ZEDPLT: PLOTS SPECTRUM, IIDENTIFYING 4000 FEATURE 
C 

SUBROUTINE ZEDPLT 
COMMON /HART /XO,WO,A 

COMMON / PLOT/ SPECN ,XZED,XRMS,POSH,ID,XPLOT,YPLOT, 
- WAV,NFEAT,BSTP,BVAL,JLEN 
REAL SPECN( 512 ),XPLOT(15),YPLOT(15),WAV(20) 

CALL SETXY(552.,500.) 

CALL TOXY(552.,100.) 

CALL TOXY(40.,100.) 

CALL TOXY(40..500.) 
Y =SPECN(1 ):;:400, +100. 

CALL SETXY(41.,Y) 

CONST=512.!FLOAT(JLE_N) 
D012I =2.JLEN 

X: =40. +FLOAT (I) * CONST 

Y =SPECK (I) f 4x00. +100. 

IF(Y.LT.O.)Y =0. 

IF(Y.GT.500.)Y =500. 

12 CALL TOXY(X,Y) 
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C PLOT CUTOFF POSITION 

CUTP'OS=F'OSN*CONST +40. 
CALL SETXY(CUTPOS,500.) 
CALL TOXY(CUTPOS.100.) 

TAG ALL FEATURES 

ZP=1.+XZED 

D015I=1 ,Ni=EAT 

WSH=WAV(I)*ZP 

XSH =X0-A/ ( WSH-W0 ).r.* 1 .2 
XF'OS=POSN-XSH*125. 

XPOS=XPOS*CONST+40. 
CALL SETXY(XPOS,500.) 

15 CALL TOXY(XPOS,450.) 

C TAG B WAVELENGTH 

BPOS =B STP*CONST +40. 
CALL SETXY(BPOS.100.) 
CALL TOXY(BPOS,130.) 
CALL SETXY(BPOS,SO.) 
CALL HPLOTS('B') 

G PLOT CORRN AROUND FEATURE 1 

CM IN=1 . E20 

CMAX=O. 

D019I=1.15 

IF(YPLOT(I).LT.CMIN)CMIN=YPI.OT(I) 

IF(YPLOT(I).GT.CMAX)CMAX=YPLOT(I) 
19 CONTINUE 

CRAN=CMAX-CMIN 

CMUI_=50./CRAN 

ZP=1 .1-XI'LOT (1 ) 

WSH=WAV( 1 )*'P 

XSH=X0-A/ ( WSH-W0 ):+::,:1 .2 

XF'OS=POSN-XSH* 125. 

XPOS=XPOS*CONST+40. 
YF'LT=500. -CiMUI_* (CMAX-YF'I.OT (1 ) ) 

CALL SETXY(XPOS,YF'LT) 

Ii020I=2,15 

ZP=1.+XPLOT(I) 
WSH=WAU( i )*'LF' 

XSH=X0-A/ ( WSH-W0 ):;::}:1 .2 

XPOS=POSN-XSH*125. 



A23 

XPOS =XPOS *CO¡1ST +40. 

YFL T = 500. -CMUL* (CMAX -YPLOT (I) ) 

20 CALL TOXY(XPOS,YPLT) 

C DETAILS AROUND THE PICTURE 

CALL SETXY(30..:340.) 
CALL JTYPEN(ID,11) 

CALL SETXY(200..540.) 
CALL HTEXT(^,'? = ') 

CALL TYPNMB(X7_ED.1.,3.) 

CALL SETXY(350.. 40.) 

CALL HTEXT(5,'RMS: ') 

CALL TYPNMB(XRMS,0.,3.) 
CALL SETXY(30.,10.) 
CALL HTEXT(4,'B = ') 

CALL TYPNMB(BVAL,5.,1.) 
CALL ADVFLi`4 

RETURN 

END 

C MOWN: GETS MOVING AVERAGE OF A SPECTRUM, SLIT N STEPS UIDE 

SUBROUTINE MOVAV(SPECT,N,JLEN) 
REAL SPECT(512),SPEC(512) 
TOT =O. 

D010I =1,N 

10 TOT = TOT +SiP'ECT (I ) 

TS== TOT /FLOAT(N) 

D011I =1,N 

11 SPEC(I)E =TS 

M=N +1 

D020I =M,JLEN 

TOT =TOT -SPECT(I -N) 

- +SPECT(I) 

20 SPEC(I)= TOT /FLOAT(N) 

CALL 'UMOVE(SPEC(1),SPECT(1),JLEN) 
RETURN 
END 
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Appendix [3 

Method of variation of parameters 

The following technique has been found to be very useful 

for curve fitting to sets of data points which should lie on a 

curve given by a known function. It can provide a better fit 

than a polynomial fit, and can sometimes even produce a fit where 

a polynomial fit breaks down. 

To apply this method we need: 

(i) a function the data are supposed to fit 

(ii) a first approximation to the variable parameters of the function 

(iii) the data points 

We use enough data points to obtain the parameters giving the 

best fit to the data, by minimising the mean square deviation between 

the values calculated and the values in the data. 

The technique has been applied to fit the dispersion 

curve of the UKSTU thin prism, using the Hartmann formula, and 

has also been used to calculate the best -fit parameters for a 

polynomial transformation. To describe the technique, we take this 

as an example. 

We consider only one co- ordinate; the procedure for the 

other is identical. 

The assumed transformation is 

u = f(x) + g(y) 

where f and g are polynomials; we assume second order here. These 

are then given by 

f.fx) = a -L bx + cx` 

g(y) = d + ey + fy 
2 

We wish to determine a, b, c, d, e, f from the data, and so first 

need an approximation (we can put a: = a + d) 

u 1::.a' + b'x + c'x2 + e'y + f'y2 

These parameters for the first approximation are calculated by 

simply solving five linear equations 
from five data points. 
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We then assume errors in a', b', etc, such that 

a =a' + de 
b = b' ,- LSb etc, 

Where a, b, .., are values for the 'best fit'. 

For the best fit solution we than have 

u= (a' + Àa) +(b +Ob)x+ (c + &c )x2 
+ (e + de)y + (f + Af)y2 

and for data point (ui, xi, yi) the deviation from this solution is 
S. = (a' + Aa) + (b' + Qb)xi + (c' A,c)xy2 

+ (e' + 11e)yi + (f" + f)yi2 - ui 3 

the mean square deviation for all data points is then 

S = (Si)2 ( 1 ) 

and we wish to minimise this w.r.t, a a, &b, ..,. 

a s Zs 

Now S. can be written 

Si = Da + Abx. -I- Qcxi2 -I- hey. + Lfyi 2 

+(?' b'xi-! c'xi2-I-e'yi+f'yi2-u.) (2) 

and differentiating (1) we get 

2(Si) = 0 

2(Si)(xi) = 0 

2(Si)(x,2) = 0 

as i 24 2(Si)(y) - 0 6 '' -- ' Z2 (S1 )(y32) = 0 aA . 

Omitting the constant terms, and writing the expression 

parentheses in (2) above as Ci, we have 

n 2 7 2 r 
Aa 1 + Qb x -i- Lc xi + ié 'y'i + f }'. + Ci = 0 

, 
2 t-+ 3 

Aa x. Qb ,xi + L1 c L_ Ac Z xi y. + 1f xiyi2 + Cixi = 0 
1. i < < t 

Aa f 2 + Lb Zx.3 + E1c x 4 
-- ''ie Z x 2y. + L,.' x.`y.2 +EC x. 2 

= 0 
; J. ; i i i i i i 

i 
- 

. ' I. 
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Radial velocities of faint galaxies from objective 
prism plates 

J. A. Cooke and D. Emerson Department of ,Astronomy, University of 
Edinburgh, Blackford Hill, Edinburgh EH9 3HJ 

K. Nandy and V. C. Reddish Royal Observatory, Blackford Hill, 
Edinburgh EH9 3HJ 

M. G. Smith Cerro Tololo Inter- American Observatory, La Serena, Chile 
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Summary. A method of obtaining radial velocities of faint galaxies from low - 
dispersion objective prism spectra is described, and preliminary results are 
presented. The highest radial velocity measured corresponds to z '- 0.15. 

1 Introduction 

The object of this note is to investigate the possibility of obtaining the redshifts of faint 
galaxies from low- dispersion objective prism spectra. Direct and objective prism plates were 
taken with the Curtis Schmidt telescope of the Cerro Tololo Inter- American Observatory. 
The prism has a dispersion of -1400 A /mm at Hy (Blanco 1974). Smith (1975) has pointed 
out that on these plates galaxies can readily be distinguished from stars. An area 5 cm 
(1.4 degrees) square on a plate centred at 12h 40i°, -4° was searched down to the plate 
limit, both on the direct and prism plates, for galaxies. About 120 non -stellar objects were 
found on the prism plate and their spectra traced with a microdensitometer. All spectra with 
peak densities less than about 0.2 above the sky density level were then rejected from the 
sample, being too faint to show clearly spectral features. This left about 60 objects, and 
redshifts were obtained for 29 of them having identifiable absorption features. Redshifts 
were also obtained for five objects from the catalogue of Zwicky, Herzog & Wild (1961) in 
the northern half of the plate. 

2 Method of obtaining redshifts 

Redshifts were obtained by using the green cut -off of the IIIai emulsion as a wavelength 

standard, and the observable features in the galaxy spectra. The emulsion cut -off (Xe) for 

the area under study was found by fitting a dispersion curve to five stars with well defined 

lines or blends, and to the published dispersion curve for the Curtis Schmidt prism (Blanco 

1974). The value obtained is X = 5360 ± 30 A. 
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3670 40c0 45.005x1.500 36C0 4000 4500500055C0 A 3500 4000 4500500055('A 
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Figure 1. (a) demi E -SO energy distribution modified to correspond to the dispersion of the Curtis 
Schmidt prism. (b) Low- dispersion spectrum of galaxy No. 1 in Table 1, from the prism plate. (c) Low - 
dispersion stellar spectrum from the prism plate. 

Pence (1976) has given energy distributions for galaxies of different types; Fig. 1(a) 
shows Pence's spectrum for a galaxy of type E -SO modified to correspond to the varying 
dispersion of the prism. One feature stands out in the distribution for E -SO galaxies; a sharp 
drop in intensity at about 4000 A. This feature is sufficiently large to show up in our low - 
dispersion spectra; an example is given in Fig. 1(b). The same feature shows up well in 
low- resolution spectral scans of late -type stars (Fay, Stein & Warren 1974); an example of a 

stellar spectrum from our plate is given in Fig. 1(c). The consistency in position of the 
X 4000 feature relative to Xc over the area under study, and for a range of magnitudes, was 
checked using about 30 late -type stars. No systematic effect with magnitude or position on 
the plate was found. The wavelength of the X4000 feature was calculated from the above 
value of Xc; assuming zero error in Xc, X04000 = 4010 ± 30 A. An additional feature, a small 
dip in intensity at about 4200 A appears in many of the late -type stars -cf Fig. 1(c) - and 
in most of the 29 galaxies measured. This feature was treated in the same way for a sample 
of about 20 stars, giving X04200 = 4280 ± 40 A. 

The positions of the green cut -off and the X 4000 feature were defined by the mid -points 
in density on the tracings; strictly the mid -points in intensity should be used to avoid any 
effects due to the image size on the plate. The error introduced by using density instead of 
intensity is small due to the steep plate cut -off and the much smaller height of the X4000 
feature, as compared to other errors in the positions of the features. 

Redshifts were obtained by measurement from the densitometer tracings of the cut -off 
and the X 4000 feature. The position of the X4200 feature which corresponds to the posi- 

tion of the G band in stellar spectra was also measured, and using the redshift obtained from 
the X4000 feature, the rest wavelength, X0i of the X4200 feature was calculated, as a check 

on systematic error. For redshifts less than log cz = 4.4 no correlation in X04200 with log cz 

was found, but for log ez greater than 4.4 the values of X04200 were consistently low. This 

is probably caused by the X4000 feature becoming very low in density and thus the defini- 

tion of the position of X4000 becoming uncertain, whereas the X4200 feature, as a dip, has 

its position well defined although the actual scatter in its rest wavelength is larger than that 

of the X4000 feature. Thus for logez greater than 4.4 the redshift given is that obtained 

using the X4'00 feature only, with error in z estimated to be ± 0.02. For log cz less than 4.4 

the mean of values obtained from both features is used, with a smaller error in z, apart from 

two exceptions where the X4000 feature is poorly defined. The value of the rest wavelength 

of the X 4200 feature obtained for the galaxies is X04200 = 4220 ± 60 A, as compared to the 

value. mentioned above, of 4280 ± 40 A for the stars. 
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Table 1. 

(a) Approximate positions and redshifts of the objects 
appearing in plate I. 

Galaxy Position 

RA 

h m 

(1950.0) 

DEC 

o 

Redshift Baker density 

1 12 39.7 -5 30 0.02 * +0.21 2 12 39.7 -5 31 0.00 * +0.50 3 12 39.ó -5 25 0.05 * -0.43 4 12 38.6 -5 27 0.14 -0.65 5 12 38.3 -5 31 0.11 -0.61 6 12 38.3 -5 32 0.04 * -0.33 7 12 36.8 -5 23 0.04 * -0.35 8 12 38.4 -5 10 0.07 * -0.69 9 12 37.7 -5 03 0.13 -0.43 10 12 39.5 -4 52 0.08 * -0.57 11 12 38.6 -4 55 0.13 '-0.83 12 12 38.1 -4 49 0.11 -0.80 13 12 38.0 -4 52 0.00 * +0.80 14 12 38.0 -4 55 0.10 -0.50 15 
16 

12 
12 

35.8 
39.4 

-4 
-4 

52 
36 

0.14 
0.08 * 

-0.90 
-0.63 17 12 39.0 -4 32 0.06 -0.35 18 12 39.0 -4 35 0.14 -1.02 19 12 38.7 -4 44 0.01 +0.78 20 12 37.5 -4 42 0.11 -0.72 21 12 37.0 -4 40 0.07 * -0.38 22 12 36.8 -4 36 0.03 * -0.11 23 12 36.9 -4 25 0.10 -0.86 24 12 36.3 -4 21 0.09 -0.83 25 12 36.0 -4 18 0.11 

26 12 35.7 -4 30 0.07 * -0.08 27 12 35.1 -4 27 0.15 -0.74 28 12 34.9 -4 29 0.07 -0.3Ó 29 12 34.7 -4 17 0.11 -0.42 

(b) Objects from Zwicky et al (1961) with measured redshifts. 

Position (1950.0) Redshift Baker density 

h 

RA 

m 

DEC 

o 

12 43.3 -1 24 0.03 * +0.01 
12 45.3 -1 22 0.00 * +0.80 
12 32.9 -2 03 0.02 * +0.10 
12 33.3 -2 07 0.01 * +0.17 
12 40.6 -1 09 0.03 -0.05 

* obtained using both the 4000 R and 4200 R features. 

3 Results 

A list of the objects for which redshifts have been obtained is given in Table 1; the area 
studied is shown in Plate 1 with the objects identified. 

Baker (1949) found a function of transmission on a photographic plate that is approxi- 
mately linear with magnitude; it is defined as B = log (1 /T - 1), where T is the transmission. 
This is found to be fairly well correlated with magnitude over a limited range, for objects 
from Zwicky et al. (1961), but there are no accurate magnitudes of faint objects to extend 
the relation between Baker density and magnitude. It seems meaningless to extrapolate the 
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relation linearly, as the brighter objects are only being partially sampled by the densitometer 
slit, and the fainter objects will be over sampled in comparison with the Zwicky objects. As 
no accurate magnitude calibration is available, Baker density instead of magnitude is plotted 
as the abscissa in Fig. 2. Three of the objects in Table 1 do not appear, their redshifts being 
too small. The rms scatter in Fig. 2 is -± 0.03 in z. 

The mean magnitude and redshift for the four Zwicky objects appearing in Fig. 2 are 
rZW = 15.4 and 2 = 0.023 (loge. = 3.83). The magnitude of the galaxies with the largest 
redshifts can be assessed in the following way: if these are for very distant giant ellipticals 
with MB = -23, then for logcz = 4.65, mg = 17.5 is obtained from values given in Sandage 
& Tammann (1975). Smith (1975) quotes the limiting blue magnitude for thin prism plates 
on the Curtis Schmidt as 18. 

tog cz 

4.5 

4.0 

35 

30 
0 -1 

Baker density (B 

Figure 2. Redshift plotted against Baker density at X = 4400 A. Circles indicate objects from Zwicky et al. 
(1961). 

4 Discussion 

One difficulty with the method is apparent: the X4000 feature on its own is not completely 
unambiguous for faint objects. It would be possible, for example, to confuse it with a similar 
feature occurring at a different wavelength in a spectrum of a faint star, and it is, therefore, 
essential to ascertain that only galaxies are being measured. 

The angular size of the galaxy, together with the seeing, determines the effective resolving 
power of the prism; thus no redshifts can be obtained for large nearby galaxies. For large 

redshifts the method is limited by the movement of the features used beyond the plate cut- 
off, and more fundamentally by the low dispersion of the prism in the red. 

The 4000 A feature is present in ellipticals and in the nuclear bulge of spiral galaxies. The 
possibility of detecting this feature in spirals depends on the ratio of the nuclear bulge to the 
disc, but the integrated spectra of Wells (1972) suggest that it should be detectable in spirals 
as late as Sb. Very late type galaxies, however, show strong emission lines which can be used 
to determine redshifts; several galaxies with emission features are present in our sample, but 
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for the present paper we have confined ourselves to measuring redshifts from absorption 
features. Many of the remaining relatively bright galaxies which show no definite 4000 A 

feature are probably Sbc and Sc type galaxies. 
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Summary. The new thin objective prism for the UK 1.2 -m Schmidt telescope 
has a dispersion of 2480 A' /mm at Hy and 3515 A /mm at Hß. The dispersion 
curve is given; several features in the spectra of late -type stars are resolved and 
a method of spectral classification is described. 

Introduction 

The new thin prism, specified by one of us (VCR) and manufactured by Sir Howard Grubb - 
Parsons & Co. Ltd in the UK, has a diameter of 1.26 m, with an apex angle of i; it is 

made of Schott BK7 glass and has a high ultraviolet transmission. The first trial plates with 
this prism on the UK Schmidt telescope at Siding Spring were taken in 1976 July. Bolton 
et al. (1976) have reported that the unwidened spectra of stars having photoelectrically 
determined B magnitudes of 19.5 mag are readily visible on 30- and 60 -min exposure IllaJ 
(hypersensitized) plates, and they estimated that 60 -min unwidened exposures reach beyond 
20 mag. In this letter, we present results concerning the dispersion curve and the resolution 
of the prism. Spectral classification using this prism is also discussed. 

Observational material 

Tracings taken with a Joyce Loebl microdensitometer have been obtained from UJ 2461P, 
an unwidened, 60 -min exposure, centred on 22h 3201, - 40 °, and from UJ 2451P, a 2 -min 

exposure widened to 0.4 mm centred on 19h, -60 °. Both plates have the Eastman Kodak 
IIIaJ emulsion; UJ 2461 P was hypersensitized. Fig. 1 illustrates some sample tracings of 
stars in the spectral range A to M, from UJ 2451 P; and the tracings of two galaxies from 

UJ 2461 P. These galaxies are identified on the prism plate by their diffuse appearance. At 

the galactic latitude of plate UJ 2451 P (b - 25 °) the nearby B stars are overexposed. Fig. I 

shows that the hydrogen lines are resolved in A stars, and a number of features appear in the 

spectra of F, G and K stars. These features are in general the blends of several atomic and 

molecular lines, and they have been identified using the list of lines detected in the low- 

4t 
#4\-, 
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SAO 245718 

a. Hp 
b. Hy 

c. H6 

d Hc 

SAO 245802 

a. HO 

b. Hy 
c. Ht 
d. 3970 H, 

He blend 

SAO 245646 

a. G band 
b. 3934K 
c. 3820 MgI, FeI blend 
d 3730 FeI blend 
e. 3580 FeI blend n. 

SAO 254376 

a 4227 Cathlend 
b 3820 MgI, 

FeI blend 
c 37:0 FeI 

blend 

SAO 254395 

a 5000 TIO hand 
b 4800 TIO band 

UKS 22410-4028 

z - 0 02 

r 
Y' ° "V 11'I 

UKS 22404-4077 

z-012 

I I 11 l 

3500 4000 5000 À 3500 4000 5000lí 35fX) 41)IXl 5fN)0 Á 

Figure 1. Examples of stellar spectra traced from plate W 24511', and two galaxies from plate UJ 2461 1'. 

Spectral types from SAO catalogue: 245718, A2. 245802, 11; 245646, G6: 254376, KO: 254395, M2. 

The ordinate is density, hut.the scale is not constant. The redshifts of the galaxies have been determined 

from the position of the discontinuity at 4000 A (Cooke et al. 1976). 

resolution spectral scans of Fay, Stein & Warren (1974). The mean wavelength has been used 

for blends. The identifications of the features observed in the objective prism spectra are also 

given in Fig. 1. 

The dispersion curve of the prism 

Measurements of 35 individual lines from a total of nine stars were used to obtain the disper- 

sion curve given in Fig. 2. The sets of lines for the stars were superimposed by eye to give the 

best fit to a smooth curve; all the points were used to fit á Hartmann dispersion formula by a 

least- squares method. The reduced data is given in Table 1; column 3 gives the mean position 

for each line (shown as a filled circle in Fig. 2) and column 4 shows the number of measure- 

ments of each line. Over the range of measurements the fitted curve agrees very well with the 

manufacturer's predicted curve, the deviation being less than the rms scatter (± 14 A). Outside 

the measured range, to the r'ed, the manufacturer's curve is given, shown by the dashed line 

in Fig. 2. Spectral response tails off into the ultraviolet, the spectrum having almost dis- 

appeared at 3200 A. 

Using the tracings of 19 stars, a value has also been obtained for the plate cutoff of the 

IIIaJ emulsion, defined as the half -maximum density point. The error in this value is derived 

from the scatter of this point in position, when all the sets_of lines are fitted to a smooth 
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Low -dispersion objective prism spectra 65 P 

T T 

H, 4340 
G 4300 

4000 H6 4101 
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3730 blend 
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- 05 0 05 
mm 

Figure 2. Dispersion curve for the UK Schmidt telescope objective prism. Solid line - Hartmann formula 
fit to the data points. Dashed line - manufacturer's data. The ordinate is the wavelength in Angströms, 
the abscissa is the displacement, in mm, from Fly. 

Ta) 5000 

Hp 4851 

TO 4800 

Table 1. Data from nine stars on plate UK 2451 P used to obtain the prism dispersion curve in Fig. 2. 

Feature 1, x n 
(A) (mm) 

TiO 5000 + 0.228 1 

Hp 4861 + 0.180 4 

TiO 4800 + 0.168 1 

Hy 4340 0.0 5 

G 4300 -0.016 3 

H6 4101 -0.106 5 

II, He 3970 -0.184 2 

K 3934 -0.196 5 

Mg I, Fe I blend 3820 -0.254 4 

Fe 1, H11_14 blend 3730 -0.322 3 

Fe I blend 3580 -0.422 2 

X - wavelength in A; x - distance in mm from 117; n - number of measurements, from different stars. 

curve. The value of the cutoff is 5380 ±30 A. From the measurements of the hydrogen 

lines observed in the spectrum of the star SAO245718 (cf Fig. 1) the spectral resolution 

is found to be - 70 A at Hß and - 40 A at lie. 

Spectral classification 

The lines and features observed in the widened objective prism spectra enable a spectral 

classification of the stars to half a spectral class to be obtained by visual inspection of the 

tracings. The characteristic features seen in these spectra for stars in the range of spectral 
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Table 2. Characteristic features observed in the spectra of A to M stars. 

Spectral type Features 

A Hydrogen lines and no discontinuity at 4000 A 

f Hydrogen lines, and a small discontinuity at 4000 A 

G Hydrogen lines weak or absent; G band followed by the discontinuity at 4000 A; 
Mg I blended with Fe I at 3820 A 

K Hydrogen lines absent, Ca I (blended) at 4227 A, followed by a large discontinuity 
at 4000 A. Strong Mg I, Fe I blend at 3820 A 

M Spectrum is short with TiO bands at 5000 and 4800 A being well separated 

types A to M are given in Table 2. The spectral classifications are taken from the SAO 
catalogue. 

JAC wishes to thank the SRC for a research studentship. The photographs used in this 
work were taken by the UK Schmidt telescope unit of the Royal Observatory, Edinburgh. 
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SIMPLE COMPUTER CONTROL OF A JOYCE -LOEBL 1`'IICRODENSÌTOMETER 
FOR THE MEASUREMENT OF OBJECTIVE -PRISM SPECTRA 

By B. D. Kelly, 1. A. Cooke and D. Emerson 
Department of Astronomy, University of Edinburgh 

Introduction. As part of a continuing programme to study faint galaxies 
using UK Schmidt objective -prism plates, we have a requirement for 
measuring individual' spectra. These are' at a dispersion of 24So A!mm at 
Hy, and are approximately t mm long when Eastman Kodak IIIa -J emulsion 
is used. Large areas of these plates have been measured with the COSMOS 
machine at the Royal Observatory, Edinburgh2, and individual spectra can 
be extracted from these data3; but to trace the spectra of individual objects, 
as required, we have used a Joyce -Loebl microdensitometer. The application 
of an intensity calibration to the microdensitometer measurements is intrin- 
sically desirable, and also allows us to compare the data with results produced 
by COS1\IOS. This implies that digitization of the tracing is necessary, and 
so the system described here has been developed. 

Equipment and Operation. The microdensitometer is a Joyce -Loebl model 
Mk III CS with a lead -screw fitted to the table for x- motion, the drive being 
applied through a gearbox by a stepping motor. The density reading is sensed 
by a potentiometer operated by the system which originally moved the 
recording pen. The system is operated through a Commodore PET toot 
mini -computer and controlled by the user through interactive programmes. 
There are two modes of operation, MANUAL and SCAN. In MANUAL mode, the 
PET responds to the user's command to take individual steps in a specified 
direction, and displays the current measurement on the screen. This mode is 
for use when measuring a step -wedge image or when setting up and removing 
backlash prior to scanning a spectrum. SCAN mode drives the carriage 2 mm 
in a user -specified direction while storing densities in the PET memory. At 
the end of the scan the spectrum is displayed on the PET VDU, either on 
the density scale or, if required, after conversion to relative intensity. This 
enables the user to check the validity of the data and also to determine the 
wavelengths of features of interest. The original data can then he recorded 
on cassette tape or sent to a teletype as required. 

Limitations. The measurement parameters are limited by the micro- 
densitometer. The step size along the scan is in multiples of 6.25 microns, 
which corresponds to one step of the stepping motor. Density range, sample - 
slit size, and other microdensitometer adjustments are set as for normal use. 

The system is, of course, very slow, taking typically one minute to scan 
one spectrum. In addition, the specimen table is currently driven only in the 
x- direction, so setting up on each image has to be done manually. 

!Measurements. Data obtained from our system and from COSMOS 
measurements of the same images are shown in Fig. t. The measurements 
have been converted to intensity using a Baker density fit to the step -wedge, 
and are normalized to the same height. This comparison is interesting given 
that COSMOS is a slitless flying -spot machine, as opposed to the Joyce -Loebl 
density measurements. It can be seen that there is a progressive difference 
from the fainter to the brighter object, which is in the sense of COSMOS 



1980 June 

C13 

Notes from Observatories 77 

FIG. 1 

Comparison of microdensitoneter (upper) and COS\IOS (lower) measure- 
ments of three spectra on a UKSTU objective -prism plate. The objects have 
peak densities above sky of s2o (left), o62 (centre) and o4o (right). 

measurements underestimating the higher intensities. This is to be expected 
from the known properties of the COSMOS scanning spot'. 

The noise amplitude within each spectrum can be estimated from inspection 
of the adjoining sky background signal. The right -hand spectrum corresponds, 
in our opinion, to the faintest usable image. 

Conclusion. Objective -prism spectra can be measured automatically using 
COSMOS, or can be scanned rather more slowly using the PDS micro - 
densitometer at the Royal Greenwich Observatory, or the fully computerized 
Joyce -Loebl isodensitracer at the University Observatory, St Andrews. Our 
machine is designed to be a low -cost alternative to the latter two machines, 
and is available to us in Edinburgh. 

The system has shown itself to be well suited to our needs for measure- 
ments of individual spectra, and it is particularly helpful to be able to perform 
the intensity conversion immediately, on -line. The system would be further 
improved by the addition of a stepping motor drive in the y direction, and 
this would probably necessitate an expansion of the PE T's memory capacity 
(currently 8 K), to accommodate additional control software. As it stands, it 
is an easily constructed system, requiring little more than plugging together 
the various components and writing the programmes, and was assembled, 
excluding the microdensitometer and teletype, for under £3000. 

Acknowledgements. We wish to thank the UK Schmidt Telescope Unit for 
its continuing perseverance in taking plates for us, the Image and Data 
Processing Unit of the Royal Observatory, Edinburgh, for COSMOS 
measurements, and the Science Research Council for a grant which enabled 
our system to be put together. 
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Microdensitometer scans of 4O stellar spectra within a one 
square de9ree area of a widened UK Schmidt objeetive prism plate 
have been 'owpared with (B,V) photoelectric photometry of the 
same objects. The results imply that microdensitometry can enable 
spectral classification with an accuracy of one or two spectral 
sub-types to be carried out on these plates. 

( 
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The UK Schmidt telescope used in conjunction with the thin 
objective prism produces speL ra with dispersion 2480 A /Mm at r, 
(randy et al., 197 ?). This extremely low dispersion combined with 
the optical qualities of the telescope and the properties of 
Eastman Kodak IIIaJ emulsion enable_ faint limiting magnitudes to 
be achieved whilst retaining resolution of prominent spectral 
features (eg. Clowes et al., 1979). The low dispersion also 
minimizes the problems of overlapping spectra, and so enables 
fainter limiting magnitudes to be reached in crowded stellar 
fields (Kilkenny and Kelly, in preparation). The question of 
using these objective prism plates for general stellar spectral 
classification was raised by dandy et al., and applied by Krug et 

al. (1980) to a one -quarter square degree field. This latter work 
used an unwidened prism plate and succeeded in achieving an 
accuracy of one letter class down to the plate limit (Er19.5). 

The present work is intenoe= to achieve a much higher 
classification accuracy at the expense of a considerable loss in 

limiting magnitude. 

Plate Material 

The plate used was ÚJ4530P, a 40- minute exposure on 

hypersensitized IIla!J, widened to 100 microns. The plate is 

coincident with UK Schmidt survey area 345 (22h30, -40). The 

seeing is estimated to be 3 arcsec. 

Candidate objects were selected Troy a one degree square 

area centred at 22h23, -38 (plate 1) by using COSMOS measurements 

of a direct plate of area 345 (J2599) to define a practicable 

magnitude range. and allocating approximate spectral types to all 

objects within this range by visual inspection of the prism 

plate. 

Photometry 

Photoelectc (:i',')) photometry of 38 of the candidate 

objects was carried out at JF; during August 1979, using a 

:-Peoples' photometer on the 1m. telescope. Standard 5 -13 

photomultiplier and (B,V) filters were used.(Ei1I 6256. 1nm. B612 
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+ 4MM. 66385, 2mM. OMAG302) Colour equation and zero points were 
determined using E-region standards (Cousins, 1973 augmented by 
more recent data available at SAAO). 

Fig.1 shows the residuals in V and (B -V) after corrections 
:or: 

(1) a dependence of V zero-point upon Hour-angle due to 
instrumental problems 

(2) drift in V zero point during the night 

(3) colour corrections such that 

V = y - 0.011 (b -v ) 

(b -v)` = 0.970(b -v) 

(B -V' = (b -v)" + M + c(b -v)' 

where 

M = -0.005, c = 0.019; (b-v)' < 0.6 

M= 0.006, c-0.Ü; 0.6 < (b-v)' < 0.9 

M = 0.027, c = -0.024; ( b-v ) `' 

Clearly, systematic errors have been held to well below 

0.01. 

The observed stars (plate 1) were selected from the list of 

candidates by using the approximate spectral types to ensure 

coverage of the colour range. The photometric results (table 1: . 

show h t the =ample covers the range 13.3 <V <17, that observed 

-0.8<B-V<1.2. 

Two o,' more integrations were obtained for all except one of 

the stai'r's; -. :e'rer, only nine of them were observed on two 

separate nights. The standard errors in an individual 

observation, as indicated by the repeatability of the 

!, MeasireMen % =_, are the game in V and (1 -V) and are 0.015 tV <:.15.° 
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27 stars) and 0.04 (U>15.5. 10 stars). Star no. 27 is suspect 
because of the following e.:_err;_,1 discrepancies; 

(a) The objective prism spectrum matches with spectral type 
FO, but the photometry indicates FS. 

(b) Iris diaphragm MicrophotoMetry of e UK Schmidt dirct 
plate measured by H.Hertl reveals no. 27 lying well away from the 
sequence defined by the rest of our sample. 

(c) COSMOS measurements analysed by H.T.MacGilli.vrary maree 
with (b). 

Star 27 apart, our data should provide a useful calk car .on 
sequence for photographic photometry in this high galactic 
latitude field. 

Star 201 lies just outside our one square degree area, but 
it supplies e valuable extension of our sequence towards earlier 
spectral types. UBV photometry of this star was kindly obtained 
for us by I.M.Coulson (SAAO) during November 19 79. 

Microdensitometry 

The spectra of all the stars with pnotoei.ec l'_ measurements 
were scanned usine the University of Edinburgh Joyce -Loebl 

MicrodensitoMeter, which is controlled in digitized mode by a PET 

computer (Kelly et el., 1980). The Measurements were recorded on 

Magnetic cassette, and subsequently converted into relative 

intensities using the UK Schmidt step wedge calibration. The 

spectra were than scaled and blotted on a PET controlled digital 

plotter. 

Results 

The area 345 lies ait galactic latitude -60. We have assumed 

as reddening of E(S- V)=0.06 (deVeucouieurs et al., 1976). Flete 2 

lists the de-reddened (B -V) values and the corresponding Main 

sequence spectral types listed by Johnson (1966) for an e'' <eMple 

of each spectral type in our sample. Plate 2 also shows the 

corresponding intensity converted, scaled Microder_itoMeter 

scans, and photographs 01 ,ht _.._ =pies. 
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Plate 2 shows a clear sequence of changes in the appearance 
of the scans, with small but detectable differences between 
objects adjacent in spectral type. The classification criteria to 
use are, as expected, the continuum slope and the strengths of 
the Balmer discontinuity, 4000A discontinuity and the G-band. The 

photographs of the original pectra show these same properties, 
but interpretation of relative strengths of features tends to 
depend on the density of the individual image, and so much lower 
accuracy is attainable by direct inspection of the images, 
althüugh classification by that method is much faster. 

Internal Sources of Error 

The intensity conversión applied to the micrndensitometer 
measurements is clearly of central importance, given th..7,T. one is 

classifying on the basis of the 'shape' 
of the resulting picture. 

If the intensity conversion is inadequate, the 'shape' will be a 

function of magnitude. We fitted the sten-wedge data by a Baker 
density function, and had to extrapolate it considerably for the 

brighter objects. Fortunately we had examples of objects of 

similar (B-V) but differing in V by two maqnitudes. No distortion 
was apparent when the scans of xoese objects were compared. 

However, this is obviously a problem which has to be approached 
with caution when spectral typing uncalibrated fields. 

Discussion 

The work described here deviates systematically from 

standard MK spectral classification in two ways. Firstly, our 
'standards' are obtained from (D,V) photometry. Secondly, our 

criteria for spectral typ:..18 are completely different from ;V, 

criteria. The first deviation could be corrected in future if 

necessary, but the second deviation is intrinsic to the nature of 

the very low dispersion used. The lines used for standard MK 

classification are not visible at this dispersion. Esseotiallv, 

we are compensating for this loss of information by maxzng use ot 

the sensitivity of the UV, Schmidt to uavelengths shorter than 

40O0A, a'.d also by Using the continuum slop,: umrmation. 

Summary 

We have demonstrated a method for spectral classification at 

very low dispersion, and provided a set of exaaoles which can 
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serve as standard's. This .work shows the information which catis be 

extracted fror UK Schmidt objective prism plates either at 

relatively faint magnitudes (14 <B <17) or at brighter magnitudes 
in crowded :iei_S- The technique should be valuable for 
statistical (number count) work and also for the detection of 

peculiar spectra lacking strong emission lines. 
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Table 

Star 

1. Photometry of stars indicated in plate 1. Star 201 

has U-B = -1.0, Star 27 is susiccr (see text). 

V B-V Star V B-V 
2 15.12 0.67 68 15.24 0.62 
3 14.60 0.86 70 15,38 1.04 

12 14.57 1.34 71 16.41 0.42 
19 14.72 0.53 73 14,28 1.33 
20 14.73 0.40 87 14.61 0.35 
27 (15.31) (0.54) 28 14.98 0.53 
42 13.47 0.92 91 14.55 1.18 

44 14.62 0.65 92 1*.+o 0.11 

45 13.62 0.96 101 17.07 0.78 

46 15.50 0.57 102 16.21 1.50 

47 14.95 0.65 103 16.73 0.99 

48 15.00 0.64 104 16.89 0,69 

53 14.70 0,66 105 15.74 0.88 

54 14.02 1.10 106 15.99 0.66 

55 14.20 0.87 107 16.44 0.92 

56 14.85 0.77 108 16.94 0,42 

57 14,48 O. 2 109 16.05 0.7 
,y 14.19 1.15 110 15.35 1.12 

66 13.91 0.82 201 14.88 -0.22 * 

67 14'91 0.67 
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Figure captions 

Fig. 1 Residuals in (B-V) and V for the E region standards used. 

Each point represents an individual observaticn. The 

residuals are in the sense (Cousins) minus (pres;-)nt work). 

Plate captions 

Plate 1 Finding chart for the stars in table 1. 

Plate 2 The sequence of spectral type standards. Features indicated 
X 

are: a - H 
; 

h H 
; 

c 
- H=o; d - G band; o - 4OOO" 

^ * 
- 

discontinuity; f 
- Cal 4227x (blended). 
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Abstract 

Radial velocities for galaxies in the cluster Abell 2670 have been measured on 
an objective prism plate and compared with previously published velocities from 
slit spectra. These indicate that the prism velocities are accurate to 

ti 1800 kms -1, Similar velocities have been measured for the cluster of galaxies 

Abell 140, the results indicating a wider dispersion in velocities than would 

be= expected for a single cluster. We conclude that the technique is useful for 

determining the radial velocities of clusters, for testing cluster membership 

and for resolving superimposed clusters or: locating apparent clusters with 

anomalously high velocity dispersions. 

Introduction 

A method has previously been described (Cooke et al., 1977) for obtaining radial 

velocities of faint galaxies from objective prism spectra. This method has 

been adapted (Cooke, 1980, in preparation) for use with UK Schmidt telescope 

plates taken with the low dispersion objective prism, as part of a continuing 

programme to study the spectra of faint galaxies. The method uses the cutoff 

of the IIIaJ emulsion as a wavelength standard, and a strong feature at about 

3970 A occurring in the spectra of early -type galaxies. In this paper we 

firstly establish the accuracy of the method using previously published velocities 

we then apply it to study the radial velocities in a cluster of galaxies. The 

unexpected results illustrate the usefulness of the technique; further applica- 

tion to other clusters could provide important new information on cluster 

velocity dispersions. 

The problem of calibration 

The spectral resolution of stellar objective prism spectra is limited by the 

size of the seeing disc during the exposure. The resolution of galaxy spectra 

is obviously additionally limited by the effective angular size of the galaxy. 

At the low dispersion used here (2400 A mml at Hy) the spectra become excessively 

smeared out for normal galaxies brighter than 
B ti 16 m. In order to check the 
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validity of radial velocities of galaxies determined from objective prism plates, 

it is therefore necessary to have a reasonable sample of faint galaxies, prefer- 

ably lying within the field of a single UK Schmidt plate, having independently 

determined velocities. The best sample available is that represented by the 

cluster Abell 2670, within which 10 radial velocities have been determined by 

Oemler (1973) using slit spectra at a dispersion of 190 A.mm 1. Oemler deter- 

mined the standard deviation for the velocity of an individual galaxy to be 

120 km s -1 ; this is much smaller than the measurement errors in the prism 

technique and will thus be ignored. 

Plate material 

The objective prism plates used for this work were both taken with the UK Schmidt 

telescope. UJ4551P is an unwidened 60- minute exposure centred approximately 

on cluster Abell 2670. UJ4543P has unintentional non -uniform widening, and is 

also a 60- minute exposure; it is taken on the UKSTU survey field 475, and 

Abell 140 is some distance from the centre of the plate, although still in the 

unvignetted region. Both plates were taken using the low dispersion prism. 

Tests of the method: Abell 2670 

Galaxies in cluster Abell 2670 were measured using the University of St. Andrews 

automated Joyce -Loebl microdensitometer. The measurements obtained were pro- 

cessed by computer to produce tracings identical in scale (1 mm on the tracing 

= 20 pm on the plate) to those normally produced using the Edinburgh microden- 

sitometers. The tracings were then measured by hand to obtain radial velocities 

by a simple procedure, which was described by Cooke et al. (1977). Firstly, 

a wavelength standard is defined using the cutoff of the IIIaJ emulsion (at 

approximately 5380 A; the wavelength of the cutoff is checked on each plate 

area using stellar spectra). Then a spectral feature occurring at about 3970 A 

is identified (we refer to this feature as the 4000 A feature) and the separation 

between this and the cutoff measured to 0.5 mm on the tracing (= 10 pm on the 

plate). From this distance the wavelength of the feature as observed is cal- 

culated using the prism dispersion curve (Handy et al., 1977) and from this 

the radial velocity obtained. The wavelength of the 4000 X feature has been 
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found to be constant to within measuring error on objective prism spectra of 
F, G and K stars; it also appears to be constant to within ± 10 X in published 
low dispersion spectrophotometry of stars and galaxies. 

Strictly we should define the features by their half -intensity points. We are, 

however, working with fairly faint objects and for these the difference between 

the half- maximum position in density and intensity is negligibly small compared 

with the measurement error. The size of this magnitude dependent correction 

was determined from a sample of stellar spectra covering a range of density on 

the plate, and for our measurement accuracy can be considered to be zero up to 

a density of 1.3 above the sky background, and only 0.2 mm from density 1.3 to 

1.7 above sky. The cutoff definition depends also on the colour of the object; 

but similar objects were used to define the cutoff position initially (i.e. 

late -type stars, as compared to elliptical galaxies), so again this effect can 

be ignored here. 

A series of tests have been carried out (Cooke, 1980, in preparation) to check 

the consistency of the wavelength scale. These tests involved producing 

tracings of late -type stars of differing magnitudes chosen to cover the full 

area of a Schmidt plate, and additional tests were made on different plates. 

This data was then used to check for systematic trends in the wavelength calib- 

ration. The only one found was the expected magnitude dependence mentioned 

above. Apart from this the wavelength scale showed no trends. For the stars 

used, a standard deviation of 0.44 mm was obtained for the cutoff to 4000 Á 

feature separation as defined for galaxy velocity measures. Taking the stars 

in brightness groups, there were no large changes in this value from the fainter 

to the brighter stars. It is concluded that the wavelength scale does not vary 

with position on a single plate, nor from plate to plate, and that the measure- 

ment errors over the magnitude range concerned are similarly independent of - 

positional and magnitude effects. 

The velocities obtained for the galaxies in Abell 2670 are given in table I. 

The dispersion in (V-110) is determined from the residuals between the prism 

velocities and the Oemler velocities; this quantity is a guide to the accuracy 

of the velocities, and is close to what we would expect, since ± 0.5 mm at this 

redshift corresponds to ± 1800 kms -1. The mean velocity obtained for the seven 

galaxies, 23100 t 1200 km s-1 is close to the mean obtained by Oemler for nine 

galaxies: 22600 ± 300 kms -1 (galaxy 5 was excluded as a possible field galaxy). 
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There is a systematic difference bet-,Teen the prism velocities and Oemler's 
velocities of 590 kms -1, but this is not significant. It is noted that in 

table I the values of V- Vp appear to be correlated with V0; we assume that 

this is an effect of small number statistics. Note that we are not using the 

prism velocities to obtain a dispersion for cluster Abell 2670. 

Velocities in Abell 140 

We next applied the method to another cluster: Abell 140 on plate UJ4543P. 

This is a more distant cluster: both this and Abell 2670 have richness class 3, 

but A140 has a distance class 6 whereas A2670 has a distance class 4. Abell 140 

was initially selected because on the direct plate it was suspected of being a 

combination of two clusters from its galaxy distribution. 

The measurements for this cluster were made using a pen -recording Joyce -Loebl 

microdensitometer at Edinburgh. The 27 brightest galaxies in the area of the 

cluster were measured, but only 12 showed the 4000 X feature well enough for 

redshift determination. Repeat measurements were made to be sure of the position 

of the 4000 X feature, as the galaxies in this cluster are rather faint. The 

velocities obtained for Abell 140 are given in table II. The mean velocity of 

the galaxies in the region is approximately 45000 kms -1, and at this velocity 

± 0.5 mm corresponds to ± 2200 kms -1. If all the galaxies were cluster members, 

we would expect the dispersion in V to be comparable with other cluster disper- 

sions, i.e. velocities up to about 1500 kms- 1(e.g. Yahil and Vidal, 1977; Faber 

and Dressler, 1977). In fact the apparent dispersion is rather larger than 

this, being 3100 kms -1 after removing the contribution due to measurement error 

by assuming gaussian distributions for both the underlying cluster dispersion 

and the measurement error. 

As noted by Faber and Dressler (1977) the cz velocity dispersions obtained here 

are not strictly correct, overestimating the true velocity dispersion by a 

factor (1 + z). Applying this correction the velocity dispersion is reduced 

to 2700 kms -1. 
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Discussion 

It is noted that three possible sources of systematic error could give rise to 

the differences in our two sets of measurements. Firstly, Abell 140 is con- 

siderably more distant than Abell 2670, and so its galaxies are at fainter 

apparent magnitudes. Secondly, the two clusters are on separate photographs, 

and are at different distances from the plate centre. Finally, the two sets 

of measurements were made using different microdensitometers, the St. Andrews 

machine being driven by stepping motors and lead -screws, whereas the Edinburgh 

machine was driven using the normal ratio arm. 

All three of these possibilities are eliminated by the wavelength scale consis- 

tency tests described above carried out using the Edinburgh microdensitometer, 

and by measurements of a few late -type stellar spectra on the plate measured 

using the University of St. Andrews automated microdensitometer. We conclude 

that the large velocity dispersion shown by Abell 140 is real, and requires 

explanation. 

Plate I shows the area of Abell 140,.the numbers corresponding to the identi- 

fications in table II. We have superimposed squares on those galaxies with 

velocities greater than the mean, and circles on those with velocities less 

than the mean. This division does not show the correlation with position which 

would be expected if Abell 140 was in fact a combination of two clusters. 

However, this explanation cannot be ruled out given that an exact line -of -sight 

superposition is possible, and that our sample of 12 galaxies is not sufficient 

to enable the nature of the velocity distribution to be determined. 

If all the galaxies measured in Abell 140 are in a single cluster, then its 

velocity dispersion is the highest known (e.g. Yahil and Vidal, 1977). However 

this does not render the single cluster hypothesis invalid. Relatively few 

clusters have as many as 12 determined radial velocities for their members, and 

well -determined dispersions for moderately faint clusters are very rare. If 

the upper bound for observed cluster dispersions does in fact require modifying, 

then this could have an important impact on the interpretation of groups of 

quasars with redshifts differing by several thousands of kilometers per second 

(e.g. Hazard et al., 1979), since these would no longer be so incompatible with 

the notion that extremely distant clusters of quasars are being observed. 
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Conclusion 

We have established the accuracy of a method to determine radial velocities 

of cluster galaxies from objective prism plates, and have used this method to 

examine the velocity distribution in cluster Abell 140. This serves as an 

illustration of the use of the method for resolving superimposed clusters at 

different redshifts or making checks of cluster membership, although this 

particular cluster is either an exact superposition of two clusters or has an 

anomalously high velocity dispersion. The technique cannot be applied to all 

individual galaxies since redshifts cannot be obtained for most spirals (Cooke 

et al., 1977), but is very suitable in connection with groups or clusters. An 

application that readily comes to mind is the determination of cluster Bautz- 

Morgan type (Bautz and Morgan, 1970) which is vulnerable to contamination by 

foreground or background galaxies. 
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TABLE I 

Radial velocities in Abell 2670 

Galaxy 

(Oemler no.) 

Velocities (kms -1) 

Prism Oemler 

V VO V- VO 

1 22,800 23,200 - 400 

4 24,600 21,260 +3,340 

6 22,800 21,430 +1,370 

7 22,800 22,900 - 100 

8 21,000 23,400 -2,400 

9 24,600 22,350 +2,250 

10 22,800 22,700 + 100 

V = 23,057 km s-1 

c)'V -V0 

E(V-V0) 

E(V-V0)2 
- 2,000 km s-1 

n-1 

- 590 ± 760 km s-1 
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TABLE II 

Radial velocities in Abell 140 

Galaxy Velocity (kms -1) 

(prism) 

V V - Vme an 

1 44,000 - 550 

2 46,400 +1,850 

3 38,000 -6,850 

4 48,500 +3,950 

5 44,000 - 550 

6 44,000 - 550 

7 48,500 +3,950 

8 40,100 -4,450 

9 46,400 +1,850 

10 40,100 -4,450 

11 44,000 - 550 

12 50,600 +6,050 

V = 44,550 kms-1 

QV = 

E(V-Vmean)` 

n- 1 
- 3,800 kms-1 
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Figure caption 

Plate I (a) direct plate (b) prism plate 

field containing cluster Abell 140. 
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