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Radial velocities of faint galaxies from cbjective prism spectra

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
flou, velocities have also been used-to examine the distributiocn of
galaxies in space, Velocities within clusters of galaxieé have also
been used to estahlish cluster ueloqity dispersions, and hence virial
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 technigues, 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 techniqﬁe 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 largse

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,'Fur 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, 18763 Tarenghi
et al, 1979). However as we reach out to fainter objecté it becomes
more difficult to secure spectra, because considerable gquantities 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 allouws
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=
persiony and the resulting spectra have a resolution similar to that
produced using scanning spectrographs to measure galaxy energy distri=-

butions,

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 amm-1.

The extension of these technigues 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



study the spectra of faint galaxies on objective prism photographs
taken with the UK Schmidt telescope (UKST), a project begun by
Professor V,.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 obfain gquickly an approxi-
mate velocity for, say, a Eluster 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



this work are summarised, along with some speculaticn 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 technigue 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.



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 I
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 photngraﬁhy, 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 f 1-:1r|1."l to about 45 f mmf1. The possibility aof
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) the use of an absorption standard, ideally an
absorbing screen which would produce a sharp
calibration line in the spectrumj; knowing the
dispersion curve of the prism, the wavelengths of
lines observed in the spectrum could be found

(ii) the 'reversion' method, whereby two exposures
would be taken with dispersions in opposite direc-
tions on the one photograph, the two spectrs of each
star arranged toc be parallel and adjacent to each



other, Any wavelength shift works in opposite
directions in the two spectra, and the separation
between the two positicns 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 R mm"1 at Hy , and estimated that their probable
errors were about this valuej after analysing their data, Fehrenbach
(1947a) claimed that they were actually slightly worse, Bok and
MecCuskey attempted to correct for changes in dispersion across the
field, but noted that the change of dispersion with position differed
from night to nightj 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 modificationj 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 telescopej 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 lMcCuskey. Fehrenbach
later (1947 a,b) discussed at length the various methods of obtaining
radial velocities. He concluded that the asbsorption standard,
Neodymium Chloride, was not good enough because (a) the absorption

maximum varies with concentration end temperature, (b) the absorption



feature itself is too wids, 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% 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 R over a large concentration range)
could easily introduce errors of sevefal tens of kilometers per second,
The length of spectrum method he also rejected, because, hé claimed,
variations in spectrum length due to variations in the prism properties
(e.q. with temperature) are about 1000 times larger than the

variations due to radial velocitiess in additiun, 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 abjective
prism spectra were discussed at the same time by Treaner (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 Fehrenbachy in fact the change in
spectrum length, if defined by two lines at opposite ends of the
spectrum (e.g. H& and HE ), 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, Treancr 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 km5-1. Fehrenbach's
prism gave a dispersion of about 80 R mrn“'1 between Hy and HS 3
this result implies measurement accuracy, on the photograph, to
better than + 1 pm. Schalén (1954) also used Fehrenbach's tech-
nique, with a prism giving a dispersion of 113 ﬁ mm_1 between HY
and H§ ; the mean error obtained, for measurements of two to four

photographs, was about 6 km5_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, 1973); 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. Ffor 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

2
By; =8, + a0 +agy; + 204" +v,7)

neglecting higher order terms, uwhere X and y; are the average

co—-ordinates of feature 'i' from both plates, and ZSyi the



11

difference between the two y measurements (in the direction of

the dispersien), They determined the coefficients a

a

o?

P

(RS}

and ag4 by a least squares method; is an instrumental constant-

a

22
which has to be determined independently, Any different betuween
the observed ﬁ&yi 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 1 mm_1 at HY . They found an
average mean errar of about + 20 kmsh1 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 + 1 um, 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 tuwo
adjacent spectra, but measurement accuracies of better than 1pem
should be possible with a good spesctrocomparator (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 knuuing (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 E,
17 t2 needed to make the intensity
on one side of a given wavelength in t

E being the ratic of exposures t
: , 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 suggssted

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

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 Nandy 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 M 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 8 mm ! (at about Hy ). Bidelman (1964) noted that
much was to be gained in classification using higher dispersions
and cited Fenrenbach's work (at 80 and 110 i mm_j), the Vatican
observatory (80 i mm_1, Treanor 1969) and the Curtis Schmidt at
Michigan (108 i mm—q). Since the removal of the latter telescope
to the Cerro Tololoc 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,



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 R mmh1
(vol. I) and 645 and 1280 R mm~! (val. I1). 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 R |
at HB, and the new thin prism at Cerro Tololo (Blanco 1974),

1360 R at Hy , 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 H&X 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 0B 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 partibular reddened 0 and B
stars, by Morgan, Meinel and Johnson (1954), who used the rather
extreme dispersion of about 30,000 ﬂ mm_11 This necessitated the
use of very careful phofographic techniques as the spectra ob=-
tained, using a Schmidt camera of 8 inches focal length, were only
about 100 to 200 pm 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 dispersionj 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 3} mo | at HB. He concluded that instruments used
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for extremely low dispersion work need not give exceptionally
smell stellar images, as long as the ratio of lenagth 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 approachj; having no thin prism
to hand, they crossed two prisms at almost 180° to obtain
very low=dispersion curved spectra, giving a dispersion from
3000 R mm“1 at the blue end to about 20,000 i 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 shouw 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 Vandekerkhove (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 Markaryan;
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 Byurakan. Using
a 19,5 prisn giving & dispersion of 1800 % mm™" at Hy s 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 Ila=F emulsion. Markaryan's 'ultraviolet
continuum' objects have continua in the ultravioclet of similar
strength to those observed in 0 and B stars (Markaryan and

Lipovetskii, 1971).
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Markaryan had the choice of using other dispersions, either

900 mm”gr 260 & mm_q, 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 twe 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 QS0's, confirmed by obtaining

larger-dispersion slit spectra of the Markaryan objects,

flarkaryan'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 R mn™ - at Hy . Again, the
photographs are being used for the isolation of classes of objects,
in this case emission~line galaxies and QS0's, The survey is at a
higher dispersion than Mérkaryan's but reaches a fainter limiting
magnitude (blue magnitude 18) due to the use of sensitised (Nitrogen
baked) Kodak IIIa=] 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 R, thus limiting exposure due to the \5577
and \6300 night sky lines, whereas the Ile-F emulsion used by
fMarkaryan is sensitive te about 7000 2. 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 o can be detected in high redshift quasars,

and also causing the loss of H .

The survey is performed by two observers, searching by eye
'with a view to isoclating the maximum number of objects in a period

of about 1 hour per plate per observer', and checks for completeness



16

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 galaxiss., He found that all his (SO candidates were
in fact new radio-quiet QSO0'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 IIIe-~) emulsion. Extension
of QS0 identifications to higher reshifts is being attempted by the
use of red emulsions, to detect Ly o shifted beyond the IIIa-]
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 tels=—
scope (UKST) (Bolton 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 photoographs
on hypersensitised Kodak IIIe~3 emulsion reach beyond 20th magni= '
tude)s in particular, a large semple of optically selected QSO's
was isolated, Smith (1978) has described his extension to the
CTIC work on gquasars using the U.K, Schmidt telescope., His dis-—
cussion is primarily concerned with the spectra of guasars, but
he also discusses objective prism work ('slitless spectroscopy!')
as a technique for their discovery, He also mentions a problem

of surveys aof this type, that of non-uniformity, citing Savage's



(1578) remarks on incompleteness, particularly that due to
selection of objects using yltraviolet excess alone: the selection

criterion for Markaryan'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 technigue allowed them
to allocate colour indices to the spectra, Results were given for
the Coma and Virgo clusters, and alsg 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 sizes 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 lage bright galaxies in objective prism
photographs. Bolton et al {1977) presented photographs from a
UKST objective prism plate, but gave only tuwo photographs of guasar
spectra, and none of 'normal' galaxy spectraj photographs of the
appearance of stellar spectra are given in a more recent paper by

Krug et al (1980).

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

ioned for completeness is the use of a transmission grating-prism
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combination ("grism™) used near the focal plans at prime focus
of a telescope to obtain photographs with both zero order images
and first order (blazed) spectra of objects (e.g. Hoag, 19763
Hoag and Smith, 1977). This technigue can be used to extend
objective prism surveys to fainter magnitudés over limited areas

by utilising the light-gathering power of large telescopes.



2.2 Eneroy 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 eny 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 resoclution 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 & méasuring machine,

In the study of galaxy luminosities photoelectric photometry
has played a prominent part., Whitford (1936) published magnitudes
of 11 bright galexies, 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 1964 is given by Holmberg (1975).

Stebbins and Whitford (1952) noted some correlation betueen
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 arcsec for
colour measurements and 24 arcsec 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 fo 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 aof 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/Dy, For E to Sb galaxies, the 'central!
colour tended to the values (B-V) = 1.0, (U-3) = 0.6; Sbc and

S5c to (B-V) = 0.8, (U-B) = 0.3, The outer regions of these galaxies
were all blusr, from 0,1m in B~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 ea lier 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 O (typesx]/sé) to 10 (type Im)). However some

of these functions contain discontinuities, one of which de Vaucou-~
leurs suspects may venish in a1 analysis of an even larger data

sample!

Using de Vaucoulesurs' data, and his colour aperture relation,
the colour—~type relaticn for the nuclear regions of galaxies can
be calculated, at least approximately; these relations are given in
fig, 2.2.1 , for the (B-V) colours, where X = log (A/DD). 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 (B-U) 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 giver an
example of a 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 technique 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 fK-correction'. Ffor
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, knouwing 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 seanner 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,
1955), ‘

Cade (1959) made scanner observations n% an elliptical
galaxy (M32) 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 velue obtained by Stebbins and Whitford. De
Vaucouleurs (1948, cited in Whitford, 1975) had suggested that the
sharp drop in the ensrgy distribution of the galaxiss near 4000 1
could have been responsible for the Stebbins-whitford effect, the
filters used having had inadeguate 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. O0Oke and Sandage (1968) made further scanner ohbservations
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, 19623 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 (& Lyr). Oke
(1964) used an absolute calibration for o¢ Lyr based on a model
atmosphere which fitted well with date available at that timej; the
star was subsequently recalibrated (Oke and Schild, 1970) using
terrestrial standards, and this affected subsequent scanner
observations of galaxies, The e¢ Lyr standard has continued in

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

The use of scanner observations of galéxies 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 synthesisj for example,
Spinrad and Taylor's work at a resolution of 16 R (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 Sm 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
2048 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 phctometry.

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 10, using a scanner, at a resolution of about 50 R, uwells
used the revised calibration of & Lyr by Oke and Schild (1970) with
slight corrections for instrumental differences. He grouped his
‘observations into 4 sections: E and S0, Sa and Sb, Sbc, Sdm and
Im; then obtained K~corrections for each of these groups, out to a
redshift of A, 0.3, for B and V colours, Wells!' corrections for
galaxy types that had previously determined K-corrections agreed
well with the earlier values, except in cases where adapted
extrapolations of energy curves could have been different. He
suggested that the 0A0O-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~S0, Sab, Sbc, Scd, Sdm~Im, from the work
of Wellsy Oke and Sandage (1968); and OA0O-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 0A0O-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~50 galaxy type in the ultra-
viplet, using an observation of such a gelaxy 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 AN 4000 R is shouwn 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/Daﬂu1,
thus tracings through the nuclear regions of objective prism spectra
of Sa/b galaxies should more closely resemble the energy
distributions of E=-50 galaxies, This 4000 1 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 galexies, 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 (zR0.4) the 4000 R feature is redshifted out
of the range of the I1Ia~J emulsion, and the energy distribution
from the ultraviolet is shifted into the I1Ia-J spectral range.
There are no prominent features in this range in Pence's distributions,
almost certainly due to lack of resolution in the ODAO~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 =»1.0), the sharp
rise in intensity in the ultraviolet of the spectra of spiral
galaxies would appear in the IIla-J passband, but these objects
would probably be too faint to appear on louw dispersion objective
prism photographs, If they did appear it would be as very blue

Dbjects.'

Morton 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 the IUE satellite, it
is likely that medium resolution ultraviolet spectra of galaxies
will become available, such as those given by Johnson (1279) for
the nuclei of M31 and M32, These cover a wavelength range of
1100 ] to 3400 -} at resolutions better than 10 R. Further work
along these lines is needed to ascertain the ultraviolet spectra

for galaxies of different types.
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2,3 Radial velocities of nalaxies,

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 radizsl
velocities of galaxies, the first one being M31 (Slipher, 1914), and
these were examined by Str8mberg (1925) in an investigation to
determine the solar motion; he attempted to correlate radial
velocity with distance (obtained by assuming the ssme 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 Mpc. The Hubble constant, Ho’ was estimated to be
about 500 kme™ Mpc"1, the exact value depending on the grouping
of the data, Radial velocity wark from these beginnings up to
about 1971 is discussed by Sandage {1975a) who also discusses the

cosmological ideas and implications of redshifts,

Here it would be useful to discuss the terms 'radial
velocity' and 'redshift', UWhat is actually measured is the
displacement in wavelength, AN , of spectral lines, or the
energy distributionj for a given object £§X/\m = £ 1is constant
for all wavelengths, where kw is the rest wavelength of the
measured line, and 2 is the redshift. 1In stellar work in our own
galaxy, the radial velocity is, fairly accurately, cg (c being the
velocity of light) as the velocities involved are very smallj
Hubble and Humason (1931) applied this to galaxies, and calculated
the'!apparent velocity! c® ., 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 & 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™' at over 30 Mpe, with H_ = 560 kis™) MpeT s 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
H, to 180 kms ™! Mpc"1,'prcbably 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 Ha 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 H0 could range between 50 and 100 kms_1 [Vipc_1
with a very large uncertainty, and in fact the values found to the
present have been over this range, for example HU = 56.9 + 3.4 kms_?

! Mpc-q

Mpcn1 (sandage and Tammann 1975b) and Hoy = 75 + 5 kms
(de Vaucouleurs 1976); it is notable that recent workers in this
field are even more optimistic than their predecessors when

guoting errors in HOE

The highest redshift in HMS is that of a galaxy in the
Hydra cluster, with a velocity of 61,241 kme ! (g = 0,204);
subsequently Baum (1958), using a different technique, measured the
velocities of two clustérs near the plate limit of the National
Geographic sky survey, the clusters having & = 0,29 and 0,35, Objects
measured at higher redshift have been radio sources, identified
from positions in radio source catalogues, beainning with Minkowski's
determination of the redshift of 3C295 in 1960 (Minkowski, 1960) at

2 = 0.461, from the identification of only one emission line on two
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plates of 4,5 and 9 hours exposurs at a dispersion of 700 R mm-q.
This remained the highest published redshift until the advent of
new image intensification techniques; in 1975 Spinrad et al (1975)
published the redshift of 3C411, & = 0,469, obtained using the
Robinson-Wampler image dissector scanner (IDS). Further redshifts
of radio sources out to that of 3C318, 2 = 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 (1976), who cites earlier revieus
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 by Fredrick and
Gutsch (1974); unfortunately not complete to 1971, as Sandage (1975a)
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 Vaucculeurs, 1964 (BGC)), which was one of
the sources used by Fredrick 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_q. There have been
several further compilations of radial velocitiss (e.g. Sandags,
19783 Kelton, 1980; Eastmond and Abell, 19783 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 m g Ny 155,

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, 1978) and

Gunn and Oke (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; Minkowshi, 19603 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
tuo 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 technigque! Baum obtained multicolour photometry of
galaxies in clusters, over a very wide wavelength range (using
filters centered on wavelengths from 3730 R to 9875 R). 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 # were about + 0,03.

Oke 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 < & < 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 2 could be obtained
from the measurement of colours alone; and to cover the range
0 <2 5 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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OT galaxies with exactly the same intrinsic colours as giant
ellipticals, There is a correlation between the abdalute

magnitudes and colours of galaxiesj 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 carrglated 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 #3 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 by Minkowski

(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 gélaxies ( 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
luminesity 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 pnotographs.,

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 R} 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 changss 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 ﬂ feature, Ideally 2ll 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 TSGDka8-1 (2Z= 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; betuween
that date and the present the diagram has been filled in somewhat,
mainly below about 15,000 kms_1. The subsidiary peak around
£000 kms~ ‘ 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 palaxies. A complete histogram te 1971 would go
out to & = 0,461 for 3C295 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 centains
2502 radial velocities less than about 16,000 kms—q. The
authors state that this catalogue is not complete. Gisler and
Friel (1979) give an index to spectra of 2004 northern hemisphere
galaxies; these, too,mostlQ 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 not 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 mg A, 16 with velocities mostly less than
15,000 kms_1; and Kirshner et al (1978) gave velocities for
164 objects to about mg A, 15,5, also with velocities mostly

less than 15,000 kms-1.

The velocity of 15,000 kms_query roughly corresponds to
the more luminous galaxies at sbout 15th or 16th magnitude; for
gzlaxies fainter than this the time to obtain a useful spectrum
using conventional modern techniques becomes rather long. As
time on lsrge telescopes is rather valuable, it is not surprising
that redshifts of only the mere '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 sectionj; 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 disgram



and redshifts as indicators of the large-scale structurs 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-cj |
1973 a-dy 1975 b) and the Hubble constant (Sandage and Tammann
1974 a=-d; 1975 a,b; 1976). In an sarly revieuw (Sandage 1961) he
showed how the Hubble disgram is expected to change for different
values of the deceleration parameter, qo; current estimates of
the value of q, 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 Bea'S -1 and Gy +1 out ta
mg A 19, the range of qn.at this magnitude corresponding to a
factor of 1.2 in velocity. To obtain a better estimate of 9
from the Hubble diagram, it must be extended to fainter magnitudes;
this is the intention of Sandage, Kristian and Westphal (1976, also
Kristian, Sandage and Westphal 1978). The deceleration parameter
can be obtained directly from the shape of the Hubble diagram, but
the determination of HD itself depends on the absclute 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 1) 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 alsoc be used to test the isotropy
of the universe, by looking at the redshift-distance relation in
different directionsj 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 Sandage,
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Tammann and Hardy (1972) attempted to put limits on perturbations
from a linear redshift-magnituce relation from first-ranked
cluster galaxies, and on large-scals 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 A/75 to A,110 kms‘1 Mpc_1. Temmann 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 palaxies and
performing similar analyses for each, have been published by
Burbidge et alj; 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 technigues, 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 menber galaxiesj; 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 czn be used to obtain the virial

mass (schwarzchild, 1954), 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 lumingsity, 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

'Dbject. 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 ohtained
in the vicinity of the Coma cluster of galaxies. The sample
uas complete to a limiting m = 15.7 to a 3° radius from the
cluster, and to mp= 14,9 out to a 6° radius, For the foreground
galaxies they found that the entire sample fell into three groups,
with the exception of one galaxyj; the areas between the groups
being totally devoid of galaxies, Tifft and Gregory give
charts of the galaxy locations on the skylfcr various redshift
ranges, corresponding to'slices! through the region; the distribu-
tion of the groups invaolved 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, shouwing the distribution
of galaxies in depth with a 'cone' diagram of declination
and redshift, This work is summarised neatly by Chincarini

and Rood (1980).

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 toc have an accuracy

so great as to be able to measure directly cluster velocity



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 knownj both Tifft and Gregory, and Tarenghi et
al, remarked on the 'voids! between clusters in which there appear
to be no galaxies, With the repartéd 'shell! of galaxies at

~s 10,000 ke ! (Kirshner et al, 1979), and the 'pancake’ models
of Doraoshkevich 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.



3. Establishing the technigue,

3.1 Photographic material

The objective prism spectra used in this work are all
on photographs, 1In 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
teken 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 (CTI0), 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
I1Ia J emulsion; no intensity calibration is given. The plates are
abou* 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 sguare 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,



Table 3,1.1

Plate material from the CTIO survey loaned by Or. M.G. Smith

Plate no. & éL_ exposure emulsion filter type
min
18482 11 00  =4° 80 111a-] —  Prism
19138 11 00 -4° 45 ITa-0  GG385 Direct
15z o | 8% ik 111a-J gt 13
19139° 12080 <=8°.5 45 11a-0 GG385 D
18483 12 20 -13" 80 111a-3 Lt L
19940 12 ‘200 =13° 45 I1a~0  GG385 D
L5580 e gn Vag® 80 11I1a-3 ==ah
191417 12 40 -4° 45 1Ta=0 ' GR365. D
18097 13 20 =4° 80 111a-d Sl
104810 1 WS 2 -4 45 11a-0  GG385 D
19152 W5a0 45 3 11a-0 ES
18105 14 00 -8°.5 B8O 111a=] hosy o« ity
19143 14 00 -8°,5 45 11a-0  GG385 D

I11a-] plates are nitrogen baked.
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Several prism runs have occurred since that time,and a list of plates

used dirsctly 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), 1In 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 availsbility 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 cut 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 choicej; area 345 is

lacking in rich clusters of galaxiess 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) Appearence of the spectra

The spectra on these ubjeétiue prism plates are very small, On
the UKSTU plates, with a plate scale of 67 arcsec mm“1 and a dispersion
of 2400 f mm_1 at 4300 ﬂ, 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 sbaﬁt twice as long, with a dispersion of
about 1200 rnrn_1 at HY .) At this scale, one arcsecond (the typ-
ical seeing disc) corresponds to about 14.5 microns on the plate, or
about 30 R at 4300 8. 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



Table 3.

Plate material from the UKSTU,
for various workers:
plate catalaogue.

Plate

ulze16P
uld3seg2p
Ud4s43P
Ud4117pP
udz451pP
ulz2620P
J1665
UJ2461P
32599
uJ3peze
UJ4530P
UJ4539pP
UJ4563P
UJ4551P

codes:

grades:

Det=ils of grading procedurss are to
Cannon,R.D., Hawarden,T.G., Sim,M.E,, Tritton,S.B., 1978

‘].2

area

SGP
SGP
475
789
141
HTM
345
345
345
345
345
345
345
DE
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The plates were initially taken
full details can be found in the UKSTU

s O exposure emulsion grade seeing comments
min batech arcsec
00 53.0 -28 03 60 115 AF 3
.o .e 70 267 A 1
01 06.0 =25 0O 60 188 B 2
12 30.0 -05 00 20 216 A 2
19 00.0 =60 0O 2 2H5 A 2 widened
22 14,0 =35 40 75 3cte BI 2
22 32.0 =40 00 38 acs C 2
.o .o 60 115 A 2
e .e 60 115 BP2 2
o . 60 216 BIF 1 peculiar fog
v .e 40 188 A ?2 widened 100rm
o . 40 188 A 1
o v 40 188 B 2 prism O°
23 52.0 =10 41 40 188 A 2
UJ unfiltered IlIa-J
3 I1la=a, YJ* filter 6
P objective prism; all prism 180 except 4563

HTM MacGillivray, field N1

DE A2570 field
A,8,C overall grade
I large images’

P processing fault
F fogoing

be found in

Occasional Reports of the ROE no. 4.



Spiral
galaxy

Plate F star K star Elliptical
galaxy

UJ2461P |

2" seeing -

60m exposure

UJ4539P i T

1" seeing -

40m exposure .

UJd4530P - i ;

2" seeing L — [ - -

40m exposure

Plate 3.1.1
Appearance of spectra on UKSTU plates

43



44

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 IIla~J] emulsion; the tailina 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

ouT purpases,

(c) The prism dispersion curve

The appearance of the spectra is guite 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 (actuslly green, for I11a-3!) 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



45

curve of the prism, to relate position along the spectrum te
wavelength, The wavelength refsrence is dealt with in section B33
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 (UJ2451R)
was gsed, to enable a number of early-type stars to be measured,
Nearby B 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 resoclution scanner
spectra of Fay, Stein and Warren (1974), and in many cases consist
of blends, for which the mean wavelength was used, The scans of Fay,
Stein and Warren were particularly convenient for these identifications,
as the resolution (about 30 %) matches that of a UKSTU prism
photograph with a resolution of 1 arcsecond, for a star at 4000 1.
Examples of the spectra traced from the plate using a Joyce=Loebl
microdensitometer are given in fig, 3.1.1 with spectral features identi-
fiedy 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
pach star were superimposed by eye to give the pest fit to a smooth
curve on a plot of wavelength against distance. All the points were

then used to fit the Hartmann dispersion formula

e S a/(k-ko\)n
or 5\ z XO t (a/(x,—'}cﬂ

which gave, for the 35 lines used,

(1/1.2)

X, = 1035.95
Vo = 1313.41
6 = 15591900

for x in microns, X in ﬂngstrnms. For the data used, the rms
scatter was 14 % in XN, 6 pm inx . 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 a. Qver
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Table 3.1.3

Data from nine stars on plate UJ2451P used to obtain

the prism dispersion curve (fig. a2y A
in A3 x - distance in mm from Hy 3
measurements, from different stars,

Feature

Tio

HB

Tio

Hy

G band
H5
HyHe

K

MgIl,Fel blend

I
FE"HIP44
Fel blend

blend

A
-

5000
4861
4800
4340
4300
4101
3870
3934
3820
3730
3580

= wavelength

n = number of

mm
+0.228
+0.180
+0,168

0.0
-0.016
-0.106
~0.184
-0.196
-0.254
-0.322
-0.422

12
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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 ﬂ 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 IITa-] 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 ﬂ, 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 B rms scatter obtained from the measurements above.

(d) Inteﬁsify conversion

In an objective prism spectrum, each point in the spectrum
consists of blackened plate emulsionj the blackening being caused by
a combination of light at a single wavelength from the object whose
spectrum we are considering, and light from all 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 21 (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 Joyce-Loebl
transmission form (COSMOS) have been used

microdensitometer) and

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

- ™ + L |
compare data from one machine with that from another; the ideal

a = ity ter
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 themselvess; 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 guoted 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 macﬁines (e.q. 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, Houwever 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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Tracings of the UKSTU step wedges in uses to 1980, made using
a Joyvce-Loebl microdensitometer. The ordinate is density.
Sky background level is shown.
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TRACING OF STEP WEDGE 1  PLATE 2539
COSMOS JOB 276

127

Figs Galad
The UKSTU east step wedge,

from COSMOS machine data, displayed

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

are indicated.



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 B filter are given as these were issued first
by the UKSTU; the values for no filter are given in the
right-hand column for comparison.

Step Relative intensity Unfiltered
I log 1
1 1000 3.00 1000
2 763 2,88 763
3 546 2,74 536
4 345 2.54 341
5 195 2.289 190
6 95,1 1.98 91.8
7 42,8 1.63 41.5

53]
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it does help comparison of spectra measured on different machines
by adjusting the 'shape' of the spsctrum (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 guality 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
N > 4000 % but not in the ultraviolet, Subsequently (plate 3143
onwards) an achromatic corrector plate has been used, giving better

ultravioclet spectra,



3.2 Machines for data analysis.,

The raw data in this project consist of the pho

plate material described in section 3,1,

tographic

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. 1In this

section these machines and their associated problems are described.

3.2,1 Measuring machines,

(a) The Edinburch 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 paperj calibraticn 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 uwas 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 adquisitian 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

disadvantage of these machines 1s

almost anywhere on a plate. The
that they are relatively slow if

large numbers of objects need to be measured; typically 15 - 20

spectra can be measured in an hour, teking care oVer focusing and

s1it adjustment. The repeatability and accuracy of these machines

- L
is fairly good; checks were carried out to
5-

be sure of consistency,

5 . 7
and these are described in section S.
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fledifications 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 guite 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-lLoebl micro-
densitometers occurs when measuring dense spectra with a small
sampling slit, In this situation few photons are available to
be detscted 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 (As2cm) 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 1isadensitracer! model of the microdensitometer

can be scanned in x and y directions, thus only a small sguare in

the centre of the plate is inaccessible., This remaining square 1s

inaccessible because the overhang of the optical path through the

specimen table is a feu millimetres less them half the width of a
UKST platel Addttionally, the plate supports on the St. Andrsus

machine allowed the plate to be traced closer to the centre line.
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Thus when measurements of a cluster (Abell 2570 - section 4.1)

iere need i ripg i o o
were needed in the strip inaccessible tg the Edinburgh machines,

time on the S5t, Andreus machine was sought,

The machine is computer controlled and is driven in both
X and y directions by leadscrews, Otheruise it is essentially
similar to the Edinburgh machines, Data produced on this machine
was recorded on magnetic tapes 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 obteining density via a moving wedge is

unchanged,

(c) The COSMOS machine

The COSMOS 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 of COSMOS data are now completely out-of-
date, because of recent changes involving software image analysis
(stobie et al, 1979; also COSMOS neuwsletter),

Only essential details need to be described here. The photo=
graphic plate is mounted in a holder which can be driven slouwly 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 (mr1),
the plate is positioned in X then driven slouwly 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 e contedning 8

row of pixels., The scan size, hence pixel sizeycan be adjusted for a

pixel size of Bpm, 16um OT 32um; :
e 0 to 127, which can be scaled with a

the velue of transmission for each

pixel is digitised on a scal

gain control to match & range of grey levels on the plate.



With the present systen (mid 1980) the data
be analysed off-line
4= 1 13 4 e .
to provice 'picture! information about the images; this is the form
used for analysis of

(5]

L
pectra, However a system used on COSMOS in the

past, and mentioned later in this thesis, is the coarse measurcment

(Cn) mode.  This uae a systen 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 paremeters, intensity weighted
parameters and background intensity, For a complete discussion see
Stobie et al (1979),

Deteils 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
resulte from not only new COSMOS data, but alsa from the body of data

already measured.

3,2,2 0ff-line computers.

A series of 'mainframe! computers has been used throucgh this work,
out of necessity rather thén 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 Cbservatory, Edinburgh, and

also on a small Commodore PET minicomputer,

(a) Central computing

e~

Large machines run by the SRC had to be used beceuse initially

.. 3 I - cm = 3
£O05M0S dats could not be processed quickly in-housej all COSMDS data
tapes were transported doun to the then Atlas computer laboratories

o

3 uyser int tation on the ICL 12058A com-
for initial reduction snd then user lncerpretat S

puter. All the initial software wae written for
%RHN, making use of as few as possible of the machine-dependent features
of the 10064, Progrsms for reducing mapping mode data to spectira, and
the automatic redshift program (section 3,4) were initially written
and tested on this machine., This eituation unfortunately did not
last; the SRC decided to clese down 1906A operations and transfer
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users to the Rutherford Laboratories' (ALY 1 360/195 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 clumey
from the users! point of view, although some improvements have I
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-ﬁbuse'-ﬁchputiﬁﬁ

The University of Edinburgh has its oun 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 intefactiue 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 tre
mainframe facilities, such as the FRBO plotting machine, by submission

of jobs to the AL 360/195 via SRC's computer network, to which the

GEC 4082 is attached,
be done on the £dinburgh node of the SRC's new 'Starlink!

some future work on interactive graphics is

also likely to

network for astronomical image processing.

Some minor programming has been done on a Commodore PET
: = i =
minicomputer bought specifically for controlling the acguisition of
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data from a Joyce-Loebl microdensitometer (section 3.2.1 (a)).

This system is described elseuhere (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 IBM 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.



61
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3.3 Radial velocities = manual measurement

Our prime reguirements 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. [Much 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. Iﬁn
area on plate 17732 (table 3,1,1) was searched by eye to identify
galaxies, the spectra of which were then traced using a Joyce-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 R feature (section 2.2) and a small dip at rest wavelength
approximately 4200 R were used; it was concluded that the 4200 q
feature was a better indicator for faint galaxies as the 4000 i
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 éppeared to give -satisfactory
results; the exact redshifts obtained are not important hers. The

next step was to adapt this technigque to the spectra on UK Schmidt

photographs.

3.3.2 The approach for UKSTU plates

The wavelength standards outlined azbove are attractive because

of their simplicity, which makes them easy to use by hend, and also

The difference betwsen

readily adaptable to automated processing.
hat only the 4000 R

the CTIO work and the work on UKSTU plates is &
in galaxy spectra; the spectral

t of the CTIO plates

feature has been used as a standard
he UKSTU plates is less than tha
4200 8 (rest wavelength) is rarely seen.

resolution of t

and an actual dip at



oWever ak i = s
H a break in slope of the Continuum does occur at about

this wavele i i i i t
ngth, which has valye 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 of Stock and Dsborn
(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 detemmination is very simple:
positions of the emulsion cutoff and the 4000 R 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 R 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 neuw
higher—-dispersion UKSTU prism and an emulsion with a response into
the red, which would enable the 4000 | feature to be follouwed to
higher redshifts,

3,3,3 Position defipition.

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 (fige 3.3.1).
For the cutoff, this point is the mid-point betueen sky

background and spectrum maximumj for the 4000 7 feature, it is the

mid-point betueen top and bottom of the steep slope. Strictly, mid-

point in intensity, not density, should be used; this makes the

: = oo + t' -
position independent of magnitude effects and effects due to the

size of the object producing the spectrum., A large object will have

features which are not sharp, but whose mid-points in intensity
are unchanged in position (fig. 3.3.2) providing that the sizs of the

object deces not become comparable to the length of the: spectrum,

In practice the difference betueen mid—points in density and
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Figs 3:3.1

Positions of the cutoff and 4000 R featurs 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 feature separation

Wavelength increases to the left.

o
~



(b)

(c)

(d)

Figs 3.3.2

Convolutions of various image profiles with a schematic
'sharp! spectrum (a). (b) 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 ncted that the mid-peints of features do not change
position until the luminosity profile is broad enough to
make the features very diffuse.
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intensity 1s 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
ﬂngstrcm) the corrections, for stars and most galaxies, are: zero,
for densities less than 1.2 above sky; increasing to 40 R at a
density of 1.8 above sky,

This has the implication that manual gectrum 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 cuteff

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 cccurs aver about 270 3, that is
about 60pum 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 Emersecn (1979 b) of the emulsion response
and also by simple inspection of tracings of the objective prism spectral
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))s 5380 + 30 2.

3.3.5 The 4000 R coptinuum break

This spectral feature has been notad in the literature survey

(section 2.2); it is best shoun in a paper by Pence (1976), It

i t i t ibutor to the elliptical
is a strong feature and an important contribu pt

galaxy B and U K—corrections over the redshift range 0 to 0.5. The

origin of the 4000 9 feature is shown clearly in the spectral scans
=
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or Fay, Stein and Warren (1974); the featurs shows vervy 1itile

variation with spectral type from GO to early M, its position
corresponding to the long wavelength side of the Cal H line, For
wavelengths shortward of this line blends of metallic lines act to
lower theeffective continuum level, giving rise to the characteristic
tstep! of the 4000 % 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 Sbe; it is strong in
ellipticals and becomes gradually weasker 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 R 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 & and the G band at 4300 ﬂ. Fig. 3.3.8
shows a range of galaxies at different velocities displaying the 4000
1 feature.

The wavelength adopted for the 4000  feature was obtained by
measurement of the same feature in late-type stellar spectra in our
oun galaxy; this is described along with the emulsion cutoff checks

in section 3.5, The adopted wavelength for the 4000 R feature mid

point is 3990 + 20 A,

3.3.6 The IIla=J emulsion respaonse

The UKSTU has imonitored emulsion sensitivities for the
photographs they have taken by the production of calibration

plates for each batch of emulsion, produced on a calibration

spectrogreph. Unfortunately the light source for this spectrograph

elf not calibrated in wavelength terms, so a response curve for

15 1118

the emulsion cannot be directly obtained.
Early measurements by the author of some of these calibration
plates shouwed that the emulsion ¥ (the slope of the density vs
exposure plot) varies significantly with :
nge of wavelengths (4000 - 5000 A) and

wavelength, being

steepest in the mid-ra
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Fig. 3.3.4

Tracings of the spectra of galaxies at ve
showing the 4000 9 feature (indicated).
density.

2=0-09

z=0-15

rying redshift,
The ordinate is

e}
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decreasing towards the short wavelength range., More detailed

measurements by Clowes et al (1980) show that ¥ 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 platej but measurements of other calibration plates indicate
that the ¥ 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 mand

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 R feature wavelength obtained does not
differ greatly from the value accepted, 3990 R, 1t 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.

1f 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 @ feature.

(ii) obtain tracings of the galaxies.

(iii) didentify 4000 ® features where present and hence measure
cutoff — 4000 % feature distances (fig. 3.3.1).

(iu) calculate redshifts: for standard values of cutoff and 4000 ﬂ
feature wavelengths the conversion of distance on the spectrum
to redshift is given in table 3.3.1, and graphically in

f‘ig. 3.3.6-
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Figs Se3ed
The measured 1I11a=] response and variation from Clowes et al (1961).
No error estimate is given by Clowes et al.
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Table 3.3.1

Rgdshift (z) in terms of emulsion cutoff to 4000 R feature
distance onﬂthe spectrum (d), for a cutoff position of 5380 ﬂ,
and a 4000 R feature wavelsngth of 3990 R, The corresponding

distance (x) on a 50:1 scale tracing of the spectrum is also
given.

d % z d X z
um cm um cm
0 0.0 0.348 250 1425 0.126
10 0.05 0.337 260 1.30 0.118
20 0.10 0.326 270 7485 0.113
30 0.15 0.315 280 1.40 0.106
40 0.20 0.304 280 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
S0 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 0.083
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 2.00 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 2415 0.021
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 2,50 0.007
220 1.10 "0.147 470 2.35 0.002
230 1415 0.140 480 . 2,40 =0.003
240 1.20 0.133

1
a )
The relation is given by z = (( o * ( ;;—;—E )Y1.27) - 3990)/3990

where x. = 727.48, ho = 1313.41, a = 15591900
0
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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 rnBvu I8
(Uery roughly; there are large errors present in this estimate
from uncertainties in the Zuicky and Lick countsy Shane (1975),
table 3). This number increases by about a factor of three per
magnitude, Fig. 3.4.1 shouws estimated galaxy numbers from Brouwn (1974),
as calculated by Emerson (private communication),

Such large numbers of abjects cannot easily be 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 technigues.

There are two main areas to the problem aof analysing the
data; firstly, the identification of galaxy, as opposed to stellar,
spectra; secondly, the analysis of the spectra themselves, Tuwo
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 [MacGillivray et
al (19762) 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 COSMO0S 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 ta be used, galaxies and stars in the

i I i i i late material,
subset being separated by visual inspection of the p na

The procedure is then applied to the whole data set,
4.2, In this section the

This problem

is discussed in more detail in section

principles of meking redshift measurements automatically from COSMES

- e
data are described, with a description of the algorithm used to

obtain redshifts.
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3,4.1 Descripticn 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', ™). 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. FEach 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. 1In
addition to the blocks on magnetic tape containing image data,
there are 'control blocks'j the first block on a tape is a
thousekeeping' 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 COSMOS
machine parameters such as EHT. 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 2 step wedge (section 3.1 (d)) on an UKSTU plate 1s also made,
data is a now obsolete form of describing

Coarse mode

images on a plate, It was produced from information provided by

i ists of a series of
a hardware pattern analysis system, and consilsts f

parameters for esch image in the area measured, an image being

defined as a set of connected pixels having transmissicn values less

than some threshold value. The parameters are given in table 3.4.1;

again these data can be produced for pixel afzes of 8y 10 o 52 gm,



Total area

block 2n block 25n

block n—._¢
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block 1

single block

pixel 1024
: i HH g
pixel 129~ i
pixel T/ﬁ 128 pixels pixel 128
Figes 3.4.2

The COSMOS MM data format. The 'total area' is caontained on a
single magnetic tape.



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 44
3 X minimum .o
4 X maximum .o
5 Y minimum oo
6 Y maximum .5
i 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 paraneters Per image this means that there

are 4 unused words in each block, 'Pseudo coarse mode!' data has
been produced by several users of COSMODS data, including the author,
by processing MM data with a program which mimics the operation of
the COSMOS pattern analyser,

data,

This processing is now done for IAM

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 pfesent
— 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 COSM0S data blocks,

3,4,2 Data reduction softuware

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 Aj;
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 MM
or 'tracing' format (described in section 432 )

(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.

YWord Contents Units
1 X centroid ) 0.9 um
” Y centroid } unweighted "
3 X minimum ..
4 X maximum Y
5 Y minimum %
6 Y maximum e
7 area pixels
8 minimum transmission 0-127
9 -250 10g ( E(Ii =2
10 zsky at centroid
il X centroid }. Srikensity igtokted 0.1 pm
12 Y centroid .o
155 semi-major axis .o
14 semi-minor axis p intensity weighted s
15 orientation degrees
16 semi-major axis : 0.1 um
17 semi-minor axis } intensity weighted i
18 orientation : degrees

19 blank

20 error word

0
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consist of MM 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 gf programs that were
developed to extract all possible spectra from the MM data, After
analysis of this type of data had shoun that in many af the
fainter objects the signal-to-noise ratio was very poor indeed, a
second simpler approach was developed to extract guickly 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 CW 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 alignasd within COSMOS Mi-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 aﬂjacent plate background, The usual

COSMOS housekeeping and terminator blocks are retained,
g list (in the co-ordinate

list of the MM

The program warks by taking the findin

frame of the MM data) and generating fram this a

blocks containing segments of image; gach 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

er that the data blocks appear on the tape.
s is then made through the tape; blocks containing

into the ord

A single pas T
imaoe are stored as required to direct access backing store. 1In lane
1
Q i ,
3 some imaoces become complete; as they are completed the relevant
! =



MM data
of area
Y CO-ORDINATE
TRANSFORMATION
finding
P < :

SPEC2 i
tape of — > USER
spectra
ANALYSIS
PROGRAMS

Fit. 3433

CM data
of area

Image
Parameters

Flowchart describing the production of tapes containing
spectra from COSMOS MM data.



Fig.
(a)

(b)

(not

(a)

(b)

3.&.4

Each spectrum may be contained in an area 3 blocks wide
by 2 blocks high.

From this 3 x 2 area, 2 blocks may be extracted with the
spectrum centrally aligned.l

to scale)
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blocks are retri (i ki
! leved from backing store and placed in an array in

= JrapE i 1.
core, The exact location of the area containing the spectrum is

knoun (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
) la?es—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, nesds about 800 ;
kilobytes,

The data produced by SPEC2 is used directly by the redshift
programj howsver 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), Theproblem 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

privately communicated), which were
those of the prism plate were

uthor, This is simply

MacGillivray's programs (
forerunners of the present IAM;
processed using COARSE2, written by the a
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another program written to produce Psuedo-CM data from MA data,

being in this case oriented to priem 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
Xy Y co-ordinates of these matched images obtained, The program is
generally used to produce datz of 25 areas in a grid arrangement
(5 by 5) within the data; an average of about 3 images for each of
these 25 zreas 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) + aly)
d(x) + e(y)

where d, e, f, and g are polynomials,

v

i

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 sguares fit,

(2) Once the programs were transferred to the IBN 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 oiven above,

This accuracy is just sufficient to centre the spectra within the

output datz blocks,

Stage (3) is simples the list of image co-ordinates obtained

from the direct plate 1is processed using the transformation
obtained in (2) to produce 2 1
frame of the prism plate data.

in (u,v) to give the co~ordinates

ist of the images in the co—-ordinate
In addition, offsets are applied
of the corner of the pair of

o2 g than using the co-ordinate of
blocks containing the spectrum, rather t s]

the 'head! end of the spectrum jtself. This offset is chosen to
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place the spectrum centrally along the length of the twe blocks

in u, and to centre it in v,

Future possible improvements to this process and
include:

programs

(1) better CM-type data (m data) of both direct and prism plateé.

(2) replacement of the laborious manual star-pairing in stage (2)
?y an interactive system which allows manual pairing of a few
images (e.g. by using a cursor on a graphical UDU),‘folloued
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 aveilable,

(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

'loaks 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’
spectray 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 prbblem; 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

. = = s 4
galaxies, for instance. However there is one majorT advantage; the

program is a 'single pass' system; given only one paramster (the

threshold level) and MM data of a prism plate,
showing the location of those spectra

it will produce a

tape of spectra and a plot

S e i a f obtaining such
WiHET the area, Ae such it ds the quitkestiWay o 2

a tape.
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Dralhakl - L2 s 3
Probably more time has been spent con developing this one

=2

i, F = ol - oo = N
piece of softuare than on any other program, and being central to

thi ai ] & e . 5 -
this thesis it merits a special description, and an inclusion of the

listing of the FORTRAN source code (2ppendix A).

The program specification is relatively simple; input date
consists of a tape of spectra in the 'SpEC2! format, Additional
parameters are used, giving information on prism dispersion,
spectral features anticipated, parametere 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 sbout 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 an” | at 4300 1) 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 tachniqué 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 redshifis witﬁ the observed spectrum, to obtain the
redshift. If no intensity calibration is auailéble for a photograph
this method cannot essily be used as the observed continuum in
density terms on the phctograph'uculd depend on the magnitude of the
cbject. However the correlation method can be refined by removing
the continuum of the observed spectrum using a convolution technique

i T ti is applied to a
deccribed by Thompson (1970)3 the same convolution is applie

{ ulting function correlated at
set of expected features, and the resulting function co z

different redshifts to obtzin the best correlation and hence the

- Rl cf .
cedshift, With a digitised spectrum S( x; ) and a convolution C{(

e

Thompson used
1 |xl< X
-1 X(l:&l('lx

O okherwise

O

f"\-\

o
1

1

1
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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(5; ), 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 Fréquencies than the features
present. lWhether 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(%;) is obtained, the correlation
technigue can be applied to obtain a redshift, by correlating
T(x;) with a standard, stepping the standard in redshift. In
wavelength (A ) terms, with an expected spectrum P( A ), if the

correlation function is

Flzd = 3 [T00) - POy (1+=)]’

F(&;) should go through‘la- minimum at &; = Z, where &, 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. 3,4,8), 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 details

Read exterﬁal 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

s e s
intensity conversion are also needed, In addition, some paramete

are used to reject spectra, for example those which are too bright,

Generate intensity look-up table

i it in COSMOS 'ftransmission!
Before processing, the spectrum, written .



READ EXTERNAL
PARAMETERS

Y
GENERATE INTENSITY
LOOK-UP TABLE

¥
L_yRITE HEADING DATA
Y
SET UP CORRELATION
ARRAYS

| INITIALISE GRAPHICS |

Y
— READ A SPECTRUM |
END ? Y > { STOP |

n
GET TRACING,
SMOOTH,
NORMAL ISE

GET CUTOFF, HENCE
A CALIBRATION

1 CONVOLVE

[ CORRELATE WITH STANDARD |

OBTAIN z FROM
CORRELATION

¥
[ PLoT SPECTRUM |

Y
[To/p To LINEPRINTER |

N

Fig. 3.4.6

Flow diagram of
appendix A).

the redshift program (section 3.4.4, and
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o 1 2 3 L
CemSy 8 converted %o dintensity tems. ‘Each pixel needs to b

m

convercted, so the most efficient way to do this is to use a

'look=up table' aof 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
linsprinter 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 agraphics

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 'tracing! (1-D spectrum) through the Mi-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

f the green cutoff of the Illa-J emulsion is
with this

The position o
found by obtaining the half-heignt in intensity.

position in the spectrum defined, the wavelength of each pAEEL2a

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 remous

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 meade
to facilitate checking of the working of the program., Examples

are given in fig. 3.4.7.

0/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
strength of the correlation, and cn the fit to the maximum

correlation., Monochromatic magnitudes at several points in the

spectrum are also given.

Output is also uwritten to a data file,

The redshift-obtaining algorithm is described in words

: i
3 ! +g '"gbtain z from correlation
under the sections 'Convolve! to 'obt

above. It is useful to give more details in diagrammatic form,

i ] tion of the convolved spectrum
The process of conveluticn and correlation
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is shown in fig, 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'uidth) at particular wavelengths, and continuum breaks (with
size given) at particular wauelengths} 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 obssrved,
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-explanataory.

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 datz 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 'cone

giagrams' (e.g, Tifft and Gregory 1976),



(b)

(c)

(d)

Fig, 3.4.8

The convolution-correlation
pProcess,

(a) observed spectrum

(b) (a8) after convalution
(c) the 'standard' faatures
(d) (c¢) after convelution

(e),{f),(g): (b) correlated

with the convolution of the
'standard' at a lower redshift,
the same redshift as (h), and a
higher redshift. The convolved
spectral features match when the
redshifts match.
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REMOVE SPECTRUM
CONTINUUM

Y

SET REDSHIFT TO
START VALUE
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¥
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Fig. 3ed+9

STORE CORRELATION VALUE

AND REDSHIFT

LODK FOR MINIMUM IN
CORRELATION/REDSHIFT
RELATION

OBTAIN POINTS AROUND
THE MINIMUM

FIT A PARABOLA
TO THESE POINTS

OBTAIN THE MINIMUM
OF THE PARABOLA,
HENCE THE REDSHIFT

@

Flow diagram of the central components of the redshift—obtaining

algorithm.
calibrated spectrum.

The data at 'IN' consist of pixels in a wavelength
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3,5 Checks and Calibration

3.5.1 Plate emulsion ﬁrcperties

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-D
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 f from BO to MO stars, although more than half of
this change occurs over the range KO to MO, It is thus necessary to
use stars of a fTairly limited colour range to perform the checks
cn 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 are given in section 3.1.

(a) and (b); consistency with position and magnitude

Plate UJ2461P 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



selected in & 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, 1In 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 producs 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 faor emulsion
variations was to examine the separation between the cutoff
position and the 4000 R continuum break., Here we are of course
assuming that the 4000 R 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 allous us to proceed with the tests for magnitude
effects, by combining together the results for all areas, Fiag,
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 pasition defined by the mid-point
in density. 1In 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 (Figy 3.8.2
(b)). This correction has been applied to the raw data, grouped in

small brightness ranges, and the results of the corrected measurements



Table 3.5.1

Results of analysis for position variation of the 1I1Ia-J
emulsion cutoff. Stars were divided into 4 brightness groups,
with peak densities above sky as follows: a, 0-0.67;

b, 0.67-1,343 ¢, 1.34-2.02; d, 2,02 upwards. Cutoff to

4000 R 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 2435
2e35: 2635 240 2435 P40 2,35 2,43 2.45
- 2535 2450 2433 P40 2440 2.40 ‘2.40
2,40 2.35 2,40 ~—- .40 2,38 2,38 2.38
C)I 24357 2540 2535 1235 d) 2.40 2,40 2.50 2.35
2,40 2.43 2.40 2.40 2.60 == 2,40 2.45
-—= 2,40 2,40 2.35 2.45 2,40 2,50 =—-
2,40 --= 2,35 2.40 Ze5H 2,402,835 2.58
e) Corrected mean f) MNumber of stars

2436 2,47 2.38 2:32 5 4 6 4

2 .38 2,38 2539 :2:39 6 5 6 5

2,407 2.3 2+38 2535 4 4 & 4

6 4 5 6

2487 2037 Z:0586 2385

t_—!' indicates no stars in that density group in that area.
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Fige 3.5.2

The intensity - density relation (as fig. o o 0 1 I
(b) gives the calculated correction to the cutoff position
measured on a S0:1 scale tracing, in cm, in terms of the

object peak density.



of cutoff position against brightness are plotted in fig.
from which it is clear that the correlation shoun in fia,
been successfully removed, i

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 (1)), 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 S plates, comprised of mainly 40 minute
unwidened exposures, but including one widened exposure, and a plate
of somewhat unusual characteristics (UJ3092P: 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 zlso has a
dip in the emulsion response at about 4800 ﬂ, visible in all measured
spectra; no other plates in the same emulsion batch have these
features, GSimilar 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,%; 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 bread 4000 f features. The effect
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Table 3.5.2

Analysis for position variation of the 11la=] emulsion cutoff

over five plates:
in cm.

Ob ject:
Peak density
above sky:

Plate

Ud2461P

uJ3o92pP

Ud4539P

U34563P

UJ4530R

cutoff to 4000 A feature

2.40
2.25
2,40
2.40
2.40

2435
2,30
2.40
2.35
2.40

2435
2425
2.40
2.35
2.30

2.40
2.35
2.40
2.40
2,30

10

distances as measurad,

2.27

2.40
2435
2,40
2.35
2.4 35

222

2.30
2.35
2.40
2.30
2..30



Table 3.5.3

1171a-J emulsion cutoff to 4000 R feature separations (d), measured
an 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
Ud2620P 2,37 3
ul3e682P 2,36 5
uJa117e 2,35 2
ﬂJdEdEP 2,34 5
UJ4a551P 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. 1t 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
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 A feature
as 3990 + 20 .

3.5.2 The intensity calibration procedurs

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. Measurementé are made using the COSMOS machine
of the east step wedge (this having the best profile - fige 3:9:8)
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 (T, ) and for 'black' plate
(uith a cap over the COSMOS detector), TB . These parameters are

then used in the expression
Te-Te
lo + C
IoaI X log T, -1
Where E’ and C are constants to be determined, The constant K

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 I1I1Ia-J
emulsion cutoff over five plates. d is the mean cutoff to 4000 R
feature separation (with the corrections of fig. 3.5.2Iapplied
using an appropriate offset for the different sky backaround
densities of each plate); O the standard deviation in this mean.

Plate d o

cm cm
UJ2461P 20 5H 0.04
UJ3092pP 24200 0.05
UJ4539P Doar T 0.02
UJ4563P Za B 0.05

UJas30P 2.33 0.05
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TRACING OF STEP WEDGE ¢ PLATE 2461
COSMOS UGB 276

HISTOGRAM OF STEP WEDGE 1 PLATE 2461
CosM0sS JoB 276

! 1 i I 1 I | | I I i I

,My"\xlll_/rxr_ltj

Fig., 3.5.4

COSHMES T

127

Plots of COSMOS data from the step wedge used to obtain the
intensity calibration.
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A P10t of log T against oo (( Te ~Ta)/(T-Ta) = 1) s
drawn and the constants X y 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 ta store the results in a look=~up tablej
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, e 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 nan~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.% and Cooke
et al, 1977) and for this reason its linearity has been checked,
Checks have been made for one wedge, D760, as this is the
wedoe most widely used for density tracings. The checks were made
by comparing the separation betuween 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, -uedge D760 was initially chosen for measurements because,
of course, of its suitable density range (0.080 cm-?) but zlso
because the manufacturer's calibration curve for this wedge is flat,

indicating that no density corrections are needed, This is berne out

=ta

by the checks made; repeat measursments indicate that the wedgs consta
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Fig., 3.5.5

The intensity calibration for the step wedge of fig. Babadls
For these measursments, TE =l TC = 433; from this straight
line values of 5 and C of 0.42 and 2.26 respectively are

obtained.
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is W17 less near the 'dense! end of the wedge than it is at the

'clear! end, This is certainly adequately linear.

3.5.4 WMicrodensitometer density limit

A problem to be considered with all density or transmission
measuring machines is the problem of saturations this is discussed
for COSMOS in section 3.5.6.

It was observed when measuring the relatively dense
spectra of bright stars on the Joybe-Laebl microdensitometer
that the spectra were apparently fully saturated at densities
much lower than the maximum density of over 4 expected for the
ITTa-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 apparant saturation effect and has since been used for
all measurements of brighter aobjects,

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 S,

3,5,5 Microdensitometer ratie 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 constent along the lenmgth of the tracing,
In an early series of measurements meking use of a 300:1 ratio arm,
non~linearities obvicus to the eye uere noted, The only other
ratio arm available at the time gave a 50:1 ratiocs 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 pericds was measured across the tracing,

As an additional check, to be sure of the intrinsic uniformity of



open closed

Figs 3.546

I1lustrating tke density saturation of the Joyce-Losbl
microdensitometer. Saturation with the iris open (scattered
present) and closed (limiting scattsred light) are shown. Th
ordinate is density; the tracings are of a very brignt star,
probably saturated itself on the emulsiocn.

ight
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the Moird grating, another part of the same agrating was measured
in the opposite direction; this also gave 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
- outuweighed any advantages to be gained by using the 100:1 arm.
The results of the linearity tests on the 100:1 arm are shoun in
fig,. F.8.75;

3.5.6 COSMOS 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 tuwo 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.receiued, that the signal produced
is comparable to the photomultiplier dark current. This situation
effectively sets a2 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 photomﬂltiplier 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, . 2 single step in T is
equivalent to a large density step; thus in addition to the machine

not beina able to measure densities greater then 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 Tbl given

by COS5MOS is 43 the most dense step of the step wedge liezczt
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/trensmission curve
is rising steeply and it is extremely difficult to estimate the
extrapolated density even at, say, T =5. The density resolution

is approximately 2% at T = 323 for this step wedge the corresponding
intensity resolution of 2% 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 COSMOS 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 consiste of a finely focussed spot
produced on the face of a cathaode 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

a

approximated by a gaussian profile, but surrounding this is & 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 1% of the total tube light; a

secondary component 6 mm 2CToSs On the tube contains 0,50 of the

total tube light. Most of this is now removed, houwever, using a

1 - 1 1
mask on the cathode ray tube facej as the spot is scanned in only

one direction a mask with a narrou 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 logl
relation for IIla-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 log I Y o D
5 e 37 2318 3.50
6 3.24 1731 3.07
7 3.16 1459 2,82
8 31 1291 2.65
9 3.07 1175 2,53
10 3.04 1087 2.43
11 3.01 1018 2.33
12 2,98 961 2423
13 2.9 914 2.16
14 2.94 874 2.10
15 2,92 839 2.03
16 2.91 808 . 2,00
17 2,89 780 1.94
18 2.88 755 1.90
19 2.87 733 1487
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can be used to remove all of the halc with the excepticn 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 conversicnj 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 appeerance 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 then should be, This effect is noticeable in fig. 1
of Kelly et al (1980a),

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 0Overlanping Spectra,

A problem with all photographe 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 samé uncon tam=—
inated element of sach image for every spectral resolution element,
it might be possible, by carsful 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
pho

tographs., In field 345, at galactic latituds of

rism

=

; it 5% i g ¢ Aot
approximately 60”, a total of about 5% of images are overlapped

(83 cut of 1616 images, counting to the plate limit in a total
of ane square degree).

area

Estimates of macnitudes,

L3
-
wu
-
ys]

S = sl 'r-: t f.'-.i'
A question frequently asked of the technigue is o what



magnitude can velocities be obtained? Thers are at nresent
: = =2 L PDITrEesenc

m

no galaxies having velocities obtained by the technique and
independently determined magnitudes from either photographic or
photoelectric photometry, Thus to ansuer this question at all
we are reduced to meking estimates by some means,

The most accurate estimates are probably those of Carwin
(private communication) whao, by using a photographic step-scale of
'standard' galaxies for sky limited IIIaz J direct photographs,
estimated that the fainter of the gealaxies for which redshifts could
be obtained are at about 18th to 19th magnitude in the blue.
Corwin'e 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, U 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
'peoplets! 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 ta B8 = 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 gasier 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 uwhole of
the galaxies with the stars; it is likely that the total galaxy
magnitudes are up to a magnitude brighter than the values ocbtained
from this comparison.

Using this comparicon method, estimates were made of the

i F axi in a T a 345, rengin
(nuclear) magnitudes of galaxies 1n a cluster in area 5 nging

from about B = 14 to B = 19,
Microdensitometer tracings were made of these galaxies,

and an attempt made to correlate the measursd peak density of

the spectra above sky with the estimated magnitudes, This

corpelation is shown in fig 3.5.8, There is clearly a reasonable
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Fige 3.5.8

Maanitude estimates (B t) of galaxies plotted against peak
S es

density (D). ‘saturation' indicates the area of probable

photographic saturation of the images. The dotted line is a

linear regression line through the points below 16th magnitude,
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corrslatio n t i
orr n over the fainter magnitude range, with 2 dis

of zbout 0,5 maagnitude A lipear req

. b SR ]

¢ 5]

oints below 18th magnitude is shown; non-linza
are apparent for the brighter galaxies,
Measurement of galaxy velocities from tracings shous that
satisfactory results can be produced for objects having peak
densities above sky of 2 0,45 (this photograph, UJ2461P, has a
sky density of about D.?).. From the correlation obtained, this
corresponds to objects with estimated nuclear magnitudes of

B N 19, uwhich 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 zere redshift elliptical galaxy,
The galaxy will not necessarily have a 4000 i feature of exactly
the same form as that in the stars; and this problem will become
worse with later-type galexies (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 soszimple, The basic problem is that there is no large body
of data providing velocities of objects in the magnitude range

usable on the priem photogrephs, in an area contained by one

plate, Ideally we need a sample of velocities for galaxies

covering the magnitude range E = 15,5 to 18,5, having z = 0.05 to

. by STl e fielc
= 0.1, on one southern high galactic latitude UKSTU survey Field,

Z
al = i
In addition the galaxies should cover a range of galaxy types. Data

available is mainly restricted to single galaxies at random locations

i i some fortunate cases
(e,g. catalogues neted in section 2.3) or, in some fortun ¢

to clusters of galaxies (e.g. Oemler 1973), Thus telescope time has
(% b= e

been sought throughout

= Ty e
this m.cr“EIZE to obtzin velocities of faint galaxies
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in t [ - - 1 - %
in the areas of available objective prism photoarashs, In this

ti + sk
section these velocities, and the published velocitiss for

Abell 2670 (Oemler 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 8,506,

The spectra obtained at SAAQ in August 1976 were taken
using the EMI tube in the /1.4 image tube spectrograph at the
Cassegrain (f/18) focus of the 1,9m telescope, The spectra were
unwidened, and exposures of A1 hour were ueed for the faihter
objects, The spectrograph slit was of width A 1,2 arceec and
length ”v 4,3 arcsec, and was orientated in right ascension.
Calibration was by a capper-argon lamp, The spectra were recorded
on unbaked Eastman Kodak IIa0 plates, The dispersion used was
210 4 mm_q.

Only grey time was offered for this observing runj 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 occasionally the moon H and K lines were measured
as a check on zero error,. The lines measured include: 3727 (0II),
3934 Call K, 3969 Call H, 4959 (0IIT), 5007 (o111), 5184 Mgl, 5270 Fel
(blend), 6563 Hoc, 6584 (NII). Night sky lines present include
5577 (01), 5890-56 Mal, 6300 (0I). The measurements were made using
a travelling microscope, with fepeat measurements to give an

estimate of the measurement error,

3 aris 7 Ma el e a7
The velocities cbtained, and compzrisons with Martin's (1978)

e Lol = N
velocities for the standards, are given in table 3.8, 7. A coprr

ection of ~101 L<msm1 has been spplied to the measured velocities,
n correction derived from measurementes o

i ; a f moon
this being the mea ¥

i ight 3 issi ines an internal
absorpticn and night sky emissicn lines, The mean 1n

-1 ; -

standard error in the velocities is N, 180 kms , and the estimated
-1
total error is about + 200 kms .

In addition to the 5 programme galaxies and 3 standard

in i =Joli¥ £ 10 other programme galaxies
galaxies shown in the table, spectra of 10 her prog g



Table 3.5.6

Use of telescope time allocated for velocity work.

Date Nights JTelescope Observers Total Useful spectra

| DTSR B o clsar P S others
August 1976, — 3 3 SAAO 1.9m CEH 4% 6w 3 2
March 1977 3 2 = INT CE 13 3 2 2
October 1979 7 = = SAAD 1.9m CEK 4 10 4 4

b, 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
Velocities
of standards (v_) are also given. 'Anonymous” galaxies are

comparison with objective prism velocities (v ).

identiﬁ%ed by 18U format co-ordinates. All velocities are

in kms .
ObJect Observers v v v =y v
_S s} 5.0 L

22313-3842 CKEH 9,446 4,800

22383-4006 .. 19,044 17,400

22403-4021 .. 17,315 17,400

22410-4019 .. 38,023 42,000

22410-4029 .. 9,881 12,600

NGC 6770 e 4,032 3,910 +122

NGC 6771 - 4,406 4,290 +116

NGC 7496 = .. 1,609 1,540  +69

12397-0550 CnE 6,533 2,400

22240-3825 CkEK 26,450 24,300

22211-3814 .. 41,463 39,900

22219-3793 .. 49,969 48,600

22208-3831 .. 32,040 35,700

00462-2951 .. 31,376 28,200

00491-2867 .. 34,3390 28,200

NGC 1537 2% 1,378 1,378 (0)

NGC 1726 e By777 4,072 ~295

NGC 1546 ¥ 1,227 1,180  +37

NGC 1587 ve 3,429 3,890 —461

A2670 no.1 O 23,200 22,800
40" e 215260 24,600
B s 21,480 22,800
P ae 22,5800 22,800
B se 23,400 21,000
B . es 22,350 : 24,600
180 «a 22,700 22,800

Observers: Ck, the authorj; Cn, H.G.Corwin,Jr.;

Vv =y
s ¢ §
+4,646
+1,644

-f5
-3,977
-2,719

+44133

+2,150
+1,563
+1,368
-3,550
+3,176
+E,190

+400
-3,340
374
+100
+2,400
-2,250
=100

E, D.Eme

rson;

H, M.R.S.Haukins; K, B.D.Kelly; 0, Oemler (1973).

Velocitiss are given only for those programme objects having

objective prism velocities.

2
Z(USHUD) —1
o = [——=—F— = 2,975 kms
us—up Fleh
(v_=v )
s =3
—2;-4=—J1— = +541 kms

n

-
(&



were obtained. However these were too contaminated by moonlicght
for spectral features to be reliably identified. This indicated
the necessity for dark time for observations of this type, even
for the brighter (B As 15) objects.

The second allocation of time wes on the Isaac Newton
Telescope in fMarch 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

SAAC (except that baked Eastman Kodak IITa 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 allocetion 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 Photen Counting System (IPCS)
(e.q. Boksenberg 1972), This system allows simultzneous
observations of programme object and skyj; the sky spectrum can then
be subtracted from the spectrum of (object + sky). Dark time was
again available for this observing run.

The spectrograph slit used was of width A 2,4 arcsec, andhad a
length of A, 36 arcsec recorded in 8 data 'increments', The 'datz area!
used on the image tube was 2000 'lines' by 8 'increments', with a
resolution of 2,6 ﬂ per line, The dispersion used was again
210 § mm"1. Calibration was by a copper-argaﬁ lamp, with a ligquid
copper sulphate filter to reduce the intensity of four strong lines
in the red, to protect the image tube, Integrastion 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
fdata area', All the data were recorded on computer magnetic
tape,

Final reduction of the data wes 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



b
(28]
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for each 1000 second run, With no drift of

cr
=0 B
m

= data area
apparent from the arc spectra, all the runs for a given ohject
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 211 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 agein rebinned into an array where distance
along the array, x, is given by x = k lagk + ¢ 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 redshif'ts, 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
(1879). 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 compsrison
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 shoun 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 ratic in the continuum is needed to detect =zbsorption lines .
This requires large amounts of observing time to secure geod
spectra. The spectra cbtained with the IPCS are still far from
satisfactory; integrzticn times of approximately S - 10 hours would
be needed to obtain good signal tc noise ratio spectra (with
counte of about 300 in the continuum) for mest of the objective
priem photograph galaxies having prism velocities., The

magnitude range of interest is such that ideelly the 3.82 /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 2670 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 photaograph
compared with those given by Oemler give a value for ¢ of
2000 kms-1,

One further velocity for the comparison was ecbtained by
Emerson and Corwin (private communication) at SAAD using the image
tube spectrograph, This is alsc 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 ¢ for
the agreement is calculated to be 2975 km5"1, on average, In fact
we expect the higher velocities to be less accurate,beczuse of the
dispersion curve and the measurement method, Calculating errors for
ezech galaxy separately in terms of the effective distance on the
photographic plate, we find that the measurements have a o0 of
about 18 microns on the plate, This is approximately what would
be expected from the measurement method used; with a measurement
sccuracy of 0,5mm on the tracing (corresponding to 10 microns on
the plate), and uncertainties in the absolute Qauelengths of the
emulsion cutoff and the 4000 R feature (corresponding to G 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, Beceuse of these problems additional means of
testing the working of the program were required. UWhen 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 datsa,
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To this end measurements wmere 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 q features., The measurements were
made with the digitisation system on the Joyce-Loebel microdensi-
tometer described by Kelly et al (1980a); 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
360/195 machines alsoc to the ROE 4082, and implemented in a form
suitable for these data. The program was then successfully run
with the data,

The program correctly identified the 4000 A 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 differeme is in the same direction for all the galaxies, but
in the opposite direction for the two stars, It is not yet clear
what causes this difference; it seems to be a praoperty of the
computer program, that it obtains positions for possibly both the
cutoff of the emulsion znd the 4000 % feature that are different
from thos obtained by direct measurement of the tracing., Both
computer positions and direct measurement pasiticns look satisfactory
to the eye (fig. 3.5.11) so the difference will have to be cal=~
ibrated out of the camputer~derived redshifts, It is thus essentizl
still to obtain a2 good sample of velocities of galaxies in a smell

area from slit spectra, covering a wide velocity range.

3,5,12 Spectral classification,

Although neot a direct part of the work on velocities of
galaxies, the classification of spectra on objective prism plates
ef

[0}

forms an important part of the project as a whole, and i
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 (z,) and from the computer correlation
technique on COSMOS data (z). The corresponding emulsion
cutoff to 4000 R feature distances (x, and x) are also given,
x, as measured, x as calculated from Ehe computer redshift.
Galaxy (G) and star (S) identifications are as in plate 4.1.2.

Ob ject i il i EE z, -2
G4 0.048 0.053 1.89 1.85 0.005
G8 0.050 0.058 1.88 1.80 0.008

G11 0.039 0.053 1.98 1. B5 0.014
G13 0.043 0.053 1.94 1.85 0.010
G14 0.045 0.047 1.92 1.90 0.002
S1 0.018 0.007 2.18 2,30 =0.011
S2 0.016 0.002 2.20 2.35 =0,014
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Fige 3.54171

A comparison of the direct measurement (left) and computer
derived (right) positions of the cutoff and 4000 A 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.



stellar spectra, briefly considered in an early peper (Mandy et =l

1977). This was taken a little further by Krug et al (1980), who

again considered classification of unwidened stellar spectra,

132

A slightly different espproach has been taken in more rECEnt

work (Kelly et sl 1980b) on the classification of spectrz 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 1579 using a 'people's
photometer! on the 1m telescope at the South African Astronomical
Observatory, Values of B-Y were obtained for 33 stars in the
magnitude range Y = 13,5 to V = 17.1, in UKSTU survey area 345,
Mein sequence spectral types were then given for these colours,
assuming the-stars in this magnitude range at -50° galatic
latitude to be main sequence, The spectral types range from B2
to MO, In addition to correlating the appearance of widened
spectra on the photograsphs te the carresponding spectral types,
normalised intensity converted tracings were taken of the spectra,
It is sometimes difficult to separate adjzcent spectral classes
by visuel inspection of the spectre, 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 & 40
minute exposure photogrzph., Classification by eye is certain to
half a lstter class; from inspection of the spectral tracings
classification to an individusl 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 technigues to galaxy spec

is not simple, It is not generally =zpplicable on 2 widened

photograph, as this spreads out the already small amount of

-

examined widened spectra., On unwidened photographs, it is

generally possible to classify galaxy spectira into two classes:
spectra with and without the (rest-wavelength) 4000 % continuum
drop, From tracings of the spectra, however, more information

can be obtained; it might eventually be possible to classify the

: D e T
spectra by the strength of the 4000 A Teature,

ight from galaxies to such an extent that few galaxies have easily
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There are, of ccurse, still further complications to

al emission lines in their

]
in)

this picture; some ixies posses

tw}

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 bath the present prism, and also when the increased
resolution provided by the new higher dispersion prism becomes

available,
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4, Nplications 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 (UJ2461P, UKSTU survey area 345) has no rich clusters
of galaxies in the magnitude rznge suitable for rcdshift measurement,
This area was one of several selected by the UKSTU for test plates
taken with 0SO searches in mind; subsequent work has shoun (Clowes,
thesis in preparation, 1980) that this area does have a rather
patchy QSO distribution, There are unfortunately no galaxy counts
for this area; neither the Shane and Wirtanen (1967) nor the
Zuicky et al (1961 - 1968) catalogues cover this area, Some early
work showed the value of the redshift technigue 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, here 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 N\, 100 to A, 2000 kms_q(Yahil and Vidal,
1977); this is smaller than the error expected for a single prism
gpectrum, so a cluster of galaxies represents a group that might
f

be considered to lie at the same velocity, as far as the redshift

technigue is concerned., A preponderence of elliptical galaxiess is
also generally noted in clusters, which is an additional advantzge;
as noted in section 3.3, elliptical galaxies are the objects

ifE

possessing most clearly the features needed for redshi

determinztion.

4,1.1 Cluster associations.

o]
0]
1)
ot
m
n
ot

Measurements of cluster galsxies were first mace
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1y 2 and 3 of MacGillivray et al (1976b)) located within a feu
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 resulis of these measurements
appear as the first four histograms on fig 4.,1.2, showing the dic-
tribution in velocity for each area, The peaks due to the clusters
show up well, and slightly better to the eye in the 'smocthed!
histograms (smoothed to take out artefacts due to measurement
accuracy), The distribution in the area not containing a cluster
is almost as peasked; 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.Z.

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,
althouch close together in the sky, are separated by gquite large
distances in denth. 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 G678 Mpc assuming & value for HO of B0 kms_1 Npc“q(e.g.
Sandage and Tammann (1975b) give M ki ﬂpc—1). At these
distances, the sepsrations on the sky ( A 1 degree) correspond to

distances of A, 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 25670, which has ten velocities determined by Oemler (1973)



Fige 4.1,1

Selected areas on plate UJ2g20P.

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 & arsas shown in fig. 4,7.1.
Z is the redshift. Thz histograms on the right are from the
data on the left, smoothed over two redshift bins
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argest collection of veloecities
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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 5t. Andreus,
are shown in the table 4,1.1. These results were obtained
from measurements of plots produced by Wilma McKellican, a
vacation student at the Royzl Observatory, Edinburgh, to the scale of
the Joycs~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 2570, 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™ .

The mean velocity obtained for the seven galaxies,

23100 + 1200 kms-1 is close to the mean obtained by Oemler for
nine galaxies: 26600 + 300 kms™ (Demler 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 iqaccessible to the St. Andrews machine.

There 1z a systematic difference between the prism
velocities and Oemler's velocities of 590 kms-q, but this iz not
significant, It is noted that in table 4,1.1 the values of
Up~UG appeer toc be correlated with Ua; this is assumed to be an

effect of small number statistics,

4,1,3 \lelocity dispersions.

The results for two other clusters of galaxies are pre-
sented here, GSoth lie on the same photograph, U334539,

MacGillivray first suggested the measurement of velocities
in cluster Abell 140 on éhis photagraph as the cluster appears
+g have two main centres of concentration on the direct photograph
(plate 4.1.1(a)). It was anticipated that possibly velocities would
resglve the cluster into twc components. This work has been
submitted for publication aleng with the work described in A2

(Cooke et al, 1980), Abell 140 has an Abell richness class 3 and



Table 4.1.1

Radial velocities in Abell 2670.

Galaxy Velocities (kms~1)
(Oemler no.) prism - Oemler
v v Vo=V
2] o P o]
1 22,800 23,200 ~400
4 24,600 21,260 +3,340
6 22,600 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
— -1
up = 23,057 kms
1
Z(V -\.-'0}2 S
o = [|—=L2 9 _ _ 2,000 kms
VvV _=v n -1
p o
§Z(U —Uc) - 1
——2—=— = 590 * 760 ki

(n is the number of galaxies)
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distance class 6,

The results of measuresments 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

L from this leaves a

is 3800 kms"1; even deconvolving 2200 kms
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 R 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),described below,) If all the galaxies measured in

Abell 140 are in a single cluster, then its velocity dispersion

is the highest known (e.g. Yzhil and VYidal, 1977). Speculation

as to the conseguences 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 galaxiss in it. Pertly also,
because thers seems tc 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 A features. The
velocity distribution of this cluster is much more like a "normal!
cluster than A 140: the 4000 R 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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Table 4.1,2

Radial velocities in Abell 140,

Galaxy Velocity (kms-T)

‘p s T Y%

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 46,050

44,550 ke

=
|

= 3,800 i




143

S A140

(a) ]

{13

ns: A 2670
(b) :
1‘5 l 1l6 l 1T? é 1ls
n j _-- A133
5_
(c) |
tIS ; Ita : ![‘J ) 1-I8 i 1'3 ;j?-lﬂ
- T —  A133
n =1 i ¥
S_

Figas Aetad

Velocity histograms for Abzll clusters measured (section 4.1.3).
The abscissa is given in terms of the cuteff to 4000 1 feature
separation, in cm,'d', to avoid problems of rebinning into
redshift.
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technigue (using a limit of 2,5¢" rathec than the 30~ Yahil and Vica

(i
T

sed) for removing field galaxiss is applisd, the distribution chance

-~

mn

to that in fig 4.1.3 (d); for A 140, no galaxies are removed if this
technique (also using 2.5¢°) 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_ﬁ. For the 22 galaxies laft
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 Summéry

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 'asnomalous! dispersions.
Using (a) and (b), both cluster richness and distance estimates
can be improved over valués obtained by inspection or counting on
a direct photograph, Application (c) is only suitable for
clusters with ebnormally large dispersions (for a 'normal' cluster
the dispersion is of the same order as the measurement technigue
accuracy) or for extremely rich clusters, where limits could be
set on the velocity dispersion by deconvolving the knoun

measurement error,
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Plate 4.1.2

Galaxies in the area of Abell 133
(Stars S1, S2 also shown)



Table 4,743

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 '

are given in plate 4.1.2.

Galaxy

(Vallio o TS [im W 3 I = S48 O

kms

<

19,200
21,000
15,900
15,900
15,900
14,100
17,400
17,400
17,400
14,100
15,900
15,900
15,900
14,100
14,100
24,300
17,400
17,400
21,000
19,200
19,200
15,900

22,500 *

26,100
17,400
24,300

*

P
k)

Identifications
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The application of the method for obtaining radial
velocities of faint galaxies to a general fieldon an objective
prism photograph is a rather different undertaking to the
cluster application., 1In 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, ue
would select a limited number of ohbjects 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, éa\, fromB N 10 to
B U 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 (/v 20 micrens acress)
and barely distinguishable from stellar imzges; 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 v 15 or 16 that spectral information is
seriously smeared out, At the fzint end, the signzal te noise ratio
becomes very poor for gelaxies fainter than about B A« 18,

The exact distribution of galaxy types in a general field is
hard to ascertain, as 2 morphalogical classification of faint
galaxies is fairly difficult, There is information on the distri-
bution of galaxy types in clusters (e.q. Dawe, Dickens and
Peterson 1977) and in a large sample of lou redshift objects (R3GC,

de V=zucouleurs et al 1976). The preliminary study of an area on

=3 A0

4 CTI0 plate (Cocke et al 1977) gave the most relevant information
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on galaxy types, in tarms of th

a+i)
ne

spectrsl T

!I'I

ures present, In
that area, 1.4 degrees square, 120 non-stellar objects were
identified by eye, 0Of these, 60 were considered too faint to
show clearly any spectral features, Of the remaining 60 galaxies,
velocities were obtained for 29 having 4000 R features. It was
therefore expected that approximately 50 per cent of galaxies in
a field chosen at rendom could be expected to have 4000 R features
strong enough to allow velocities to be obtained,

The distribution in type affects the percentage of galaxies
able fo 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
technigue 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 Yelocities in the general field

Ideally an area of a photograph could be examined, the
galaxies located, then tﬂs velocity of each galaxy obtained from
its objective prism spectrum, Practically the situation is rather
more complex than this,

Firstly there are nrﬂCtlc al measurement limits. The bright
and faint magnitude limits have been mentioned above, There is

s at a redshift of about 0,35 the 4000

o
ck

=

also a redshift Iim

feature is coipcident with the emulsion cutoff of IIIa J. In
practice the limit occurs tefore this hsppenss objects with the
highest redshift yet measured using this technigue (two galaxies in
cluster Abell 141) have redshifts of A, 0.25, with some uncesrtainty
in the identification of the 4000 q feature, These limits all

sined,

t the raonge of galaxies for which velocities can be obt

Z 3 1 ] E& £t ~n R

Additicnally, at present only galaxies with he 40CC A

. P s me mi £ PR B L s

feature can have their velocities determinad, Eventually it may
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 genmeral 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 praoduced by

the program. This is illustrated in the following example.

4,2,3 Trial results for the aeneral field,

An illustration of the correct working of the redshift
program has been given in section 3,5.11., Here the seme program has
been applied to a small szmple of COSMO5 data covering an area of
one sguare degree, :

For a completely automatic progrem, as originally envisaged,
the computer program would have to decide when the 4000 | feature

had been correctly identified, To this end,. tests were run on

this area of "general field" in which galaxies, stars, and potentisll

overlapping images had previously been identified by eye. Data

for this field was available from COSMOS measurements of three

(1]

different plates, for comparison purposes. The plates used wer
yJ24G1P, U2Z092P and UJ2620P, 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 Tield iIs given in

fig, 4.2.1; these objects were identified by eye using both dirsct

and prism photogrephs of the aresz,

. 3 e = i ] an 3
The spectra of objects in this area (stars and gslaxies) uere

run through the redshift progrem to test its performance on such 2

[P R

1}

The resulting plotted output from the program for
200 objectes wes examined for correctness o

4000 1 faatures., Incorrect and correct identifications

n

b4
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were then plotted for the corresponding values of 'RNS' and 'PEAK!

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 % feature

identificatiens 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 q

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 queality 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 R 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 beczuse this is the 'rogue'

plate previously noted, The comparison is interesting however;

it shows that the COSMOS tracings are only a little more neisy

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 possisle to obtain velocities in the

general field,
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&,3 Concluzion=

=S US4

On commencing this work the intention was to find a
way of obtaining radial velocities of faint galaxies from
ocbjective prism spectra., This primary objective has certainly
been achieved, Obtaining velocities for a small number of objects
from microdensitometer tracings involues a simple procedurs with
a few simple checks; it is a method that can quickly be applied

by any worker with access to suitable plate materizl and a

4

i
suitable microdensitometer, Obtaining large numbers of spectra

r

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 velccities
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 technigues now established can be applied further to
astronomical problems, A most promising erea is that of obtain-
ing radial velocities for clusters of gelaxies. Using these
velocities as distance indicators we can look at the three-dimensional
distribution of clusters, and such a prujedt could readily be
performed over quité large areass 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
interssting also if any more clusters with large velocity dispersions
are discovered,
Simultaneous with thé'imnediate spplication of the
techniques, it will be useful to look at possible improvements

to the present fechnigues, and also ati alternative approaches, Uith

d form intoe

1

L

d
data, it is possible to transfer spectra in this digitis
the computer. Rather than
ion wevelength cutoff and 4000 R feature could be defined
interactively at a computer graphics terminal, removing part
the incccuracy of the technique, Such 2 sysfem will be ezsily

L

adaptaosle to COSMOS measurements, thus allcuing interactive control

=

=

of the measurement of larger numbers of velocities, This will zllouw



much nore experience to be gained in the measurcment 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. Tuoc photographs have been taken
for such a trial, but specizl 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 desecribed in tﬁis thesis as
it is a2 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 2 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 2 feature into the red, The new prism will also give
additional information for spectral claessificaticn, ‘

The application of the techniques described in this
thesis to study the large-scele 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 Hubtle velocities of 50,000 kma~ ',
of sky need to be covered; it will

be essential to combine data from several adjacent UKZTU survey

look for =ny possible anisatropy. Bocth these reguirements

mean tha: a moderats number of UKSTU ooject

=
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will have to be taken; with the fairly short prism

present, this could take severzsl yezrs to complete,
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List of Abbreviations

BGC Bright galaxy catalogue: de Vaucouleurs et al (1964)

cM Coarse mode (COSMOS)

COSMOS Co-Drdinates, Sizes, Magnitudes, Orientations and Shapes
CRT Cathode ray tube

CTI0 Cerro Tololo Interamerican Observatory

HMS Humason, Mayall and Sandage (1956)

1AM Image analysis mode (COSMOS); also TM

IPCS Image photon counting system

1M Mapping mode (COSMOS )

RBGC Revised bright galaxy catalogue: de Vaucouleurs et al (1976)
ROE Royal Observatory, Edinburgh

RL. Rutherford Laboratories

SAAD  South African Astronomical Dbservatory

SRC Science Research Council
I Transmission: COSMOS parameter
™ Threshold mapping (cosmos); also IAM

UKST Unifed Kingdom Schmidt Telescope

UKSTU United Kingdom Schmidt Telescope Unit
VDU Visual display unit
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Appendix A

The redshift program (version JCZED6),

A listing of the FORTRAM source code for the redshift praogram.
This version runs on the RL 360/195 computer, using the SMOG
graphics system and RL routines UZERO and UMOVE for fast array

clearing and moving. The program is described in section 3.4.



C
G

OOOOOGOoOoO o000

C

C

C

JCZEDS

SFECTRA ARE READ FROM THE MTD&HT OUTFUT TAFE,

NORHALISED AND CALIERATED FROM THE CUTOFF FOSITION.

THE FILTEREL SFECTRUM IS THEN CORRELATED WITH THE STANDARD
FOR A BEST-FIT RENSHIFT.

JOHM CGOKE HOVEHEER 1978

INTEGER B(1024),4(1024),8FEC(512,8),1T0T(8),
- UAV,HAV,BCKCON,GTSIZ,5T5Z,0F5,ROFS, THIN, IDIN(3),
- INTCOM(126,
REAL WAV(20),DEF(20),UIN(20),5FECT(512),SPECH(512),
- UERFIT(21),FOSFIT(21),FITCOE(21),FSFEC(512),CONSFC(512),
- USFEC(512),STORE(100,2),C(21),5UAV(20),CORR(512),
- XFLOT(15),YFLOT(15),2570(80),HIS5TO(E0),HASSTO(8D),
- SUBCOR(100,80),CHUL(512)
COMNON /IDEN/ID2,JLEN2
COMNON /HART/HXO,HUD,HA
COMHON /MAGN/SFECT,POSN2,BACK
COMNON /FLOT/SPECN,XZED,XRHS ,FOSH, 1IN, XFLOT,YFLOT,
- WAY,NFEAT,ESTF,BVAL, JLEN '
DATA CORR/S51240.7,100F5/-1/
DATA CHUL/57#0.,0.01,0.02,0.05,0.08,6.13,0.19,0.235,
- 0.32,0.42,0.52,0.63,0.75,0.87,0.94,0.97,0.99,
- 439%1./
JLEN=256
JLENZ=JLEN

REAT BUMFH ELOCK
REAG(E)R

READ alLL THE CARD DATA

SPECTRUM DFFSET, LENGTH (IN STEFS: 512 STERFS = 4dH)

READ(S,#)IOFS



C
&
C

REAB(S,)LEN
0F5=I10F5-3
ROFS=I0FS+LEN
STEP SIZE
READ(S,)5T52

AVERAGING WINDOUS

REATCS =) Uay

READR(S, #)HaY

IF CUAVLHE. T AR VAY  HE . 2, ARTL VAY L VE L 3L ANDL VAY L HIEL8)60TD900

EXFECTED BACKGROUMND SCATTER

REALCS, #)BCKCON
EKPEAK=FLOA | «BCKION)

NOISE RANGE FACTOR

READ(S,#) TRANG

THIN ALLOYED

READ(S,#) THIN

GATE SIZE FOR CONTINUUM REHOVAL
READ(S,#)6T51Z
T8T=FLOAT(6TS1Z)/2.~FLOAT(BTS1Z/2)
IF(TST.EG.0.)60TD901

REDSHIFT LIMITS

READ(S,*)ZL0, ZUF
IF(ZLO.GT,ZUF)GOTO902

NUKBER OF EXFECTED FEATURES
REATI(S,#)NFEAT

DETAILS OF FEATURES
WAVELEHGTH,DEFTH, UILTH

(WID IS ZERO FOR STEFS?

0201=1,HFEAT
READ(S,#)WAV(I) , DEF (L), WID(I)

:r:\3



B
8¢
C

£
2
C

OO0

18

17

419

630

14

GET HIM AND MAX UAVELENGTHS

UpIN=10000,
UrMaX=0.

DO1Z21I=1,NFEAT

IFQUAYLT) JGTLUHINIGOTO1S

UHIN=WAY(T)
UIDHIR=UID(I
GOTO17

)

IF (WAVIT) LT UHAX)GDTON?

UHAX=WAVL(I)
WIDNMAX=WID(I
COMTIHUE

)

UMIN=MHIN-UIIAIMG.
WHAX=WUHAX+UIONAXET .

GETAILS OF HARTMANW FIT FOR DISPERSION

REATI(S, #)HX0, WO, HA

INTENSITY CONVERSION PARAHETERS

READ(S,#) TZERD, TBASE , BAtitA , CALCON

SET UP INTENSITY CONVERSION LOOKUF TAELE

ILOU=TEASE+1.

ISTART=ILOU+1
06101=18TART, 128

gr=1-1

EDENS=ALOGIO( (TZERD/(SI-TEASE))-1.)
INTCOR(I)=10. %% (GANKA+RIENS+CALLON)

N04201=1,IL0U

INTCOM(I)=INTCON(ISTART)
WRITE(6,430) INTCON
FORMAT(IH 7/1%,“INTCON:"/(1X,8110))

WRITE QUT LATA

WRITE(4,14) 10FS,LEN,ST5Z, VAV, HAY, BCKCON, TRANG, THIH,6TS1Z,Z1.0,
ZUP  HX0 HUO , H

&, TZERD,TRASE, GAHMA, CALCON

FORKAT(1H1/////1%, " REDSHIFT FROGRANH/1X,

—————————————————— “L1I1%, DT 3

“GPECTRUH OFFSET @ 7,I5/1X,
“GPECTRUM LEMGTH ¢ 7, I5/1X,

“STER- §IZE 3

“VER. AY.

TR
~ ISP,

2ATL

Ad



at4

13

16

F1D

C

C

.

L

C

C

~
-

215

i e i ori

5
&

"HOR. &V. ’ I”!K,
“BACKGROUND FE&M s iRy
“RANGE FACTOR Fl 1/1A.
“IMAX  ALLOUWEL : LSS,

“CONY. GATE SIZE : ’,15;31,
“LOU 7 LINIT & “,F&.3/1%,
‘HIGH Z LIMIT :  *,F4.3/1%,

“HARTHANN PARANETERS /1%,
X0 14, E14.6/1%,"
CINTENSITY CONVERSION :7/1X.
T0 37 L.EE AT TB A
CONST :“,F6.2//)
WRITE(S,514)

WO =, E18,871%,7

1%,% GAii

FORMAT(* FEATURES:”/&X, WAV~ ,8X, LER",7X, WID7/)

[015I=1,NFEAT

WRITEC6,156 HAVII), DEE(I‘ HIn¢I)

Fﬂ‘ﬁﬁTt1H y3F10. 3)

WRITECS,513)

FORMAT(IK /7177 IDERTIFICATIONT, 8%
“H4425 HPEAK H4900 H%QOO

SET UP FOSNS OF CORR DATA FOINTS

[pas OJI 1, JLEN
FbFEE(I)«(FLUQT{64—I))*0.008

SET UP THE CORKELATION ARRAYS IN SUBCOR
INZEH'(IUP—ILU)K0.005+1.
=ZL0
HB4J0212LD 15 INZID
Z2=7+0.003
ZSTO(IZED) =1
IF1=2+1.
CORKRECT THE WAVELENGTHS

N02151=1,NFEAT
SUAV(T) =AY (T #IFY

GET MIN AND HAX WAVELENGTHS

SWHIN=WHINZF
SUHAX=UHAX+IF]

WAYELENGTH TO X (i)

SYXHIN=HX0-H&/ (SURIN-HUO0) 41,2

X, ”RMS”
134007 /)

, 9%, “FARARY

AS

7Ry



G
£
G

[z

C
£
C
C
C

ot o

1041

2181

104
1042

1043 §8=

105
218

217

EXHAX=HZO-HaA/ (SUAAX-HUO w1, 2
X (MN) T€ STEF - NOTE: HWIMBTP IS > HAXSTF

HINSTF=464-THT((SXNIN®1000.})/8.0+
HAXETP=04-IHT CLSXHAXH1000.)/8. )~

ALLOM FOR COMY GATE

HINSTP=HINSTF+GTSIZ
HAXSTR=HaXSTF-GT51Z%

9
2 1)
¥

NOW WE HAVE CORRECTED LINE FOSITIONS

MOW ORTAIN WAVELEMGTHS OF aLL THE FOINTS
IN THE SFECThuid

O0103I=MAXSTP,HINSTP
USPEC(I)=HUO+ (HA/ (RXO-FSFEC(I) ) }ax(1./1.2)

FILL IN CORRELATING ARKAY, DECREASIMG IN WAVELENGTH

00217 I=HAXSTF ,HINSTF
WSPECI=WSFEC(I)

LDOF FOR ALL LINES

n0218K=1,NFEAT

WIDKRJ=YID(K)

DEFKJ=DEF (K)

SUAVKI=5UAV ()

TFCUIDKD) 1041,104,1041
YY=ARS(WSFECI-SUAVII) /UTTKR
IF(YY-5.)2181,2181,218
§8=REPKJ/EXFLYY)

GOTO105
TF(SPECI~-SMAYED)1042,1042,1043
§5=LEFKJ

GOTO1GS

0.

CORR(I)=CORR(I)+ES

CONTINUE

COMTINUE

HISSTOCIZEM =HINSTF
HESSTO(IZED) =HAXETR
ITCOR=(MINSTF-HAXSTF)+
IF(ITCOR.GT.100)G0OTN203

AB
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C
&
L

g 8 iy 3

C
C

b
G

C
B

CONVOLYE THE CORRELATING FUHCTION

CALL CORCON{(CORR,BTSIZ, HAXSTF,HINSTF,JLEN)
DOASOITCORE=HAXETF  AINSTF
JCORS=(ICORS-HAXETEF )+
SURCOR(JCORS, IZEDN) =CORR(ICORS ) +CHUL (ICORS)

ZERD CORRELATING FURCTION
(ALLOY FOR GATE SIZE CONVGLUTIOR)

MIMCL=WAXSTF-GTSIZ42
IFCHINCL.LE.OIMINCL=1
HAXCL=HINSTF+GTEIZ42

IF (HAXCL.GT. JLEN) HAXCL=JLEN
IHUH=HAXCL-HINCL+1

TRPLUE=HINCL+1

CORR(HINCL)=0.

CALL UWOVE(CORR(HINCL) ,CORRIIFLUS), INUR)
COMTINUE

INITIALISE GRAFHICS SYSTEH

CALL FRHCS

CALL AFER

CALL LIMITU(Q.,0.,800.,800.)
CALL CHSIZE(10.)

GOTO30

GOTO2732

ERRORS IN DATA

0 WRITE(4,1000)04Y
0 FORHAT(1H //1%,  IMPERNISSIELE VERTICAL BUERAGE ¢ 7, 13////7)

STOF
WRITE(&,1001)6TEIZ
FORHAT(IH //1%, GA
STO0F

TE SIZE : *,13,° HUST BE OBD-////1)

02 URITE(4,1002) _
> FORMAT(1H /71X, REDSHIFT LIMITS INCORRECT'/////)

STOF

URITE(4,1003) b
FORMAT(1H //1X,°T00 HANY STEFS FOR SURCOR"//7/7)
STOF

A7



30

C

I
- G

5
£
C

e O
=] N
El

C

G
(s
33

AB

ENTRY POIMT FOR READIHG & NEM SFECTRUN

REAT(E)A
IF(R{1024).ER.-9999)6AT0%0

10 FROM MEW FORRAT

10=4(1)

102=10

IXSFOS=A(2)

IYSFOS=4(3)

Al131=4(129)

A12)=A(130)

ALZ)=A(131)

G0TO32

TF(A(1024) .NE.-5555)60T01190
WRITE(4,60)

FORKATCIH ///7/1%,“END OF AREA“////7)
60T030

DATA BLOCKS HOW

IF(5T57.EQ.146)60T033
IF(5TSZ.EQ.8)60TO34
GOTO1192

8 MICRON STEF

DO371=1,4
REAT(8)A
n037.J=1,8
1037K=1,1
L={I-1)#12
M=(J-1)%128
TTUAL=A(H)-
TFCITUAL.LLT.1.0R. ITVAL.GT.123)URITECS, 651210, ITVAL
FORKATCIH Z1X,112,7 - BHTH ERROR - 7,112)
SPEC(L,J)=INTCOR(ITVAL
6OT070

_4-,.'.

16 MICROM STEF
HOODIFIED TO WORK ON LM BLOCK ORLY (FOR JLEN=256)

CONTINUE
READ(B) 4
p0350=1,8



4631

&
b
C
&

B2

C

¢

[
70
34

38

C
C

37
C

¥

BO35K=1,128
L=k 2
H=(J-1)#128+K

TTUAL=A(H)

IFCITVALLLT.Y L ORITVAL.GT. 12804

TREU=INTCON(ITVAL)
SPEC(L,J)=TNEY
IF(K.ER.1)60T0431
SPEC(L-1,J)=(T0LD+INEW) /2
IOLD=IHEW

GOTO3S

10LD=THE

SPEC(1,J)=IHEY

CONTINUE

READ(B)A

TEST FOR COMFLETE AVERAGING

IF(VAY.EQ.B)G0TDESS

RITE(a, 451010, ITVAL

FIHD THE ROU COMTAINING THE MOST DEHSE

FAKT OF THE SFECTRUM

10341=1,8

170T(1)=0

00331=1,8

n038J=1, JLEN
TTOT(1)=ITOT(I}+5PEC(J,T)

GET ROW WITH MAXINMUH TOTAL

MAY=0

D0391=1,8
IF(ITOT(I).LT.HAX)GOTO3?
HIN=1TOT(D)

J=1

CONTINUE

IF J IS AT THE EDSE THE MROMG SFECTRUM HAS BEEM

GO TO THE CERTRE

1

FOURD

IFCJ.NE. 1. AND.J.NE.B)GOTO4S
IF{J.EG.B)J=5

IFtJ.EQ.1) =4

I0=100FS

I



C ROU J CORTAINE THE MAXTIMUNM TOTAL

C
e IF(YAV.ER. 1, 0R.VAVLER, 3)GDTOHN
@
5 FOR EVEN WAY FIND THE HEXT HAR TOTAL
C
TUR=ITOT(J+1)
TLO=1T0TL0-1)
IF(IUF.LT.ILOYGOTO44
E=Jd+1
GOTDAG
44 K=d-1
C
5 3ET THE 2-WILE SPECTRUH
G

45  D044I=1,JLEN
46 SPECT(I)=FLOAT(SFEC(I,J)+SFEC(I,K))/2.

GDTOS0
E oun vav
L41 IF(YAV.EG.3)60TO4?
E GET THE 1-WIDE SFECTRUH

n0481=1, JLEN
48 SPECT(I)=SFEC(I,J)
B0TO50
B '
C GET THE 3-UIDE SPECTRUM
47 DOA9I=1,JLEN
49 SPECT(I)=FLOAT(SFEC(I,J-1)+SPEC(I,J)+SFECII,J+1))/3.

GOTO50
g
C 8-UIDE SFECTRUH
5
555  DO&54I=1,JLER
JGUH=0

10657J=1,8
57  JSUM=JSUM+SEEC(I,))
656 SPECT(I)=FLOAT(JSUI#)/8,

£ GET HOVING AYERAGE
E

50 CALL HOVAY(SPECT,HAYV,JLEN)
&

C GPECTRUNM 15 NOW IN INTENSITY AN0 SHODTHED
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C
1021
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C
C

e
ra
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¥

REJECT SFECTRUH IF TOO BRIGHT

TRHAK=0.

L010231=1,JLEN
IF(SRECT(I).BT.TRHAX) TRHAX=SFECT (I}
CONTIRUE

TF(TRHAX.LT.FLOATCTHIN) IGOTO1021

REJECTED SFECTRUM - TOO ERIGHT

WRITE(S,41)10, TRMAX
FORHAT(IH 21,112, REJECTED - IMAX IS *,F8.1)
GOTOZ0

HOW GET THE FIRST AFPROXIHATION TO THE EACKGROUND
GET HIM IMTENSITY

RIMIN=100000.

D0511=1, JLEN
TF(SPECT(T) . LT.RININRIKIN=SPECT(I)
CORTINUE

(FFSET BY BCKCOH
APFA=RIHIH+BRFEAK
CHECK TOTAL RANGE (INTENSITY) OUTSIDE SFECTRUN

RLO=100000.

RHI=0.

no521=1, JLEN
TF(1.67.0F5.AND.T.LT.ROFS)B0TOS2
TF(SFECT(I).GT.RHI)RHI=SFECT(D)
IF(SFECT(I).LT.RLOYRLO=SPECT(I)
CONTINUE

RANG=RHI-RLO
TLIM=TRANGH2 . ¢RIFEAK

IF (RANG.GT.TLIH)G0TOS3

NO RIGGER SFPECTRA IN THE FIELD - GET BACKGROUHD
BY AVERAGEING

HEUM=0
TOT=9.

A1
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C
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C

B
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C
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E;
e
G

5
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C
£

RIAIN=100000,

H034I=1, JLEN
IF(I.6T.0F3.AHDLI.LT.ROFS)GOTOS4
HEUH=NEUR+1

IF(SPECTAI)LLTLRIADID RIMIN=5FECT(T)
CONTIHUE
BACH=TOT/FLOAT (RSURA)

UPDATE THE BACKGROUND FEAK APFROXTHATION

EKPEAK=(BEFPEAK+BACK-RININ) /2.
GOTOGS

OTHER SFECTRA IN THE FIELD - REPLACE BY A CONSTANT BACKGROUWD

p0g4I=1, JLER
IF(I.6T.0FS.ARDLI.LT.ROFS)GATOSS
SFECT(I)=&FFX

COHTINUE

BACK=AFFX

GET IHAX ARDUMD THE SFECTRUHM

SPHAX=0.

NOS?1=0F&,ROFS
IF(SPECT(T) .GT.SFHAX ) SFHAX=SFECT(I)
CONTIHUE

SPECTRUM OK - NOU NORMALISE IT
SFECH HAS 0 AT PLATE, 1 AT HAX

HITE=SFHAX-FACK
REJECT IF HITE -VE
IF(HITE.GT.0Q)GOTO7SS
WRITE(&,754)I0,HITE

FORMAT(1H Z1X,112, REJECTED - HITE I3 2 E10:3)

607030 _
D0571=1,JLEN
SPECH(T)=(3PECT(1)-BACK) /HITE

NORMALISED SFECTRUM HOW CONTAINED IH SFECH

A2
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g GO ALOHG THE SFECTRUH, LOOKIRG FOR THE CUTOFF
H02511=0FG, JLEN
IF(SPECN(T) .LE.Q.S)G0TO25Y
ICUT=1

GOTO252
251 CONTINUE
GOTO11%4

65 GET THE 21 FOINTS AROUHD THE CUTOFF

252 001011=1,21
J=ICUT-1141

FOSFIT(I)=U
“101 VERFITC(I)=SFECHI])
E FIT & Z-0RDER FOLYMOMIAL WITH FOSITION AS Y
3 CALL NEWPOL(1,3,21,VERFIT,FOSFIT,IORD,FITOEY,FITCOE)
t _GET THE FOSITION OF HALF-NAX INTENSITY

.
-

3233 CALL POLVAL(3,FITCOE,0.5,FOSH)
IFD3H=THT(FOSN)
IF(IPOSH.GT.0.AND.IFOSN.LT.JLEN)GOTO3S50
UWRITE(6,3235) 1L ,FO5H

3235 FORNAT(IH /1X,112,° REJECTED - ROSN IS “,E1é.7)
G0OT030

350 CONTIMUE
IF(IFOSH.GT .40, ANDLIFOSH.LT.8B)00TO331
WRITE(,3241)10,IFOSH

1241 FORMAT(1H /1%,112,7 REJECTED - IFOSN IS 7,I4)

GOTO30
351 CONTIHUE
C
C GET THE FOSITIONS OF ALL THE DATH FOINTS, RELATIVE TO THE CUTOF
C IH HH '
B

LOWFOS=IKT (POSH)
SHIFT=FOSH-FLOAT(LOWFOS)
001021=1,JLEN
{02 PSPEC(T)=(FLOAT(LOWFOS-1)+SHIFT)*#0.008
C
C NOY REMOVE THE CONTINUUH
¢
CALL REMCON(SFECH,CONSFC,GTSIZ,JLEN)
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UE HOW ENTER THE REDSHIFT-HATCHIMG SEQUENCE

REDSHIFT LOOF

D0216IZED=1, INZED
I=Z8T0(IZED)
HINSTR=HIESTO(IZED) +| DUROS-44
MAXSTP=HASSTO(IZED) +I.0UFO5-64
IF(HINSTF.GT. JLEN)HINETP=JLEN

IF(HAXSTFLLE.O)HAXSTF=1
RETRIEVE THE RELEVANT FORTIOM OF CORE

DOASOTI=MAXSTR,HINSTP
K={I-HAXSTF)+1
CORR(I)I=5UBLOR(K,IZED)

AND CORRELATE IT WITH THE SFECTRUX COWVOLUTION

5IG50L=0.

D02191=HAXSTF,HINSTF
SI6500=5165AD+(CORK (1) -CONSFC(I))#42
STORE(IZED,1)=Z

STORE (1ZEN,2)=50RT(SI5501)

ZERQ CORRELATING FUNCTION :
{ALLOY FOR GATE SIZE CONVOLUTION)

HINCL=HAXSTRF-GTSIZ42
TF(HINCL.LE.O)HINCL=1
MAXCL=HINSTF+GTSIZ2
IF(HAXCL.GT.JLEM)MAXCL=JLEN
IHUH=HAYCL-HINCLH

TFLUS=HINCL+1

CORRC(HIMCLY=0.

CALL UMOVE(CORR(MINCL),CORR{IPLUS) , THUN)
COMTINUE

NOW UE HAVE THE CORRELATION/RELSHIFT FLOT (3TORE) .

ME LOOK FOR THE HINI¥UH IN THIS, FIT FARAHOLA
T0 IT, LOCATING THE BEST-FIT REDSHIFT

TEST=1.E+10
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n02231=1, INZED
TF¢STORE(I,2).6E.TESTIB0TOR23
TEST=8TORE(I,2)

1POS=1

CONTINUE

D02241=1,15

JP=1P0G+I-8

IF (JP.LT. 1) JP=1
IF(JF.GT.INZED) JF=INZED
XPLOT(I)=5TORE (JF,1)
YPLOT(I)=STORE(JP,2)

FIT THE FARAEOLA

CALL NEMFDL(1,2,15,XPLOT,YPLOT,ORD,RIV,C)
GET THE HININHUH

XZED=-C(2)/(2.%C(3))
IF(XZED.LT.ZLO.OR.XZED.GT.ZUF)GOT0S45
5070846

WRITE(6,847) 10, XZED

FORHAT(IH /1X,112,7 REJECTED - Z OUT OF RANBE: 7,F6.3)
607030 :

FARAE=C(3)

REDSHIFT NOU OBTAINED FOR THAT SFECTRUM
XRMS=C(1)4C(2)#XZED+C(3) X TENHXTED

GET I AT MAGHNITUDE FOSHS
(AT REST WAVELENGTHS)

FOSN2=FOSH
BA425=RHAGN(4425.)
RADO0=RifAGH(4700.)
E4200=RiAGH(4200.)
E3A00=RiAGH (340%.)
BFEAK=23.5-2.5+ALL0GIOCHITE)
FLOT ALL SFECTRA

CALL ZEDFLT

ANDC WRITE TO LINEFRINTER
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106 FORMATCIN ,112,7X,F4.3,3%,E10.3,8X,E10.3.5(3%.Fs.2))

" ; 513,

¢ ANL TO O/F FILE

C
URITE(17,770) 1N, IXSFDS, 1YSFO5, XZED, F4425 , RREAK, BA900, B4200,
- E3400,¥RHS,FARAT

770 FORMAT(I12,218,F6.3,.5F4.2,F8.2,F8.0)
c
C RETURN TO NEW SPECTRUH
e
6OTO30
C
e
e
c END OF TAPE
B

90 WRITE(4,13)
13 FORMATCIN //7/71%,7END OF TAFE‘//177)
ITER=-9999

7=0.
C WRITE(17,771)ITER, ITER,Z,2,2,7
771 FORMAT(12X%,218,F4.3,F6.1,2610.3)

CALL ENLSFR
STOF

-
-

C ERRORS IN FREOGRAM
G
1190 URITE(4,1191)
1191 FORMATOIH /71X, “BLOCK CRDER ERROR‘/7//7)
STOF -
1192 URITE(S,11%3)
1193 FORMAT(1H /71X, INCORRECT STEF SIZE‘////7)
STOF
1194 YRITE(S,1195)
1193 FORMATCIH //1X, "NORMALISATION FAULT ////77)

STOF

END
&£
(C RHAGN: CALCULATES HAGHITUDE ARODVE FLATE AT UaY
i

FURCTION RMAGNIUAV)

REAL SPECT(512)

COMMOR /ZINEM/ZID,JLEN

COMMON JHART/HZD,RUQ, HA
COHHON /HAGN/SFECT,FOSN,BACK
IR=JLEN-1

XUAY=HX0-HA/ (HAV-HWO ) #+1 .2
STP=POSN-XUAY#12S.
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ISTF=IHTISTE)
IFCISTF.LT.2.0R.ISTF.GT.IR)GOTOL2
S1=5FECT{ISTP-1}
S2=8PECT(ISTR)
SI=SPECT(ISTI+1}
SINT=(51+52+53) /3.
IFCSINT.LE.RACKISINT=Ex

RHAGH=23.5-2.3%A1L0G10(3
RETURH
URITE{&,13)1D,P0SN
FORHAT(1H /1X,I12,” REJECTED - STEF ERROR IN RMAGH - FOSH IS 7,

E16.7)

RETURH
END

4

CR+
IHT- EfCh)

FOL: FOLYFIT MK II, USING TCHEEYCHEFFS
MARIHUN 100 POINTS

SUBROUTINE REUFODL(II.K,N,X,Y,.L,ROEY,R)
g2 EOLYFIT, 1% ENDFIT
HAX ORDER
MO. FOINTS
ARRAY
ARRAY
BEST ORLER
V: RHS DEY.
COEFF ARRAY (21)
DIMEHSION XD, YOH),A(21) ,F(21,22) ,PUL21,600),T(21),0A(21)
KL=K+1
RJ=K+2
0 COEFF ARRAY
np3s1=1,21
ACI)=0.
0 F,FY
I0211=1, KL
no32a=1,id
Pi1,)=0.
DE31d=1,N
PU(I,JJJO
& CALCULATE PO,F1,RVO,PV1,TO0,T1
SX=0.
5Y=0.
n0331=1, 1
T'CY'Y‘I)
X=8%+¥(1)
T(1) 5Y/N
Fi1,2)=1.
P(2,2)=-(BX/N)
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YE5=¢
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=
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1,H
S+Y(IY#PYL2, 1)
5¥X(I*4r”(2.1)1u” 2T
PPV, TH4PY(2,T)
XFE/F5
BE=FS/N
T(2)=YPS/F8
ACL)=TOD R0, 2)+ TP (2,2)
GEZYI=T(2)2P(2,3)
C ENTER LODPF, SEEMING P2 (CORRESF. F(L=3))
C S5ET FOLY ORLER
L=1
£ LOOF
20 L=L+1
C TEST FOR EMD
IFCL-Ka21 ;21,51
ey LIH=L+2
O EGUATE COEFFS IN GEM FH
not1ot=2,L1I8
16 POL#T,d0=F 0, d=1 Y -AAsP (L, J)-BE+F(L-1,])
£ GET POLY VaLUE
DOi1M=1,H
11 FUCL+1 n)W{X(ﬁ)-Aﬁ}$PU{L,ﬁ)—BBmPvtL-1,M)
C GET HUHM,DER FOR AA,EE,T
FHS=FS
XF8=0
FS=0
TRE=0
Bo12I=1,N
EFS= YFS+k(I} FRIL4, D) #PULHT, I
PS=PS+PU(L+1, I)EPU(L+1, 1)
\F5=“P"*Y(I}=FU(L+1,I}
GET #A,.BE
AR=XPS/PS
BE=F5/FHS
 GET FOURIER COEFFS
TO+1)=YPS/FS
¢ ADD MEW TERMS TO COEFF ARRAY
GO41I=1,LIH
. REHEMEER OLD ARRAY
Da(T)=AL1)

{5
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44
43

ALIY=R O T+ R (L4t T4
GET SIGHAEARD

SUH=0.

00421=1,H

CALL FOLVAL(L,&,X(I),YY)
YIRYY=Y{I)}-YY

SUR=SUH+Y THYYAY THYY

GET RHS DEY

ROEY=5GRT{SUH/ (1))
IF(II.EQ.1)G0T043
IF(L-2)43,43,44
IF{RIEY-5TR)43,43,50
STR=RDEY

607020

C WRITE OUTFUT

&

61

auT:
SUBROUTINE OUT(RHS,L,A,H,

COMTINUE

CALL OUT(STE,L-1,06,8,1)
L=L-1

ROEY=5TR

[0521=1,1

AlTI=04/(1)

RETURRN

COMTINUE

CALL OUTE{RDEY,L-1,4,1,2)
L=L~-1

RETURN

END

DIHENSION A(21)
LH=L+1
URITE(9.61)L,N,RHS

1)

NEWFEL-S OUTFUT ROUTINE

IFL)

FORMATCIH L5, FOLYNOMIAL FIT TO DATA FOINTS"///10X%,

- “DRDER OF POLYNODHIAL :

- 13//10X,”RKN8 DEVIATIOHM
GOTO(42,63),1FL
URITE(9,64)

* 12//10%, “NUMBER OF FOINTS :

4 E14.6//)

FORMAT(1H ,9%, HINIHUH ERROR REACHEDN®//)

BATOES
BRITE(?,646)

FORMATCTH 9%, “MAXIHUN SIZE REACHED“//)

nos7I=1,LH
URITE(9,68)1,4L1)

FORMAT(IH ,15X,12,2X,E13.8)

WRITE(S,69)
FORMAT(IH 22771)
RETLRN

END

A1G
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FOLYAL: GIVER X, OF HFOLY'TH ORDER

FOLYHOHIAL, BETS Y

SUBROUTINE POLVAL(HFOLY,COEFF,Y¥.Y)

DIKENSION COEFF(21)
H=HFOLY+1

Y=COEFF(1)

00 1 I=2,N
Y=Y4CORFF {1 )Xok (I~
RETURHN

E

RENCON: REHOVES CONTINUUK BY G.I. THOKPSON CONYCLUTION

SUBROUTINE REMCON(S,C,IV,JLEN)
REAL 5(512),C(512;

TEST FOR IW EVEN
TEST=FLOAT (IM) /2 .~FLOAT(TU/2)
IF(TEST.EQ.0.)G0T047

SET L,R LINITS
I1GH=11/2
168=TU+1Gi
TLL=TU=2
IRL=JLEN-TLL

ZERD DUTFUT ARRAY
CALL UZERO(C,JLEN)

COMVOLYE
00611=ILL, IRL
D043K=1,1U
C(I)=C(1)-0.545(I1-165+K-1)
C{I)=C(I)+5(I-IBH+K-1)
CLI)=C(1)-0.545(I+IGH+K)
CONTINUE :

RETURN
WRITE(4,70)

AZ20

FORMAT(IH /1%, “UIDTH PARARETER FOR REHCOW HUST BE Q00D-//)

STOF
EHD

CORCOM: CONVOLVES CORRELATING FUNCTION

SUBROUTINE CORCOM(C,IW,ILO,IHI,JLEN)

REAL C{512),D(512)
DATA 0/512%0./

TEST FOR IW EVER
TEST=FLOAT(TU)/2.~FLOAT(IN/2)
IF(TEST.ED.0.)60TO67
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C SET L,k LIHITS
T6H=TIU/2
168=TU+1GH
TL¥=1Ya2
IRX=JLER-ILY
ILL=ILD-1GS
TFCILL.LT.ILX) ILL=1LY,
IRL=IHI+IGS
TF (IRL.GT.IRY) IRL=IRY
c CONVOLYE. .

0081 1=1L1,IRL
I063K=1, 14
D(I)=D(1)~0.54(C(I-165+K-1))
DI =DCI)+(CLI-TGH+K-1))

63 D(I)=D(I)-0.54(C(I+IGH+K))

61 CONTINUE
NMOV=IRL-TLL +1
CALL UHOVE(D{ILL),C(ILL),NiHDY)
NCLE=NHOV-1
ITO=ILL+1
DOILLY=0.
CALL UMOVE(D{ILL),D(ITO),HCLE)
RETURH

6% URITE(4,70)

70 FORMATLIW //1X,”WIDTH PARANETER FOR CORCOM MUST BE QUD‘//)
5TOP
END

-
-

g ZEDFLT: FLOTS SFECTRUM, IDENTIFYING 4000 FEATURE
C
SUEROUTINE ZEDFLT
COHMON /HART/X0,U0,8
CORMON /PLOT/SPECN, XZED,XRHS,FOSH, 1D, XFLOT, YFLOT,
- WAY,MFEAT,BSTF,EVAL, JLEH
REAL SPECH(S12),XPLOT(15),YPLOT(15),UAV(20)
CALL SETXY(552.,500.)
CALL TOXY(552.,100.)
CALL TOXY(40.,100.)
CALL TOXY(40.,500.)
Y=SPECH(1)#400.+100,
CALL SETXY(41.,Y)
CONST=512./FLOATCJLER)
00121=2,JLEN
X=40 . +FLOAT( 1) #CONST
Y=8PECN(1)4400.+100.
TFAY LT 0050
IF(Y.GT.500,)Y=500.
{2 CALL TOXY(X,Y)
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FLOT CUTOFF POSITION

CUTFOS=FOSHSCONET+40
CALL SETXY(CUTFOS,S500.)
CALL TOXY(CUTFOS,100.)
TAG ALL FEATURES

ZF=1.4%2E0
n0151=1,NFEAT

WSH=UAY (1)ZF
XEH=X0-4/ (USH-U0)##1,2
XFOS=POSH-XSH:125.
XPOS=XPOS+CONST+40.
CALL SETXY(XFDS,500.)
CALL TOXY(XFOS,450.)

Tab B UAVELERGTH

EFOS=RSTP+CONST+40.,
CALL SETXY(EFD3,100.)
CALL TOXY(BFDS,130.)

CALL SETXY(BPOS,80.)

CALL HFLOTS(“E*)

FLOT CORKN AROUMD FEATURE

CHIN=1.E20

Ciiax=0.

no19I=1,13

TFCYPLOTCI) LLT.CHIN)CHIN=YFLOT(I)
IFCYPLOTCI) LGT.CHAXICHAX=YFLOT(T)
COHTINUE

CRAN=CHAX-CHIN

CHUL=50./CRAN

ZPh=1+XFLOT (1)

USH=Hav (1 )= ZF

XFOS=POSN-XSH#123,
XFD3=XFDG+#CONST+40.
YPLT=500.~CHUL#(CHAX-YFLLOT (1))
CALL SETXV{XFOS,YFLT)
ne20I=2,13

ZF=1.+¥FLOT(T)

HEH=UAY C1 ) #2F

{8H=X0-A/ (USH-UQ)#%1.2
XFO5=F0OSH-X5H=125.

A22



LAPOS=XFOS«CONST+40,
YPLT=500. ~CHUL# (CHAX-YFLOT(I))
CALL TOXYCXFOS,YPLT)

Fa
Lo )

c DETAILS AROUND THE PICTURE
ix
CALL SETXY(30.,540.)
CALL JTYPEN(ID,11)
CALL SETXY(200.,540.)
CALL HTEXT(4,7Z = )
CALL TYRNKE(XZED.1.,3.)
CALL SETXY(350.,%540.
CALL HTEXT(5,”RHS: ~
CALL TYRNME(XRNS,0.,
CALL SETXY(30.,10.)
CALL HTEXT(4,“E = %)
CALL TYFNHB(EVAL,3.,1.)
CALL ADVFLM
RETURN
END

)
)
3.)

£

I
ra
(&)

C HMOVAY: GETS NOVING AVERAGE OF A SPECTRUH, SLIT M STEFS WIDE

c
SUEROUTINE MOYAY(SPECT,H, JLEH)
REAL SFECT(512),8FEC(512)
T0T=0.
no10I=1,N
10 TOT=TOT+SFECT(I)
TS=TOT/FLOAT (R)
D0111=1,M
11 SPEC(I)=TS
RS
D020 1=H, JLEN
TOT=TOT-SFECT{I-1)
- +SPECT(I)
20 SPEC(I)=TOT/FLOAT()
CALL UMOVE(SFEC(1),SPECT(1),JLEN)
RETURH

END
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Appendix 3

Method of variation of parameters

The following tachnigque 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 polynomizl fit, and can sometimes even produce a fit where

a polynomial fit bresks doun.

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

e use enocugh data points to obtain the parameters giving the
best fit to the data, by minimising the mean sguare deviation between
the values calculated and the values in the data,

The technigue has been aspplied 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 technigue, we take this
as an example.

tle consider only one co-ordinate; the procedure for the

other is identical.
The assumed transfermation is
u = f(x) + a(y)

where f and g are polyncmials; we assume second order here, These

are then given by

i
)
-
o
w
£
0
pus

£idy)
gly} = d + ey + fy
Ye wish to determine a, b, ¢, d, &, f from the deta, and so first
need an approximation {we can put a: = a + d)
ual + b'x + c'x2 + ely + ?'yz

i wimati a3 1 E By
These parameters for the first spproximation are calculated by

simply solving five linsar cquations from five data points.
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We then assume errors in a', b', ete, such that

a=a'+ Az

b=0b"+ Ab ete,

Where a, b, ... are velues for the 'best fit!

For the best fit solution we then have
: 2
us=(a' + Aa) + (b + Bb)x + (c + Ac)x”
+ (e + Ae)y + (f + Af‘)y2

and for data point (u s Ry yj.) the deviation from this solution is

)
5; = (a' + Aa) + (b' + Ab )xi + (c! :ﬁc)x;h

+ (e' + Ae)yi + (f' + Af‘)yiz - U

the mean square deviation for all data points is then

SIEF
s= ) .05) (1)

53
and we wish to minimise this w,r.t, Aa, ﬁb,

ds Qs
24D

G, L A
Now Si can be written
2 2
5, = BDa+ Abxi + Acxi + Aey{ + Dfy,
t . 1‘2.1.| + Z_U) (2)
+ (= + b'x, +e'x, Bty & Ty, : _

and differentiating (1) we get

Cmantl I
“"'—-—LZZ(JJ._)—-D

]
|

3ha
%:E = _;_ ZQFS.)(xi; =0
sE: = T L2800 =0
S%S_E & 1" Y 2(s )(yi:ﬁ
L=+ Y.2(5,)(y;") = 0

constant terms, and writing the expression

parentheses in (2) above as C;y we have

AaE‘f—:—Abeii-f}cZ. &eZer&erz-!-Ef‘..:D
Da i"x‘. + Db ‘in ﬁ&cZy + Be Zx Ys +&f‘zx ys +Z..'
Aa z:c;z + A5 ixj_ + Bc ZXia + fs in ¥s + OF Z lzyiz -:-Zr_‘ixi? =0

s L g
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ﬁazy" 2.5 Ny ACZ X,-E\/. + De Zy.z + D7 _
75 . s |

&aZyiz +Ab2xiyi2 +Ac in yiz % aezyiﬁ Lo s Z'Yia F Zﬁiyiz s
L L . :

which is a set of linear equations that can be solved for Aa, Qb
AN g Ae, and AFf. These variations are then applied to the
first epproximations to obtain 2, b, ¢, e, and f.

t is to be noted that many of the coefficients in the
linear equations zppear more than once, which reduces the amount

of calculation required,
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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 5cm
(1.4 degrees) square on a plate centred at 12" 40™, —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 lIfaJ emulsion as a wavelength
standard, and the observable features in the galaxy spectra. The emulsion cut-off (A.) 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 A, = 5360 £ 30 A.
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Figure 1. (2) Meau 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 I, from the prism plate. (¢) 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
A 4000 feature relative to \. 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 A 4000 feature was calculated from the above
value of A.; assuming zero error in A¢, Ag4000 = 4010 + 30 A. An additional feature, a small
dip in intensity at about 4200 A appears in many of the late-type stars — ¢f. 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 Ag4200 = 4280 = 40 A.

The positions of the green cut-off and the A 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 24000
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 A 4000 feature. The position of the A 4200 feature which corresponds to the posi-
tion of the G band in stellar spectra was also measured, and using the redshift obtained from
the A 4000 feature, the rest wavelength, Ag, of the A4200 feature was calculated, as a check
on systematic error. For redshifts less than logez = 4.4 no correlation in 34200 with logez
was found, but for logez zreater than 4.4 the values of Ag4200 were consistently low. This
is probably caused by the A4000 feature becoming very low in density and thus the defini-
tion of the position of A4000 becoming uncertain, whereas the A 4200 feature, as a dip, has
its position well defined although the actual scatter in its rest wavelength is larger than that
of the A4000 feature. Thus for logez greater than 4.4 the redshift given is that obtained
using the A 4200 feature only, with error in z estimated to be +0.02. For logez less than 4.4
the mean of values obtained from both features is used, with a smaller error in z, apart from
two exceptions whare the X4000 feature is poorly defined. The value of the rest wavelength
of the A 4200 feature obtained for the galaxies is \o4200 = 4220 £ 60 A, as compared to the
value, mentioned above. of 4280 = 40 A for the stars.



Table 1.

Radial velocities of faine galaxies

(a) Approximate positions and redshifts of the objects

appearing in plate I.

Galaxy Position
RA

h m

1 12 39,7
2 12 39,7
3 12 39.6
4 12 38.6
5 12 33.3
6 12 38.3
7 12 356.8
8 12 38,4
9 12 37,7
10 12 39.5
11 12 38.6
12 12 38.1
13 2 38.0
14 12 38.0
15 12 35:8
16 12 39.4
17 12 39.0
18 12 39.0
19 12 38,7
20 12 B
21 12 37.0
22 12 36.8
23 12 36.9
24 2 36.3
25 12 36,0
26 2 ¥ o F S
27 12 3541
28 12 34.9
29 12 34.7

(b) Objects from Zwicky et

Position
RA
h m
12 43.3
12 45.3
12 32,9
12 33.3
12 40.6

(19s0.

DEC
o

-5
=5
-5
-5
-5
-5
-5
-5
-5
-
-4
-4
-4
-4
-4
-4
-d
-4
-4
-4
-
-
-4
-4
—f
-4
-4
-4
-4

0)

30
31
25
27
T
32
23
10
03
52
55
49
52
55
52
36
32
35
44
42
40
36
25
21
18
30
27
29
17

Redshift

0.02
0.00
0.05
0.14
0.11
0.04
0.04
0.07
0.13
0.08
0.13
0,11
0.02
0.10
0.14
0.08
0.06
0.14
0.01
0.11
0.07
0.03
0.10
Q.09
0,11
0.07
0.15
Q.07
0.11

*

al (1961) with measured

(1950.

DEC
o

-1
=1
=2

a2

-1

9)

24
22
03
07
09

Redshift

LS

Baker density

+0.21
+0.50
-0.43
-0.65
-0.61
-0.33
-0.35
-0,69
-0,43
-0.57
'-0,.83
-0.80
+0.80
-0,50
-0.,90
-0,63
=0.35
-1,02
+0.78
=-0,72
-0.38
-0.11
=0.86
-0.83
-0.53
-0,08
-0.74
-0,30
-0.42

redshifts,

Baker density

+0.01
+0.80
+0,10
+0.17
-0.05

¢ obtained using both the 4000 f and 4200 R features.

3 Results

5
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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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re.la[ion 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
Mzw =15.4 and Z=0.023 (logcZ = 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 My = —23, then for logez = 4.65, g =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. '

log cz i ! I
45| sty | A
| ;
=1 =
Q
o
- (+]
< 4 I ol
3.0 | | | | |
5 0 -1

Baker density (B )

Figure 2. Redshift plotted against Baker density at A = 4400 A. Circles indicate objects from Zwicky ef al.
(1961). '

4 Discussion

One difficulty with the method is apparent: the A 4000 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 prisim; 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 buige 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 Sbe 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 Iy and 3515 A/mm at HB. 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 &¥8&¥: 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 [1laJ
(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 UJ2461P,
an unwidened, 60-min exposure, centred on 22 32™m —40° and from UJ2451P, a 2-min
exposure widened to 0.4 mm centred on 19" —60°, Both plates have the Eastman Kodak
Il1aJ emulsion; UJ2461P was hypersensitized. Fig. 1 illustrates some sample tracings of
stars in the spectral range A to M, from UJ2451P; and the tracings of two galaxies from
UJ 2461P. These galaxies are identified on the prism plate by their diffuse appearance. At
the galactic latitude of plate UJ2451P (b ~ — 25%) the nearby B stars arc overexposed. Fig. 1
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 featuies are in general the blends ol several atomic and
molecular lines, and they have been identified using the list of lines detected in the low-
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Figure 1. Examples of stellar spectra traced from plate UJ 2451 P, and two galaxies from plate UJ 2461 1.
Spectral types from SAO catalogue: 245718, A2, 245802, I'3; 245646, (6. 254376, KO 254395, M2,
The ordinate is density, but.the scale is not constant. The redshifts of the galaxics 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 a Hartmann dispersion formula by a
least-squares method. The reduced data is given in Table 1:column 3 gives the mean position
for cach 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 red, 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
1Tal 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

€9



Low-dispersion objective prism spectra

7000 _| T T T T i T T T T ]
A /

/
/ -

/
6000 | £ 0
/
3 / 2
5000 Ti0 500 —]
Ti0 LH0
4000 =
3920hlerd
3730 blend
= A5EObend

I | i | | | | =]

-05 0 05

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 Angstroms,

the abscissa is the displacement, in mm, from IHy.

Table 1. Data from nine stars on plate UK 2451 I' used to obtain the prism dispersion curve in Fig. 2.

FFeature A
(A}

TiO 5000
HpB ] 4861
TiO 4800
Hey i 4340
G 4300
H& 4101
I, He 3970
K 3934
Mg, Fel blend 3820
Fel, H,,., blend 3730
‘e I blend 3580

x
(mm)

+0.228
+0.180
+0.168
0.0
-0.016
—0.106
—0.184
-0.196
-0.254
-0.322
-0.422

mm

n

BNOW R LN LWL =B —

65p

A — wavelength in A;x — distance in mm from Hy; 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 SAO 245718 (cf. Fig. 1) the spectral resolution

is found to be ~70 A at Hg and ~ 40 A at H8.

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

C10
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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

I 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 1 blended with IF'e1at 3820 A

K Hydrogen lines absent, Ca I (blended) at 4227 A, Tollowed by a large discontinuity
at 4000 A. Strong Mg 1, Fel blend at 3820 A

M Spectrum is short with TiO bands at S000 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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NOTES FROM OBSERVATORIES
SivpLE CoMPUTER CONTROL OF 4 JOYCE-LOEBL MICRODENSITOMETER
FOR THE MEASUREMENT OF OBJECTIVE-PRISM SPECTRA

By B. D. Kellv, . 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 requircment for
measuring individual spectra. These are! at a dispersion of 2180 A/mm at
Hy, and are approximately 1 mm long when Eastman Kodak I1Ta-] emulsion
is used. Large areas of these plates have been measured with the COSMOS
machine at the Royal Observatory, Edinburgh?, and individual spectra can
be extracted from these data®; 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 COSMOS. This implies that digitization of the tracing is necessary, and
so the system described here has been developed.

Equipment and Operation, 'T'he 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 2001
mini-computer and controlled by the user through interactive programmes.
There are two modes of operation, MmaNvaL and scaN. In MaNvAL 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 be 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 typicaily one minute to scan
one spectrum. In addition, the spccimen 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. 1. 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

Coinaurg
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Fic, 1

Comparison of microdensitometer (upper) and COSMOS (lower) measure-
ments of th;ee spectra on a UKSTU objective-prism plate. The objects have
peak densities above sky of 1-20 (left), 0-62 (centre) and o040 (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 Obscrvatory, or the fully computerized
Joyce-Loebl isodensitracer at the University Observatory, St Andrews. Qur
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 PET"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.

Acknosiedgements. 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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Hicrodensitometer scams of 40 stellar spectrs within @ one
square degree area of a widaned UK Scheidt objective prism plate
have pean -gepzred with (B,Y) photoelectric photonetry of the
same objects. The results inply that microdensitometry can enzble
spectral classification with an accuracy of one or iwo spectrad
sub-types to be carried out on these plates.
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The UK Schnidt telescope used in conjunction with the thin
objective priss oroduces specira with dispersion 2480 AZam ai ry
(Nandy et al., 1977). This extremely low dispersion combined with
the optical gualities of the telescope and the properties of
Eastnan Kodak IIlal saulsion enables faint linitinag maanitudes to
be achieved whilst retaining resolution of prominent spectral
features (egq. Clowes et al., 1979). The 1low dispersion also
winimizes the problens of overlapping spectra, and so enables
fainter limiting maanitudes to be reasched 1w crowded stellar
fields (Kilkenny and Kelly, in preparation). The question of
using these objective prizsn plates for general stellar spectral
classification was raised by Nandy et al., and applied by Krug et
al. {1780) to @ one-quarter square degree field. This latter work
used @n  unwidened priza plate and succeeded in achieving an
accuracy of one letter class down to the plate limit (B™12.5).

The present work 15 incenoe: 1o achieve a much higher
clazsification accuracy at the eupense of a considerable loss in
liniting nagnitude.

Plate Haterial

The plate wused was UJ4530F, a 40-sipute expasurse o
hypersensitized Illad, widened to 100 wicrons. The plate 13
coincident with UK Schridt survey area 345 (22h30,-40). The
sgeinz 15 sstimated to he 3 arcsec.

Candidate objects were selectsd 1ron @ one degree square
area centred at 22h23,-38 (plate 1) by using COSHOS measurenents
of a direct plate of area 345 (J259%9) to define @ practicable
wagnitude rangz, and allocating approximate spectral types to all
objects within this range by visual inspection of the prisa
plata.

Fhotoelectrizc (B, photcoaeiry of 38 of ithe candidate

e

objects was carpied oul At Skow Juring August 1972, using

i

“Pepoles nmohotometer on the 1a. telescaope, Standzird 5-13
i = . - + ¥ -+ e ;. i N ,-‘
ohotosulticlier and (R,Y) filters were used.(Edl 4258, 1nm. EG12
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t 4nn. GG38S, Zun. OMAG302) Colour equation and zZero poinis wers
determined wusing E-reqion standards (Cousinz, 1973 augmentad by
nore recent dats available at SAA0).

Fig.1 shous the vesiduals in ¥ and (E-V) after corrections

on }

(1) a dependence of V zero-point upo  Hour-anale dus  io
instrumentsl problens

(2} drift in V zero point during the night
{3) colour covrections such that
V=wy-0.011{b-v)

(b=v)< = 0.9270(k-v)

(B=%: = (b-v)7 + nm + clb-v)7

uhere

p = 0,005, t = 0.017; (bh=v)* £ 0.4

A= 0,006, ¢ = 0.0; 0.6 € (b-v)" £ 0.9

A= 0,027, ¢ = ~0.024; (b-v)* > u.¥

Clezrliy, systematic epvors have tbeen held to well belaow
0.01.

The ahserved sizrs (olate 1) were selectad from the list of
candidatss Ly using the aoproxisate  spectval tyvpes 1o enzure
coveraas of the colour range. The photoseiric resulis  (iaklz |
show that the okserved zanmole covers the range 13,340417,
-0, 84R-V41 .2,

Tuo o~ aore integrations were obtainzd for all zxcepi one of
the stars:  sowsver, only wine of them were observed on two
separate nishts. The  standard  errors i an  individoesl
ghseryation as indicated by the repentability of ihe
HE@TUTEN re the same in ¥ and (B-Y) and are 2.013 (V<13.3,

-

-
n =
N

'
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27 stars) and 0,04 (V315.5, 10 stars). Star no. 27 is suspect
because of the fallowing e.zarnal discrepancies:

(@) The objective prism apertrun #atches with spectral type
FO, but the chotometry indicates F5.

(b Iris diaphrasn sicrophotomnetry of @ UK Schmidt dirct
plate aeasured by H.Hartl reveals no. 27 lying well away frowm the
sequence definzd by the rest of our sample.

(c) COSHOS measurements analysed by H.T.HzcGillivray agree
with (b).

Star 27 apart, our dats should provide a useful calioration
sequence for photographic photometry in this high galactic
latitude field.

Star 201 lies just outside our one sguare deqree aren, hut
it supnlies @ valuable extension of our sequence towards earlier
spectral types. UBV photomeiry of this star was kindly obtained
for us by I.f.Coulson (5A480) during MNoveaber 177

The speciva of zll the stars with photosiec. ic Aeasurements
wer2 scanned wusina the University of Edinburgh Joyce-Loshl
nicrodensitoneter, which is conirolled in digitized aode by & FET
corpuier  (Helly et al., 17843, The measurenments were recorded on
padnetlc cassette, and -atseurently converted into relative
intensities wusing the UK Schwaidt step wedge calioration. The

-1

spectrs wers thep scaled and clottad on a PET conitrolled digital
plotter. '

Results

The area 345 ties at gzlactic latitude -40. Ve have assumed
s reddening of E(E-U1=0.08 (deVaucouleurs =t al., 1978). Flate 2
lizts ths= dé-reduunEu {§-Y? valuss and the corresponding  maln
sequenpce spectral types listed by Johnsoa (19266) for an example
gt each spectral type in our sample. Flate T also =zhows the
corresnonding intensity conysried, scaled aicrodswnzitoneter
scans, and photodraphs 07 &he =ples.



—
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Flate 2 shous z clesp szquence of changes in the appearance
of the scans, with small but  detesctable differences between
obijects adjacent in speciral type. The classification criteriz to

1

cent 1
use are, as expectizd, the coatinuum slope and the strengths of
the Balaer discon tzru;fv, 40004 discontinuity and the G-tand. The
photegrapns  of the sriqinal soectrs show these same DPOnETLies,
but interpretation of relative strenaths  of features tends to
depend on the densiiy of the individual inage, =nd so auch lower
accuracy is  attzinable by direct inspection of the inages,
although classification by that sethod is much faster.

The intewsity cowversidn applied to the wicrodensitometer
neasurenents is cleariy of central importance, gives tihc: on2 is
tlassifying on the basis of the “shape” of the resulting picture.
If the intensity conversion is inadequate, the “shape’ will be a
function of magnitudsz. We fitted the step-wedas data by 2 Eaker
density funciion, and had to extrapolate it considerably for the
brightzr objectis. Fortunately we had examples of OUJECtn of
similar (BE-Y) but differing in Y by tuo magnitudes, Mo distartian
was zoparent when the scans of tnese oojects were compared.
However, thic 1is obviously @ probles which has to be approached
with caution when spectrsl typing uncalibrated fields.

The work described here deviates systeaztically  froa
standard MK spectral classification in two ways. Firstly, our
“standards’ zre abtained from (E,V¥} photonetry. Seconaiy, our
critariz for specirsl typiag are Lanhlate v differeat TVom Log 0
criteriz. The flrst deviztion could be corrected in future if
necessary, but the cecond deviation iz intrinsic to ih
the very low discersion used. The linss wused for s
claanificatlan are not visible at this dispersion. Esszatiallvy,

nature af

a
13 e a 'j nk

4 Fre CORT ting for this loss of inTorasatiion by making use at
the sensit;" UE Schridt to wavelenathe shorier bhan
G004, Fud the contlnuun £.0ps teiadrsation.

auAnaTy

e have deponsirated z method for spectral classificaticn =t
very loy dispersion., and orovided 3 zet of exawples which fza
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serve as standards. This work shows the informstion which can  he
extracted fro4 UK Schmidi obgective prisa plates either at
relatively faint msanitudes (14<BE<17) or at  brighiter  magn: budes
in  crowdsd  Tisius.  The technique should be valuable for
statistical (nunber count) work and alzo for the detzction of
peculiar specirs lacking strong emiszszion lines.
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Table 1. FPhotosetry of stars indicated in plate 1. Star 201
has U-B = -1.0. Star 27 1s suspact {zee text).

Star v BE-Y Star y E-U
2 15.:12 0.67 48 Eo.. 24 0.462
3 14,40 6.8¢4 70 15.328 1.04

12 14.57 1.34 71 14.41 0,42
19 12,22 0.53 73 14.28 : (A
20 14.73 0.4¢ a7 14,41 0.35
27 {15.31) (0.54) 28 14.98 0.53
42 13.47 0.92 21 14.55 1.18
44 14.6% 0.45 g2 14,44 .11
45 13.62 0.96 101 17.07 0.78
44 158.50 0.57 102 16,21 1.50
47 14,95 0.45 103 16.73 0.92
48 15.00 0,564 104 16.87 0,49
93 14.70 0.64 105 574 0.38
54 14,02 1.10 104 559 0,64
55 14,20 0.87 107 14,464 0,92
56 14.85 0.77 108 14.94 0.42
57 14,248 0.72 109 b.05 ViAo
a4 14,19 1.13 110 159535 i
64 13:91 0.82 201 14.488 0,22 &
57 14.91 0.67



Figure captions

Fig. 1 Residuales in (B-Y) and ¥ for the E reqion standards used.
Each point reovesents an individual abservatien. The
residuals are in the ssnse (Cousins) winus (presaat work).

4
&

FPlate captions

Flate 1 Finding chart for the stars in tabkle 1.

Flate 2 The saquence of spactral tyoe standards. Features indltaEEd
are: = - HR; b-Hy; ¢ 5 Hog 3 d - 6 band; e - 40004
discontinuity; f - Cal 4227s (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

v~ 1800 kms™!, 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 IITalJ emulsion as a wavelength standard, and a strong feature at about
3970 8 occurring in the spectranof early-type galaxies. In this paper we
firstly establish the accuracy of the method using p}eviously 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 R mm! at Hy) the spectra become excessively

smeared out for normal galaxies brighter than B A 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
Cemler (1973), using slit spectra at a dispersion of 190 Amm!. Oemler deter-
mined the standard deviation for the velocity of an individual galaxy to be
120 kms~! ; 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 gmthod: Abe}l 26?0

Calaxies 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 ym 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 R; the wavelength of the cutoff is checked on each plate

area using stellar spectra). Then a spectral feature occurring at about 3970 g
is identified (we refer to this feature as the 4000 R feature) and the separation
between this and the cutoff measured to 0.5 mm on the tracing (= 10 um on the
plate). From this distance the wavelensth of the feature as observed is cal-
culated using the prism dispersion curve (Nandy et al., 1977) and from this

the radial velocity obtained. The wavelength of the 4000 R 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 & 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 thé cutoff-position initially (ice.
late-type stars, as compared to elliptical galaxies), so again this effect can

be ignofed 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 wavélength scale showed no trends. For the stars
used, a standard deviation of 0,44 mm was obtained for the cutoff to 4000 X
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=Vp) 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~ !, The mean velocity obtained for the seven
galaxies, 23100 t 1200 xms~! is close to the mean obtained by Oemler for nine

galaxies: 22600 ¢ 300 kms™! (galaxy 5 was excluded as a possible field galaxy).



There is a systematic difference between the prism velocities and Oemler's
velocities of 590 kms~!, but this is not significant, It is noted that in
table I the wvalues of V-Vo appear to be correlated with Vg; 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 éluster Abell 2670.

Eglocities 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 Al40 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 & feature well enough for
redshift determination. Repeat measurements were made to be sure of the position
of the 4000 & 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

1

the galaxies in the region is apbroximately 45000 kms™ *, and at this wvelocity

+ 0.5 mm corresponds to * 2200 kms™ !,

If all the gaiaxies 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™!(e.g. Yahil and Vidal, 1977; Faber
and Dressler, 1977). In fact the apparent dispersion is rather larger than
this, being 3100 kms™! 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™ L.
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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 fdinter
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 correlaticn 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.



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 fesolving 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 T

Radial velocities in Abell 2670

Calaxy Velocities (kms™!)

(Oemler no.) Prism Oemler
\ Vo

il 22,800 23,200

4 24,600 21,260

6 22,800 21,430

7 22,800 22,900

8 21,000 23,400

9 24,600 22,350

10 22,800 22,700

= 2,000 kms~!

V = 23,057 kms~!
Z(V-—Vg)
0 = 1
(V- Vg)

un

90 + 760 kms™!

7



TABLE IT

Radial velocities in Abell 140

Galaxy Velocity (kms—!)
(prism)

v V= Vmean

1 44,000 - 550
2 , 46,400 +1, 850
g T 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
14 " 44,000 - 550
12 50,600 ' +6,050

= 44,550 kms™!

=
|

oy
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Figure caption

Plate I (a) direct plate (b) prism plate
field containing cluster Abell 140.
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